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Preface 


For more than a decade some chemists interested in petroleum technology 
have maintained that the numerous hydrocarbons abundantly available in the 
product of our oil wells will ultimately provide the basis of a new organic chem¬ 
ical industry yielding new substances in as great variety and of as essential utility 
to civilization as the products of coal tar. The realization of this dream has been 
hindered by the extraordinary difficulties of separating chemical individuals in a 
satisfactory state of purity from the complex mixture which constitutes the 
mother substance, but in spite of the uncertainties of working with partially 
purified raw materials a vast amount of information has been accumulated on the 
behavior of individual hydrocarbons derived from petroleum. 

Interest in the chemical utilization of aliphatic hydrocarbons has been greatly 
stimulated within the last few years by the development of more efficient methods 
of fractional distillation for separating the lower-boiling constituents of petroleum 
and of fractional solution in a variety of solvents for isolating higher-boiling 
compounds. Progress toward the quantity preparation of pure compounds has 
been rapid and the literature bearing upon their elaboration has become volu¬ 
minous. During the past few years the amount of material on the subject has 
increased several fold and the number of investigators studying problems related 
to it has grown enormously. 

In this situation the difficulties faced by the individual research worker in col¬ 
lecting and collating the widely diffused literature bearing upon his problem have 
become well-nigh insurmountable. Such a task has been in progress in the 
author’s laboratory for some years and so great was the mass of material accu¬ 
mulated and the labor involved in making it usable that the decision was reached 
to publish the result in order to place it at the disposal of the many others inter¬ 
ested. That is the reason for the present volume. Every effort has been made 
to make it complete and to include in it references to all published material of 
both purely scientific and industrial interest as well as to the vast amount of 
information contained in patents on the subject. 

In the preparation of the manuscript many collaborators have co-operated 
and the author takes this opportunity to extend his thanks to them. Prof. Julius 
von Braun, Prof. J. R. Bailey, Prof. H. B. Haas, Dr. D. A. Howes, Dr. Ernest 
B. Kester, Prof. Donald B. Keyes, Mr. W. B. Plummer, and Dr. Sherlock Swann, 
Jr., have materially assisted in the preparation of certain chapters. ^The members 
of the research and technical departments of the Standard Oil Company of New 
Jersey have given valuable constructive criticism of many parts of the volume. 
I wish especially to express my appreciation to Dr. H. M. Stanley and to Mr. 
D. H. Killeffer; to Dr. Thomas C. Whitner, Jr., Mr. Ferdinand F. E. Kopecky, 
and other members of my laboratory staff; and to Dr. Frank B. Root and the 
Ellis-Foster Company for their contributions to this huge task. 

C. E. 

Ellis Laboratories, 

Montclair, N. J. 

1934 




Introduction 


World production of petroleum is approaching a quarter of a billion tons 
annually but, with new deposits constantly being found—indicative of the wide¬ 
spread distribution of oil throughout the land and under the sea—^the apprehen¬ 
sions of a decade ago that the supply of this essential raw material would soon 
be exhausted no longer obtain. The replacement of such fears by the assurance 
of tremendous supplies for a long period to come of this important commodity 
should have given an impetus to pure chemical research in‘the domain of petro- 
leuhi commensurate with the vastness of the deposits. 

This, however, appears not to have been the case. Despite the great number 
of chemists, physicists, engineers and other technically trained men engaged in 
the study and handling of petroleum, very little is known thus far of its actual 
chemical make-up. 

In certain other important chemical industries originating by virtue of a 
supply of particular substances, comprehensive research of a scientific character 
preceded the commercial development of the field. Of these, the coal-tar industry 
stands foremost. So provocative of industrial recognition have been the results 
of scientific study of coal-tar hydrocarbons that the layman frequently asks why 
the petroleum chemist does not direct his skill similarly to the chemical utiliza¬ 
tion of tlie hydrocarbons of crude oil. 

There exists, however, a significant difference between the two groups of 
hydrocarbons from coal tar and from crude petroleum in that the former (at 
least so far as the lower and intermediate members are concerned) are easily 
separated one from another, which permits the properties of the chemically indi¬ 
vidual hydrocarbons to be ascertained with comparative ease. As a result of 
such studies of the pure substances, commercial products have become available 
for treatment and conversion by well-understood industrial methods. •The group 
of terpene hydrocarbons has been similarly well elucidated in the hands of 
chemists. 

Why, then, is so little known chemically about a commodity of such import 
as petroleum? The following explanation is offered. 

Unlike the reactive terpene hydrocarbons and most of those present in coal 
tar, the hydrocarbons of petroleum oil are, in the main, comparatively indifferent 
to the majority of the usual conversion reagents. This observation coupled with 
the recognition of the possible existence of an extraordinary number of hydro¬ 
carbon individuals in crude oil and its distillates has impelled many chemists to 
view with dismay the prospect of iounding an extensive chemical industry on 
petroleum. Hence for the most part they rest content to continue their efforts 
mainly in the direction of the treatment of crude oil by refining procedures which, 
although often displaying chemical talent and ingenuity of high order, perforce 
are conducted largely on an empirical plane. Still others look for some explorer 
to rise from the ranks with banners flying and lead them from this empiricism 
along a course as definite, informative and expansive as that so well charted in 
the chemistry of coal-tar oils. 

No such leader has yet appeared. Here and there a man of science resolves 

9 



10 CHEMISTRY OF PETROLEUM DERIVATIVES 

some small part of the disorder. Witness, for example, the work of Julius von 
Braun on naphthenic acids and the researches of J. R. Bailey on the nitrogen 
compounds of petroleum. 

A group of pessimists, by no means small in number, is not lacking to hold 
out a warning hand of futility to these progressives and to call attention to those 
calculations which show that a paraffinic hydrocarbon of, say, nine carbon atoms 
could be represented by 35 isomers (55, if stereoisomers are included) and that 
one of 20 carbon atoms would have 366,319 possible isomers, a number swollen by 
including stereoisomers to the enormous figure of 3,395,964! 

That petroleum contains a multiplicity of isomers is a common observation. 
That all isomers theoretically possible are to be found therein is by no means 
probable. In fact experimental work has already demonstrated that of a family 
of isomers found in a petroleum distillate some one member usually predominates. 

A further obstacle to rational chemical development has been the pronounced 
variation between crude petroleums from different parts of the world. Those 
from the Pennsylvania oil regions, for example, are commonly considered highly 
paraffinic, those from California include large percentages of aromatic com¬ 
pounds, and those from Russia and Galicia contain substantial proportions of 
hydroaromatics. Methods, therefore, which will allow the identification of certain 
types of hydrocarbons in one crude petroleum may not be applicable to another 
in which entirely different hydrocarbons predominate. This variation in compo¬ 
sition adds to the confusion with respect to the presence of individual hydro¬ 
carbons. 

Despite the foregoing, observers note a slow but steady advance in the 
chemistry of petroleum both technologically and scientifically. Technology has, 
perhaps, shown greater progress than strictly scientific knowledge. Thus, the 
urgent need for toluene during the World War resulted in the development of 
cracking processes which yielded that hydrocarbon in significant quantities just 
as other commercial needs have produced other developments. 

At about the same time the experimental work conducted by the author 
supplied the oil industry with methods for the conversion of olefins from cracked 
products into secondary alcohols. From these by catalytic oxidation or dehy¬ 
drogenation various ketones became available. Numerous esters prepared from 
the alcohols, found favor in the lacquer industry and elsewhere. 

This enterprise established in one of the refineries of the Standard Oil Com¬ 
pany of New Jersey probably represents the first permanent industrial plant for 
making chemical derivatives, other than hydrocarbons, from petroleum: 

Later work by others has resulted in the commercial production of glycols 
and their ether derivatives, well received by the coating industry. 

The pages following embrace as comprehensive a review of the chemical 
derivatives of petroleum as publication limitations permit. That there have been 
many disappointments in the laboratories of petroleum chemists when the hope 
of synthesis of industrially important compounds from petroleum has failed is to 
be expected. The surprising fact is that results of such far-reaching importance 
in petroleum chemistry already have been attained. 

In a comprehensive work of this kind, including as it does mention of the 
conclusions of a vast number of investigators, an appraisal of the merits and 
demerits of all the proposals offered manifestly is impossible. The author, there¬ 
fore, has had to content himself for the most part merely with a brief statement 
of the findings of and the conclusions drawn by the investigators enumerated 
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Chapter i 

Chemical Nature of Petroleum and Natural Gas. 
Pure Hydrocarbons from Petroleum 

Crude petroleum as it issues from wells consists mainly of a mixture of hydro¬ 
carbons of many chemical types and of varying degrees of molecular complexity. 
Besides hydrocarbons, smaller proportions of compounds of oxygen, nitrogen, 
and sulphur are often present together with mechanically held gas, water, clay, 
and inorganic substances in solution or colloidal suspension. Petroleums from 
different localities, and even from dissimilar oil sands in the same held, often 
exhibit great variations in appearance, chemical composition and properties.^ 
For example, the crude oil of the Kettleman Hills field, California, frequently 
consists almost entirely of comparatively volatile hydrocarbons and has been 
marketed as a motor fuel directly without distillation or refining.® On the other 
extreme, the black asphaltic and highly sulphurous Mexican crudes often contain 
no gasoline fractions whatever. Petroleums differ not only in their content of 
impurities (such as sulphur compounds) but also in the chemical type and average 
molecular complexity of the hydrocarbons present, which may range from the 
simplest gaseous members of the paraffin series to hydrocarbons of molecular 
weight exceeding 1000.* Besides the paraffin qpd cycloparaffin (naphthene) 
hydrocarbons, benzenoid hydrocarbons as well as more complex polynuclear aro¬ 
matic and cycloparaffin hydrocarbons also occur in crude petroleum. 

The existence of unsaturated hydrocarbons in crude petroleum, prior to dis¬ 
tillation, is a question which has aroused considerable controversy. Certain 
unsaturated hydrocarbons and terpene-like substances have been reported by 
Zaloziecki * and LeBel,® and Markownikow and Oglobin * obtained evidence of the 
presence of hydrocarbons of the acetylene series. Most of the work on this sub¬ 
ject has been carried out on distillates, i.e., fractions obtained on subjecting the 
crude oil to distillation, so that these unsaturated products may have been formed 
by pyrolysis.^ When distillation is carried out at low temperatures and pressures, 
the proportion of unsaturated substances in the gasoline and kerosene fractions 
is usually exceedingly small.® Most of the published analytical figures for gaso¬ 
line and kerosene fractions of various crudes show the presence of relatively 
small amounts of unsaturated hydrocarbons.® Though the complete absence of 

^ These differences are pointed out by Egloff, /. Chem. Education, 1933, 10, 524. . 

* Robertson, /nd. Eng, Chem., 1930, 22, 1268. 

* Mabery (Ind. Eng, Chem., 1923, 15, 1233) mentions a fraction having a formula CisHm with 
a molecular weight of 1730. 

*Ber., 1894, 27, 2081; Chem. Soc. Abs., 1894, 86 (1), 611; Dinglers Polytech. J., 1894, 75, 114; 
Chem. Zentf., 1894, 2, 530. 

^Compt. tend., 1872, 75, 267; Chem. Soc. Abs., 1872, 25, 886; Compt. rend., 1875, 81, 967; Chem. 
Soc. Abs^ 1876, 29, 539. 

•/. Russ. Phys. Chem. Soc., 1881, 13, 179; ibid., 1882, 14, 36; ibid., 1883, 15, 237; Chem. Soc. 
Abs., 1882. 42, 390; ibid., 1884, 46. 1276: Bull. soc. chim., 1884, 41. 258. 

* See, for example, Tausz and Wolf, £. angew. Chem., 1919, 32 (1), 317; Chem, Abs., 1920,14,621, 

* See, for example, Lacbowicx, Ann., 1883, 220, 188; Chem. Soc. Abs., 1884, 46. 166. 

*A bibliography of chemical analyses of petroleums is given in Redwood, ‘*A Treatise on Petro¬ 
leum,'* Charles Griffin and Co., Ltd., JLondon, 1913, 1, 237-267. 
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unsaturated hydrocarbons (of the gasoline and kerosene range) from crude 
petroleums cannot be presuhied on the evidence available, it appears that the 
proportions of such hydrocarbons, if they are present at all, are usually quite 
small. 

Natural Gas 


The simpler hydrocarbons of the paraffin series are normally gaseous and 
occur in enormous quantities in the so-called natural gas which frequently accom¬ 
panies crude petroleum. Natural gases, which may be regarded as gaseous petro¬ 
leums, also exhibit great variations in chemical composition, but for the most 
part, they consist of lower paraffins: methane, ethane, propane, with smaller 
quantities of butane, pentane, and other hydrocarbons up to octane, together with 
smaller proportions of nitrogen, carbon dioxide, hydrogen sulphide, and, in a few 
cases, the rare gas helium.^^ Small proportions of the vapors of benzenoid and 
cycloparaffin hydrocarbons (naphthenes) are also undoubtedly present in some 
gases which are in contact with aromatic or highly naphthenic crudes. Thus, 
Erskine^' found that a sample of Pennsylvania natural-gas gasoline, recovered 
by absorption, contained 0.6 per cent of benzene, 0.6 per cent of toluene and 1.2 
per cent of m-xylene. The presence of cyclopropane and cyclobutane in natural 
gases has been suspected though not definitely proved.^* On the other hand, gases 
such as olefin or acetylene hydrocarbons, carbon monoxide and hydrogen, which 
are characteristic pr^ucts of pyrolytic reactions, have never been found in 
natural gas. 

Natural gases are roughly divided into two classes, “dry” and “wet” gases. 
High-pressure gas from new fields or gas not associated with crude petroleum, 
and containing only relatively small amounts of the higher gaseous paraffins, is 
called dry gas, whereas low-pressure gas associated with petroleum, and contain¬ 
ing relatively large amounts of easily liquefiable hydrocarbons, is termed wet 
gas. Although the majority <ff gas wells do not yield oil, gas invariably accom¬ 
panies oil in the strata. Dry gases consist mainly of methane with varying 
amounts of nitrogen and carbon dioxide. In illustration of the great variation 
in composition of gases from different localities, it may be noted that Botolfsen 
described one containing very large proportions of nitrogen and a Mexican 
natural gas, consisting of almost pure carbon dioxide, has been exploited as a 
source of “dry ice” (solid carbon dioxide) 

Natural gas occurs in parts of the world where petroleum is found—in 
Russia, Rumania, Poland, Burma, Persia, Mexico, South America, Canada, and 
more especially in the United States. It also probably occurs in the atmospheres 
of the large planets, lines due to methane molecules having been identified in the 
spectra.^* Practically 98 per cent of the world's commercial production of natural 
gas is accounted for by the United States. Although over half the states of the 


The occurrence of helium in natural gas is discussed by von Angerer and Funk, Z. physik. Chem., 
1933, B20, 368; Chrm. Abs,. 1933, 27, 2877; Levi, Nasini and de Con, Gass, chim. uaL, 1932, 62, 799; 
Chem, Abs„ 1933, 27, 686; Krejci-Graf, Petroleum Z„ 1932, 28 (14), 12; Chem. Abe., 1932, 26, 4567. 
The helium industry is reviewed by Kvasha, Prirodnuie Caeui, 1931. 2, 156; Chem. Abe., 1932, 26, 
1717; Rosewarne and Offord, Canadian Dept. Minee, Minee Branch RePt. 727, 1932, 42; Chem. Abe., 
1933, 27, 3296. The extraction of helium from gas mixtures is described by Bottoms, U. S. Patent 
1,850,529, Mar. 22, 1932: Brit, Chem. Abe. B, 1933, 227; U. S. Patents 1,881,115 and 1,881,116, Oct. 
4, 1932; Brit. Chem. Abe, B, 1933, 704; patents assigned to Helium Co.; Cherepennikov, Russian 
Patent 25,598, 1932; Chem. Abe., 1932, 26, 5391. 

» Ind. Eng. Chem., 1926, 18, 722. 

** See Brooks. Ind. Eng. Chem., 1924, 16, 185; Burrell, ibid., 1928, 2b. 602. 

^ Natnrvidenekab, 40, Pts. I and 11; Chem. Abe,, 1932, 26, 281. Botolfsen also 

described a natural gas consisting of practically pure methane. 

Martin, Ind. Eng. Chem., 1931. 23. 256; see Chapter 7. Recovery of carbon dioxide from natural 
gas by absorption in triethanolamine has been described by Albright IRehner and Natural Gaeoline Mfr., 
C^m. Abe., 1932, 26. 309(h see also Chapter 231. 

M Wildt, NatnrwUe., 1932, 20, sfl; brit. Chem. Abe. A, 1933, 6. 
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United States produce some natural gas, the principal fields are located in Okla¬ 
homa, Texas, California, Louisiana, West Virginia, and Pennsylvania. The 
production of this gas in the United States in 1928 was in the neighborhood of 
1,568,139,000,000 cubic feet.i* 

In chemical composition, natural gases from different localities exhibit wide 
variations; as may be seen from the following tables. It is desirable at this stage 
to point out that many of the older, and even some of the more recent, analyses 
are untrustworthy on account of the inadequacy of the analytical methods em¬ 
ployed. In the older methods of analysis, for example, no differentiation was 
made between the various homologous paraffins, the total hydrocarbon content 
being usually recorded simply as methane. The development of low-temperature 
fractionation methods of analysis has rendered possible a fairly accurate differ¬ 
entiation and estimation of the individual hydrocarbons present.*^ 

Table 1 contains analytical figures for various natural gases in the United 
States.^* Though no di^erentiation is made betweeen the individual gaseous 
hydrocarbons, these values clearly reveal the wide variation in the quantity and 
type of the non-hydrocarbon content of the gases. 


Table 1.—Natural Cases of the United States, 

Analysis 


Locality 

Type of 
Gas 

CH* 

CsH«and 

Higher 

COs 

N, 

He 

HsS 

Pittsburgh, Pa. 

City gas 

44 4< 

84.7 

13.7 

■ — 

1.6 

— 

— 

Cleveland, 0. 

80.5 

18.2 

— 

1.3 

— 

m-.. 

Cincinnati, 0. 

44 44 

79.8 

19.5 

— 

0.7 

— 

— 

('olumbus, 0. 

44 44 

80.4 

18.1 

— 

1.5 

— 


Bartlesville, Okla. 

44 44 

92.4 

3.1 

1.4 

3.1 

— 


Kansas City, Kan. 

44 44 

84.1 

5.7 

0.8 

8.4 

— 

— 

Fort Worth, Ark. 

44 44 

51.5 

10.2 

— 

38.3 

— 

— 

Los Angeles, Calif. 

44 44 

77.5 

16.0 

6.5 

0.0 

— 

— 

Little Rock, Ark. 

44 44 

96.7 

— 

1.0 

2.3 

— 

— 

Monroe, La. 

44 44 

94.7 

2.8 

0.2 

2.3 

— 

— 

De Soto, La. 

Dry gas 

97,3 

_ 

0.4 

2.3 

_ 


Elm Grove, La. 

<« «i 

98.7 

— 

0.2 

0.1 

— 

— 

Fort Smith, Ark . 

ti <6 

99.2 

— 

0.2 

0.6 

— 

— 

T 

Glasgow, Ky . 

Sulphur¬ 
ous gas 

23.6 

69.7 


, 3.8 


2.9 

Olney, Ill . 


37.5 

59.6 

— 

1.7 

— 

1.2 

Lower Oriskany Sand, Pa. 

ii 

98.8 

0.3 

— 

0.1 

— 

0.8 

McKittrick, Calif . 

Special 

types 

•66.2 

1.0 

30.4 

2.4 



Eureka, Kansas . 

.4 

51,8 

— 

0.2 

46.4 

1.50 

— 

Dexter, Kansas . 

** 

14.9 

0.4 

— 

82.7 

1.84 

— 

Randall Co., Texas . 

44 

14.7 

— 

(trace) 

85.3 

' — 

. — 


A number of complete analyses of various American natural gases have been 
made by Burrell, Seibert, and Robertson,*® Shepherd,®® Schaufelberger,** and 


Hopkins, /nrf. £na. am., 1930, 22, 502. ^ 

«Bruun, /. Chem. Education, 1931, 8, 1930; Chem. Abs., 1931, 25, 5974; analytical methods are 
discussed in Chapter 49. - 

»• Garner and Miller, Oit and Gas J.. 1927, 26 (4), 137, 140; Chem. 927 21. 2782. 

»Bur. Mines, Tech. Paper 104, 1915; Chem. Abs., 1916, 10, 266. See also Fowler, Bur. Mtnes 
Information Circular 6737, 1933: am. Abs., 193^ 27, 49^. ■ 

“Bur. Standards /. Research, 1929, 2, 1145; Oil and Gas J., 1929, 28 (6), 48; am. Abs., 1929, 
23. 4562. 

»Oi7 and Gas J., 1930, 29 (16), 46; Chem. Abs., 1930. 24, 5995. 
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Podbielniak.** In all of these, low-temperature fractionation methods were em¬ 
ployed to separate and estimate the individual hydrocarbons. The development 
of analytical methods involving careful low-temperature fractionation through 
a special column has been greatly advanced by the work of Podbielniak.*» Typi¬ 
cal analyses of various gases in the Podbielniak apparatus are given in Table 2. 


Table 2,—‘Natural Gas Analyses. 
(Per cent by volume) 


Pentanes 
and Highe 
Hydro- 

Gas Methane Ethane Propane n-Butane Isobutane carbons 

Wet gas . 65.7 12,4 11.3 5.0 1.8 3.9 


Dry gas . 77.6 6.9 10.1 48 0.6 

Wet gas . 53.3 7.3 17.7 10.9 3.3 7.5 

Residual gas . 87.6 6.9 4.7 0.3 0.2 0.3 

Natural gasoline 

(liquid) . — 3.8 6.7 19.7 5.2 64.6 


It is not necessary to include a large number of complete analyses of various 
American gases in this discussion, since the composition of such gases depends 
very largely on immediate operating conditions and may vary somewhat from day 
to day. As might be expected, the dry gases show a greater constancy of compo¬ 
sition over extended periods than wet gases. 

The natural gases of Canada, particularly those of the provinces of Ontario 
and Alberta, have been considered from the point of view of their possible indus¬ 
trial utilization.** Rosewarne gave the following typical analyses by low- 
temperature fractionation of gases from wells in the Turner Valley field of 
Alberta during 1930. (See Table 3.) 


Table 3. —Natural Gases from Turner Valley, Alberta. 

Analysis (per cent by volume). 

C#Htt 

and Higher 


Well 

He 

CH4 

GH. 

GH. 

GH,. 

carbons 

Advance No. 5. 

.... 0.007 

87.2 

6.6 

3.7 

1.7 

0.8 

Dalhousie No. 5. 

.... 0.009 

85.0 

7.4 

3.8 

2.1 

1.7 

Royalite No. 6. 

.... 0.009 

88.5 

6.5 

3.3 

1.3 

0.5 

Royalite No. 17. 

.... trace 

88.3 

6.2 

3.4 

1.5 

0.6 

Calgary city gas .... 

.... — 

89.1 

5.5 

3.2 

1.3 

0.9 

Stabilizer gas . 

.... — 

25.3 

13.6 

29.4 

23.3 

8.4 

Stabilizer gas . 

— 

36.3 

20.7 

15.7 

16.9 

10.4 


Few analyses of natural gases from other parts of the world have been re¬ 
ported. However, some Russian natural gases have been analyzed by low- 
temperature fractionation methods by Sokolov.*® The results are given in Table 4. 

Eng. Chem., Anal. Ed., 1931, 3, 177; Chetn. Abs., 1931, 25. 2613; RtHner, 1929, 8 (3), 55; 
Ckem. Abs., 1929, 23, 3128; OH and Gas /., 1930, 29 (20), 235; Chetn. Abs., 1930, 24. 5992; see 
also Chapter 49. 

** Loe. cit. 

*^£lworthy, Canadian Dept. Mines Summary Report 586, 1921, 56; Chem. Abs., 1923, 17, 2636; 
Hume, Can. Mining 1930, 51, 991; Ckem. Abs., 1931, 25, 190; Harkness, Ann. Kept. Out. Dept. 
Mines, 1930, 38 (5), 1; Ckem. Abs., 1932, 26, 281. 

^Canodtan Dept. Mines Mem. Series 43, 1930; Ckem. Abs., 1931, 25, 578; see also Rosewarne 
and OflTord, Canadian Dept, Mines, Mines Branch Kept. 725, 1933, 92; Chem. Abs., 1933, 27, 3317; 
Canadian Dept. Mines, Mines Branch Kept, 721, 1932, 109; Ckem. Abs., 1932, 26, 2848. 

*^Neft. Khoa., 1930, 18, 793; Ckem. Abs., 1931, 25, 397. 
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Low'temperature fractionations of various Russian natural gases have also 
been made by Nametkin and others,and the composition of gases from the 
Makat and Baku oilfields has been reported by Trebin and Luchinskii and by 
Rabinovich,*® respectively. The gases from the neighborhood of Baku (Apsheron 

Table 4. —Russian Natural Gases. 

Analysis (per cent by volume). 


Field Air CO, CH, C,H. GH. Cdiu Higher 

Surakhany . 1.0 18.2 77.5* 2.0 0.8 0.5 — 

Grozny . 1.0 — 51.8 10.7 25.1 8.8 1.9 

Dagestanskie Ogni . 1.0 7.5 . 89.0 1.9 0.6 0.6 — 


peninsula) frequently possess a high content of carbon dioxide. Some Italian 
natural gases have been examined by Levi, Padovani, and Busi®® and those of 
Poland by Kling, Beckowna and Kirschbaum.®^ 

Utilisation of Natural Gas. Natural gas is used on a very large scale for the 
manufacture of carbon black.®* Advances in our knowledge of the chemical trans¬ 
formations of the simpler, paraffin hydrocarbons lead to the belief that natural 
gas is a chemical raw material of the highest promise, though so far only the 
fringe of this vast subject has been explored.®* 

The main use for natural gas is as a domestic and industrial fuel.®* The wet 
gases, however, are now invariably treated for the recovery of liquid constituents, 
which include the paraffin hydrocarbons from butane®® Up to and including 
octane. The liquid obtained by stripping wet natural gas is called natural-gas 
gasoline and is an important source of volatile constituents for blending with 
gasoline obtained by distillation of crude petroleum or by cracking. When mixed 
with heavier naphtha, it yields a mixture comparable with the straight-run product. 

The extraction of gasoline from natural gas is effected on a large scale by 
three distinct methods: (1) compression, (2) absorption in oil, and (3) adsorption 
on solids, such as activated charcoal.** The properties of gasolines prepared by 
tliese processes differ to some extent, the compression process yielding a very 
volatile product. Before blending such natural gasoline with straight-run gasoline 
it is necessary, therefore, to remove some of the more volatile (“wild”) con¬ 
stituents. This process, yielding a gasoline of definite vapor pressure, is called 
stabilization. The most objectionable constituent from the point of view of 
volatility is propane, which must be removed almost entirely to obtain a satis¬ 
factory blending material. The stabilization process, which consists essentially of 
fractional distillation under pressure, also removes butane. 

Huge amounts of liquefied propane and butanes thus produced are now being 
utilized for a number of purposes, particularly as a fuel for domestic and indus- 

” Nametkin, Zabrodina, Karkonas, Kuraanov, Sokolov, and Uspenskii, Zkur, Prikladnoi Khim., 
1931, 4, 335; Chem. Abs., 1932, 2S, 281. Sarkisyantz, Prirodnuie Gasui., 1931, 2, 129; Uspenakaya, 
Prirodnuie Gaxui., 1931, 2, 171; Golubyatnikov, Prirodnuie Gazui., 1931, 2, 139': Chem. Abs., 1932, 
26, 1416. 

**Neft. Khoz., 1930, 18, 789; Chem, Abs.. 1931, 25, 397. 

”Azerb. Ncft. Khoz., 1931 (6), 37; Chem. Abs., 1932, 26, 579. 

^Ann. chim. applicata, 1931, 21, 245; ibid., 1932, 22, 380; Chem. Abs., 1931, 25, 5541; ibid., 1932, 
26. 5730. 

*^Przemysl Naftowy, 1932, 7, 317, 340; Chem. Abs., 1932, 26, 5731. 

** See Chapters 6 and 7. 

A review of the treatment of natural gases for the production of various products is given by 
Hoffman, J. Inst. Pet. Tech., 1933, 19, 549; FroUcb and Wiezevich, Ind. Eng. Chem., 1932, 24. 13. 

^Discussions of natural gas as a fuel are given by Bending, Combustion, 1931, 3 (1); 21; Chem. 
Abs., 1932, 26, 281; Gas Age-Record, 1931, 68, 258, 311; Chem. Abs., 1931, 25, 5969; Rogers, Gas 
Age-Record, 1931, 67, 987; Chem. Abs., 1932, 26, 281. 

** Butane is normally gaseous but behaves as a liquid when sufficient higher'boiling material is 
present to suppress its vapor pressure. 

MSee Shellshear, Chem. Eng. Mining Review, 1933, 25, 323; Chem. Abs., 1933, 27, 4904. 
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trial consumption.*^ So-called liquefied petroleum gas, consisting of propane, 
n-butane and isobutane, which are gaseous under normal conditions but liquid 
under pressure, is now transported in steel cylinders and in special tank cars 
under pressure. This material is useful not only as an industrial and domestic 
fuel in districts remote from towns, but it can also be used for enriching manu¬ 
factured gas and water gas ** and as a substitute for acetylene in welding. From a 
chemical standpoint, liquefied petroleum gases, available in large quantities at a 
relatively lOw cost, appear to be ideal raw materials for the manufacture of cer¬ 
tain organic chemicals. The available supply of these liquefied gases is very great 
—it has been estimated that the natural gasoline industry of the United States 
could easily produce 5,000,000 gallons of propane and 3,500,000 gallons of the 
butanes daily without appreciable diminution of natural gasoline supply.*® 

Because of its freedom from vaporization difficulties at low temperatures, 
propane is finding special application for domestic purposes, and the use of 
commercial butane as a carbureting agent in gas manufacture is one of the 
outstanding developments in the gas industry.^® Liquefied petroleum gases have 
been proposed for the extraction and refining of rosin and gums and for the 
purification of oils and asphalts.^* The gases, particularly propane, can be used 
also in refrigerating equipment."** Pentane has been suggested for treatment 
of paper preliminary to subsequent impregnation with viscous materials for the 
manufacture of insulation.** Methane has been investigated as a fuel for motor- 
driven vehicles, the operating results being favorable.*® An explosive, consisting 
of an oxidizing agent, a liquefied volatile hydrocarbon and an absorbent, which 
loses its power soon after being loaded into a bore-hole, has been proposed by 
Wulff.** 

In separating a condensate from a gas by compression or adsorption, the 
efficiency of separation is increased if a substance having a lower boiling point 
than any other constituent of the condensate is added.*®* Thus a use is found for 
propane in effecting a more efficient separation of benzine from casinghead gas. 
The propane is subsequently removed from the condensate and again utilized. 

Natural gas is also a raw material for the manufacture of hydrogen.*^ For this 


Hcavner, Oil and Gas J,, 1930, 29 (6), 38, 148; Chem. Ahs., 1930, 24, 3884; Van der Pyl, Gas 
Age-Record, 1930, 66, 265; Chem. Abs., 1930, 24, 5987; Anon., Proc. Am. Gas Assoc., 1930, 1928; 
Dieterle, ibid., 1930, 1623; Chem. Abs., 1931, 2S, 4686; Ilrooks, World Petroleum, 1931, 2 (6), 380; 
Chem. Abs., 1932, 26, 287; Legatski, Oil and Gas J., 1932, 31 (1), 44; Chem. Abs., 1932, 26, 5405; 
Lindsey, Western Gas,' 1932, 8 (8), 54; Chem. Abs., 1932, 26, 5403; Thomas, Fuels and Steam Power, 
1930, 52 (12), 143; Chem. Abs., 1930, 24, 5471. For the use of liquefied petroleum gases in the 
textile industry see Van Note, Textile World, 1931, 80, 1408; Chem. Abs., 1932, 26, 311. 

“Eddy, Fischer, Duesler, Hitz, Schell, Proc. Am. Gas Assoc., 1929, 1299-1327; Chem. Abs.. 1930, 
24 3883. 

’•Thomas and Setrum, Oil and Gas J., 1928, 27 (22), 330; Chem. Abs., 1929, 23, 2275; Alden, 
Amer. Pet. Inst. Bull., 1929, 10 (2), Sect. 11, 86; Chem. Abs., 1930, 24, 1728. 

•Campbell, Chem. Markets, 1926, 26, 147; Thomas, Fuels and Steam Potoer, 1930, 52 (12), 143; 
Chem. Abs., 1930, 24, 5471; Eddy, Fischer, Duesler, Hitz and Schell, Proc. Am. Gas Assoc., 1929, 
1299; Chem. Abs., 1930, 24, 3883; Harlow and Benz, Fuels and Furnaces, 1930, 8, 83; Chem. Abs., 
1930, 24, 1721; Setrum, /. Western Soc. Eng., 1930, 35, 448; Chem. Abs., 1931, 25, 1058; Setrum, 
Ind. Eng. Chem., 1931, 23, 1190; Hough, Gas Age-Record, 1930, 66, 383; Chem. Abs., 1930, 24, 5977. 

" Humphrey, U. S. Patent 1,806,973, May 26, 1931; assigned to Hercules Powder Co.; Brit. Chem. 
Abs. B, 1932, 235. Little, U. S. Patent 1,762,785, June 10, 1930; assigned to Arthur D. Little, Inc.; 
Chem. Abs., 1930, 24, 3898. 

•Atwell, British Patent 390,222. 1931; assigned to Standard Oil Co, of Indiana; Brit. Chem. Ahs. 
B. 1933, 456; I. G. Farbenindustrie A.-G., British Patent 389,113, 1931; Brit. Chem, Abs. B. 1933, 
378; Nobel, U. S. Patent 1,868,211, July 19, 1932; assigned to Bataafsche Petroleum Maatschappij; 
cf. .'Nsch.nn, Chem.-Ztp., 1927, 51, 4; Chem. Abs., 1928, 22, 1032. 

•Nelson, U. S. Patent 1,822,109, Sept. 8, 1931; assigned* to Hoover Co.; Chem. Abs., 1931, 25, 
5942. 

•Bataafsche Petroleum Maatschappij, British Patent 381,448, 1932; Chem. Abs., 1933, 27, 5125. 

• Bronn, Brennstoff-Chem., 1931. 12, 27, 45; Chem. Abs., 1931, 25, 1654; Klinkhardt, Gas u. 
Wg.rsrrfach. 1932, 75, 495; Chem. Abs., 1932, 26. 4438. 

•U. S. Patent 1.772,695, Aug. 12, 1930; Brit. Chem. Abs. B, 1931, 418. 

•• Bataafsche Petroleum Maatschappij, British Patent 355,413, 1929; Brit. Chem. Abs: B, 1931, 
1036. 

• Rosen.stein, World Petroleum. 1932, 3 (1). 31; Chem. Abs., 1932, 26, 6100; see also Ellis, "Hydro¬ 
genation of Organic Substances," D. Van Nostrand Co., Inc., New York, 1930, 759. 
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purpose, the gas is heated to a high temperature (usually about 1000® C.) to 
decompose the hydrocarbons into their elements. The thermal decomposition of 
hydrocarbons is discussed more fully in Chapters 2 and 7. 

As previously stated, the liquefied petroleum gases consist of propane, n-butane, 
and isobutane. Propane can be easily separated on a large scale by efficient 
fractionation and with modern equipment the separation of butane and isobutane 
can also be accomplished. Such a separation, therefore, makes these three paraffin 
hydrocarbons available for purely chemical utilization. 

Natural-Gas Gasoline 

Natural-gas gasoline, or casinghead naphtha, is the liquid hydrocarbon mixture 
extracted from natural gas by compression,^® absorption ip oil,*® or adsorption 
on solids.®® It is distinguished from straight-run products by its higher volatility 
and lower boiling range. In general, it consists of the lower members of the 
paraffin series from propane up to octane, though propane should be absent from 
the stabilized product.®^ Examination of samples of natural gasoline from many 
localities in Texas, Oklahoma, Kansas, Kentucky, Ohio, and West Virginia has 
shown that they all contain substantial proportions of the pentanes, of which 
three chemical individuals exist: 


Boiling Point 

Pentanes ® C. at 760 mm.“ 

Normal pentane CIL(CHa)»CHi ....• 36.2* 

Isop^intane (CH,),CH.CH,.CH, . 28.0* 

Tetramethylmethane (CHaltCCCHa)* . 9.5“ 


Natural gasolines contain from 20 to 40 per cent of uormal and isopentane 
but tetramethylmethane (neopentane) is the least abundant, having been found 
to the extent of only 2 per cent in many natural-gas gasolines from Texas and 
West Virginia. Normal butane, boiling at 0° C, is present in natural-gas gasoline 
in substantial amounts but no hydrocarbon occurs boiling between 0® C. and 
28° C. with the exception of traces of tetramethylmethane. Of the hydrocarbons 
boiling above 36° C. about 10 per cent consists of hexanes boiling at 58° C. 
(diisopropyl) and 62° C. (dimethylpropylmethane) with only a trace of tri- 
methylethylmethane boiling at 49° C. According to Ayres,®® natural-gas gasoline 
contains no unsaturated hydrocarbons and no cyclic hydrocarbons boiling below 
the hexanes. 

The composition of a typical American natural-gas gasoline has been investi¬ 
gated by Anderson and Erskine.®* The sample was first separated into four 

Pence, Oil and Gas J., 1930, 29 (8), 168; Chem. Abs., 1930, 24, 4620; Shellshear, Chem. Eng. 
Mining Rev., 1933, 25, 323; Chem. Abs., 1933, 27, 4904; Wells, Petroleum Eng., 1930, 2 (3), 96; 
Chem. Abs., 1931, 25. 3475. 

•Chatfield, Nail. Petroleum News, 1930, 22 (12), 90; Chem. Abs., 1930, 24, 4620; Sharpies, U. S. 
Patent 1,766,195, June 24, 1930; assigned to Sharpies Specialty Co.; Chem. Abs., 1930i 24, 4146. 
For determining the rates of solution of gases in each other and in oils see Lacey, Oil and Gas J.. 
1931, 30 (8), 15, 118; 30 (9), 68, 114, 116; Chem. Abs.. 1932, 26, 1103; Pomeroy, Lac^, Scudder 
and Stapp, Jnd. Eng. Chem., 1933, 25, 1014; Uehara, /. Chem. Soc. Japan, 1932, S3, 931; Chem. Abs., 
1933, 27, 700; Matheson and Cummings, Jnd. Eng. Chem., 1933, 25, 723. 

Moore, Fuel, 1931, 10, 436; Magnus and Windeck, Z. phys. Chem., 1931, il53A, 113; Chem, Abs.i 
1931, 25, 2616; Stenzel, J.A.C.S., 1932, 54, 870. 

“ Smith, Oil and Gas J., 1930, 29 (4), 38, 94; Chem. Abs., 1930, 24, 3892. In 1930 there were 
1035 natural-gasoline plants in the United States with a capacity of over 10 million gallons per day, 
according to Hopkins and Seeley (U. S. Bureau of Mines Information Circular 6279, 1930; Chem. 
Abs., 1930, 24, 4620). For economics of the industry see also Mayer, Petroleum Z., 1931, 27, 464; 
Chem. Abs., 1931, 25, 5975. ^ ^ ^ „ 

“ International Critical Tables, National Research Council, McGraw-Hill Book Co., Inc., New 
York. 1926, 1, 193. 

“/nd. Eng. Chem., 1929, 21, 899. 

M Ind. Eiig. Chem., 1924, 16. 263. 
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fractions (each with boiling ranges of about 20® C.) in the neighborhood of the 
boiling points of the normal paraffins of from five to eight carbon atoms. Three 
distillations of the pentane fraction with a regulated temperature still-head resulted 
in the isolation of isopentane (boiling point, 27.8®-28.3° C.) and n-pentane (boil¬ 
ing point, 35.5®-36.0® C). From the hexane fraction, 2-methylpentane (iso¬ 
hexane) and n-hexane were obtained by a series of four distillations. Similarly, 
2-methylhexane (isoheptane) and n-heptane were separated from the heptane 
fraction. Table 5 gives the approximate composition of the natural-gas gasoline. 


Table 5. — Natural-Gas Gasoline. 


Constituents 
Propane and Butanes 

Isopentane. 

n-Pentane . 

2-Methylpentane .... 

n-Hexane . 

2-Methylhexane _ 

n-Heptane . 

Octanes . 

Absorption oil . 


Per Cent by Volume 

. 20 

. 13 

. 17 

....... 9 

. IS 

. 8 

. 12 

. 4 

.. 2 


In addition to paraffin hydrocarbons, which form the preponderating constitu¬ 
ents of casinghead gasoline, small proportions of aromatic hydrocarbons (as well 
as the simple naphthenes) are frequently present. Erskine found benzene, 
toluene, and m-xylene even in a highly paraffinic Pennsylvania natural-gas 
gasoline. Gases which have been in contact with highly aromatic crudes such as 
those of Borneo (Koetei) and Rumania (Dacic) are likely to contain large 
amounts of benzene ^d its immediate homologues. Similarly, the simple naph¬ 
thenes (cyclopentane and cyclohexane and their immediate homologues) are 
probably present in gases derived from highly naphthenic crudes such as those of 
Southern Russia.®” 

A condensate obtained from pipe lines of the Terrebonne gas fields near 
Houma, La., having a much higher boiling range and specific gravity than 
ordinary casinghead naphtha, has been investigated by Coates and Tims.®^ A 
study of the fraction of this condensate boiling at 215®-217® C. and having the 
formula CjoHoo showed it to be identical with a similar fraction from a crude oil 
of Jennings, La., studied by Coates in 1906. It was believed that alkyl deriva¬ 
tives of dicyclopentyl were present. 


Crude Petroleum 

Disregarding the non-hydrocarbon constituents, which on the average repre¬ 
sent only a very small percentage of the total, crude petroleum is essentially a 
complex mixture of hydrocarbons of all classes and degrees of complexity. Since, 
from a theoretical standpoint, there is an enormous number of possible individual 
hydrocarbons possessing molecular weights up to 1000,®® it is not surprising that 
the physical and chemical properties of crude petroleums from different sources 
vary considerably, 

W Ind. livg. Ckcm., 1926, 18. 722. 

** Analysis of a Grozny natural casoline is reported by Isaev, Egorov and Grigoriev. Groxn. Neft., 
1932, 2 (3-4). 49-53; Brit. Chetn. ribs. B, 1933, 134. 

£i«j 7. CAm.. 1922, 14, 219. 

^J.A.CS., 1906, 28, 384. 

Henze and Blair U.ri.C.S., 1931. 52, 3077) have shown that there are 62,491,178,805.831 isomeric 
paraffins containing 40 carbon atoms. 
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Crude petroleums have been roughly classified in the past as paraffin base, 
naphthene base, or asphalt base. The first two classes contain a preponderance 
of paraffin and naphthene hydrocarbons, respectively, in their lower fractions, 
whereas the asphalt base crudes, as their name implies, contain asphaltic sub¬ 
stances (i.e., high molecular weight hydrocarbons with relatively low hydrogen 
content, as well as high molecular weight oxygenated substances) in their higher 
fractions. All possible variations among these classes are known, crude petroleums 
containing both paraffins and asphaltic substances being termed ‘‘mixed-base'" oils. 
However, from a purely chemical standpoint this system of classification is quite 
inadequate since even the most paraffinic crudes contain cyclic hydrocarbons in 
increasing amount as the boiling point of the* fractions rises. 



Courtesy McGraw-Hill Book Co., Inc. 


Fig. 1. —Diagram Showing Probable Composition of Various 
Crude Qils. (Gruse.) 

In the system used by Gruse,®® crude petroleums arc classified as paraffinic, 
aromatic, and asphaltic, the naphthenes being present in varying proportions in 
all classes. To illustrate the probable composition of various crudes, Gruse 
employed the triangular diagram given above (Fig. 1). 

The detection of individual hydrocarbons in crude petroleum is one of the 
most difficult problems of organic chemistry. Apart from a few special chemical 
methods of attack, strictly limited in their scope, the only direct methods of 
investigation available are fractional distillation and fractional crystallization, 
both of which are tedious and time-consuming and none too dependable. 

Fractional distillation of the low molecular weight hydrocarbons of petroleum 
has made possible the definite identification of a few of the simpler members. 
The differences in boiling points (and consequently vapor pressures) of hydro¬ 
carbons diminish with increasing molecular weight, and at the same time the 
number of possible isomers increases rapidly.®^ In addition to this difficulty, the 

•Gruse, ''Petroleum and its Products,” McGraw-Hill Book Co., Inc., New York, 1928, 3. 

• See Henze and Blair, loc. cit. 




20 CHEMISTRY OF PETROLEUM DERIVATIVES 

separation of the normally liquid hydrocarbons is complicated still further by the 
formation of constant-boilings mixtures. Two isomers or two totally different 
hydrocarbons may possess the same boiling point, consequently the isolation of a 
fraction of constant boiling point from fractions other than the lowest-boiling 
ones is by no means an indication of the presence of a pure chemical individual. 
Much of the older work on the identification of pure chemical individuals in 
petroleum by fractional distillation methods is unreliable for these reasons and 
unwarranted Conclusions were often drawn from such totally inadequate data. 
Of the large number of hydrocarbons which are said to have been isolated from 
petroleum, only a few have been indubitably proved to be present. Though many 
of the others may, and very likely do, actually occur in various crudes, the evi¬ 
dence adduced for their supposed presence is, in most cases, utterly worthless. 
Washburn described tests for purity and evidence of identity for hydrocarbons 
isolated from petroleum and recommended that at least five properties—refractive 
index, density, boiling point, freezing point, and halogenation behavior—should be 
reported before identification is established. Esau observed that the purity of 
hydrocarbons could be tested by measuring the change of temperature produced 
on submitting them to the action of short electrical waves (of frequencies of the 
order of 10® hertz). 

Except in a very few cases it is a matter of the greatest difficulty to separate 
any hydrocarbon of more than six or seven carbon atoms in a pure state from 
crude petroleum by fractional distillation. Other methods of isolating pure hydro¬ 
carbons from petroleum are available in special cases. Thus, the higher paraffins 
are solids which may be resolved by laborious fractional crystallization. Certain 
solvents appear to possess selective solvent properties towards particular types of 
hydrocarbons, though the separation of pure individuals by such means is 
difficult. Nevertheless, selective solvent action may be employed to concentrate 
certain types of hydrocarbons into one or more fractions. An example of this 
solvent selectivity is the large-scale use of liquid sulphur dioxide to extract aro¬ 
matic hydrocarbons (together with some unsaturated hydrocarbons if they are 
present) from kerosenes. Furthermore, certain methods have been developed for 
roughly determining the various classes of hydrocarbons in gasoline (and to 
a smaller extent in kerosene) but they are not applicable to fractions boiling 
above this range. 


Straight-Run Gasolines 

Straight-run gasoline, tlie lowest fraction obtained from crude petroleum by 
straight distillation, is a mixture of hydrocarbons of the paraffin, benzene, and 
naphthene (cycloparaffin) series. Olefins have been reported from time to time 
but careful work has indicated that these substances are pre.sent in small quantities 
only, as already mentioned, and the proportions probably depend upon the con¬ 
ditions of distillation. 

The gasolines produced from American crudes, especially from the Eastern 
gasolines, and to a lesser extent from the Mid-Continent ones, are paraffinic in 
nature. The asphaltic oils of the Gulf Coast and California apparently produce 
gasolines with larger proportions of naphthene hydrocarbons (and dissolve in 
sulphuric acid to a greater extent) than the two mentioned. Although all Ameri¬ 
can gasolines probably contain some aromatic hydrocarbons (only in small quan¬ 
tities in most cases, especially Eastern gasolines), some from California, on .the 

•/nrf. Eng. Chem., 1930, 22, 985. 

“British Patent 345,464, 1930; Brit. Chem. Abs. B, 1931, 579. Also French Patent 691.306. 1930: 
Chem. Abs., 1931, 25, 962. 
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other hand, contain high percentages of aromatics.** Table 6 gives analyses (in 
terms of classes of hydrocarbons) of various straight-run gasolines of the United 
States.*® In view of the controversy as to the adequacy of the methods employed, 
these data should be considered as only approximate. 

Table 6. —Atnerican Straight-Run Gasolines. 


Composition, Per Cent by Volume 

Gasoline Source Naphthenes Aromatics Unsaturates Paraffins 

Pennsylvania . 13.0 6.9 2.2 77.9 

Pennsylvania . 1.2 * 4.2 2.3 92.3 

Pennsylvania . 23.4 0.0 1.3 75.3 

Pennsylvania . 23.2 0.0 4.0 73.6 

Pennsylvania . 11.7 4.9 2.9 80.5 

Oklahoma (Cushing) . 23.7 4.9 1.6 69.8 

Oklahoma (Cushing) . 17.9 3.6 3.7 7^8 

Oklahoma (Cushing) . 26.2 0.0 2.9 70.9 

Oklahoma (Seminole) . 23.0 4.5 3.4 69.1 

Kentucky . 23.1 2.8 5.8 68.3 

Kentucky (Somerset) . 20.6 5.3 iS 70.3 

California . 34.9 2.8 5.1 57.2 

California . 41.2 0.8 2.3 55.7 

Kansas . 20.3 0.4 2.7 76.6 

Arkansas (Smackover) . 14.5 11.3 7.9 66.3 

Texas (Refugio) . 23.1 8.7 2.2 66.0 

Texas . 27.4 6.0 3.2 69.4 

Texas . 25.8 2.5 3.2 68.5 

Texas . 24.7 1.2 3.7 70.4 

Texas (Van Zandt) . 0.0 2.9 1.7 95.4 

Michigan (Mt. Pleasant) . 7.4 4.5 2.9 85.2 


In other parts of the world, gasolines of widely divergent chemical composi¬ 
tions are obtained.** Gasolines with large proportions of naphthene hydrocarbons 
are produced from the crudes of South Russia (Surakhany), Rumania (Dacic), 
Japan, and certain parts of Borneo. According to Kewley,®^ Miri (Borneo) 
benzine consists of 80 per cent of naphthenes, 15 per cent of paraffins, and only 
5 per cent of aromatic hydrocarbons. On the other hand, the gasoline from Koetei 

•* Burrell, Itid. Eng. Chem., 1928, 20, 602. 

“ Eglotf, Bollman and Levinson, J. Phys. Chem., 1931, 35, 3492; Chem. Abs., 1932, 26, 1255; also, 
KglolT, Nelson and Truesdell, Oil and Can J., 1931, 29 (39), 38; ibid., 1931, 29 (40), 30; Chem. Abs., 

1931, 25, 3469, 3473. Analyses of gasolines are also given by Chantler, Canadian Dept. Mines, Mines 
Branch Rrpt. 725, 1933, 149; Chem. Abs., 1933, 27, 3322. 

Lor the analyses of Japanese i>etroleums see Mizuta, J. Soc. Chem. Ind. Japan, 1931, 34, Suppl. 

binding 288; Chem. Abs., 1931. 25, 5976; J. Soc. Chem. Ind. Japan, 1931, 34, Suppl. binding 330; 

Chem. Abs., 1932, 26, 1425; J. Soc. Chem. Ind. Japan, 1932, 35, 80B; Chem. Abs., 1932, 26, 3366; 
J. Soc. Chem. Ind. Japan, 1932, 35, Suppl. binding 157; Chem. Abs., 1932, 26, 4458; Proc. World. Eng. 
Cong. Tokyo, 1931, 31, 31; Chem. Abs., 1931, 25, 5548; /. Soc. Chem. Ind. Japan, 1932, 35, Suppl. 
binding 470; Chem. Abs., 1933, 27, 1492; Kobayaskt, J. Soc. Chem. Ind. Japan, 1931, 34. Suppl. 

binding 289; Chem. Abs., 1931, 25, 5975; J. Soc. Cfwm. Ind. Japan, 1932, 35, Suppl. binding 107; 

Chem. Abs., 1932, 26. 3655; J. Soc. Chem. Ind. Japan, 1932, 35, Suppl. binding 426; Chem. Abs., 1933, 
27, 183; limori and Kikuchi, Bull. Inst. Phys. Chem. Research (Tokyo), 1929, 8, 984; Chem. Abs., 
1930, 24, 4922; Akita, Trans. II World Power Conf., 1930, 8, 21; Brit. Chem. Abs. B. 1932, 168. 
Chinese petroleum analyses have been reported by Chin, Science (China). 1932, 16, 1049; Chem. Abs., 

1932, 26, 5739. Analyses of Russian petroleums have been made by Postovski and Plyusnin, J. Chem. 
Ind. (Russia), 1930, 6, 776; Chim. ct ind.. Special No. (March 1930). 196; Chem. .4bs., 1930, 24, 
5470; Bestushev and Malashkin, Neft. Khos., 1930, 18, 965; Chem. Abs., 1931, 25, 402: Nametkin 
and Shakhnazarova, Neft. Khos., 1930, 19. 290; Chem. Abs., 1931, 25. 402; Volf and Shevlyakov, 
Aserh. Neft. Khos.. 1931 (9-10), 83-92; Chem. Abs., 1932, 26, 1425; Marko and Lapkin, Buff. inst. 
rechcrches biol. univ. Perm, 1932, 8, 145; Chem. Abs., 1933, 27, 4063; Kligerman, Ascr. Neft. Khos,, 
1932 (8-9), 59; Chem. Abs., 1933, 27, 184. Polish petroleums have been analyzed by Winkler, 
Prscmysl Chem., 1930. 14, 1; Chem. Abs., 1930, 24, 4923; Szayna and Ehrlich, Prsemysl Naftowy, 

1932, 7, 14; Chem. Abs.. 1932, 26, 3094. Petroleums of Rumania have been analyzed by Casimir, 
Creanga and Dimitriu, Allgem. osterr. Chem. ft. Tech.'Ztp., 1930, 48, 57; Chem. Abs., 1930, 24, 3634; 
Gane and Zilisteanu-Gheorghiu, Bull. soc. ehim. Romanta, 1926, 8,^ 3; Chem. Abs., 1928, 22, 3520. 
Analyses of petroleums from japan have also been reported by Mizuta, 7. Soc. Chem. Ind. Japan, 

1933, 36, Suppl. binding 330; Chem. Abs., 1933, 27. 4659; and from Russia by Bestushev, Erdol u. 
Teer, 1931, 7, 159; Chem. Abs., 1931, 25, 3816. 

•»/. Inst. Pet. Tech., 1921, 7, 219; Chem. Abs., 1921, 15, 3738. 
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(Dutch Borneo), which contains upwards of 40 per cent of aromatic hydrocarbons 
(as well as 26 per cent of paraffins and 35 per cent of naphthenes), was used as 
a source of toluene during the World War in the manufacture of TNT.®® 

The systematic work of Young and Thomas ®® led to the definite identification 
of n-pentane, isopentane, n-hexane, isohexane, n-heptane, and isoheptane in 
American petroleum. The presence of isomeric hexanes and heptanes was con¬ 
sidered likely but not definitely proved in their work. Several of the higher 
paraffins were said to have been identified by fractionation methods but it is very 
doubtful whether the products obtained were pure. Other work in this connection 
is that of Brown and Carr,^® who fractionated a straight-run gasoline from the 
Cabin Creek field up to the nonane fraction, using a semi-laboratory fraction¬ 
ating column and starting with 135 gallons of oil. Scores of fractions were 
obtained which had distillation curves with a semblance of flatness but pure com¬ 
pounds were not isolated. In addition to indications of the presence of butane, 
benzene, cyclopentane, toluene, isoheptane, and certain of the nonanes and decanes, 
fractions were identified having the boiling points of isopentane, n-pentane, iso¬ 
hexane, n-hexane, n-heptane, isooctane, n-octane, and n-nonane. 

A study ot the hexane fraction of an Oklahoma gasoline (straight-run) was 
made by Bruun and Hicks-Bruun."^^ Careful fractionation concentrated the 
hexanes into a series of constant-boiling mixtures. After the addition of methyl 
alcohol, refractionation yielded azeotropic mixtures of alcohol and the hexanes, 
all of which boiled below 58.7® C. The following isomers were separated: 
2,3-dimethylbutane, 2- and 3-methylpentanes, and n-hexane but no 2,2-dimethyl- 
butane. Later they isolated n-heptane^- (boiling at 98.4° C.), n-decane"® (boil¬ 
ing at 174.0® C.), 2-methylhexane (boiling at 89.67® C.), and showed the prob¬ 
able presence of 2,2-dimethylpentane.^® 

Leslie and Schicktanz separated pure n-octane from a fraction (boiling 
point, 100°-130° C.) of the same crude from Oklahoma, by a series of fractional 
distillations followed by fractional crystallizations at low temperatures. Treatment 
with chlorosulphonic acid was employed to obtain the purest product. Leslie 
also isolated 2-methylheptane (boiling point, 117.2® C.) by crystallization from 
liquid methane. By fractionation of a Pennsylvania straight-run gasoline, Tong- 
berg and Fcnske‘® isolated 2-methylpentane (boiling at 60.3® C.), n-heptane 
(boiling at 98.4® C.), methylcyclohexane (boiling at 100.8°-100.9® C.), and 
n-octane (boiling at 125,2® C.). 

The use of chlorosulphonic acid in the purification of normal paraffins is 
effective because hydrocarbons containing the grouping RjCH are rapidly attacked 
whereas normal hydrocarbons (and also cyclohexane) are only slowly affected by 
the reagent.^® Shepard, Henne, and Midgley also applied this reagent to the 
isolation of normal paraffins in a pure state from closely cut gasoline fractions. 
A gasoline of about 70 per cent normal paraffin content was distilled into frac- 


••Kewley, /. Inst. Pet. Tech., 1921, 7, 215; Chem. Abs., 1921, 15, 3738. The preparation of TNT 
from aromatic fractions of petroleum is discussed also by Mizuta, /. Soc. Chem. Ind. Japan, 1933, 
36, Suppl. binding 255; Chem. Abs., 1933, 27, 4064; DSnSili and Popa, Analele minelor din Romania, 
1925, 8, 129; Chem. Abs., 1925, 19, 1771; Popla and Velculesou, Bui. chim, soc. tomana stiin., 1930, 
33. 1; Bnt. Chem. Abs. B. 1932, 790. 

•/.C.5.. 1897, 71, 440. 

"t* Ind. Eng. Chem., 1926, 18, 718. 

Bur. Stand. J. Prr S 10«1 9e 9996 



yBur. Stand. J. Res., 1933, 10, 609; Chem. Abs., 1933, 27, 4062. 

Ind. Eng. Chem., 1932, 24. 814. ^ 

» Aschan. Ber., 1898, 31, 1801; Chem. Soc. Abs., 1898, 74 (13, 545; Young. J.C.S.. 1899 75. 172 
"/.A.C.S., 1931, S3, 1948; Ind. Eng. Chem., 1930, 22, 356. ' ' 



CHEMICAL NATURE OF PETROLEUM AND NATURAL GAS 23 


tions which roughly represented the normal homologues. The fractions were 
then treated with chlorosulphonic acid until no further change of density occurred, 
and were subsequently redistilled through a spiral fractionating column with an 
efficient dephlegmator. In this way the eight normal paraffins from pentane to 
dodecane were obtained in a satisfactory state of purity, the freezing range for 
each fraction being less than 0.1° C 

Table 7 contains data for a number of paraffin fractions which have been 
isolated by fractional distillation from various gasolines.®®* Some of these frac¬ 
tions approximate very closely the physical properties of the corresponding pure 
hydrocarbon. * 

The naphthene hydrocarbons of the gasoline fraction of petroleum consist 
mainly, if not entirely, of cyclopentane and cyclohexane homologues. It is possible 
that hydrocarbons possessing monocyclic carbon ring systems with other than 
5 or 6 carbon atoms are also present to son'ie extent, but the evidence adduced of 
their presence is not convincing. Midgley®^ was reported to have isolated a 
dimethylcyclobutane from a gasoline fraction of Californian petroleum, and 
Markownikow ®- obtained evidence of the presence of cycloheptane in a fraction 
(boiling at 115° to 120° C.) of a Caucasian petroleum. A considerable number of 
cyclopentane and cyclohexane hydrocarbons have been more or less positively 
identified in various gasoline fractions of crude petroleums. Cyclopentane itself 
was found by Markownikow®® in the 48° to 57° C. fraction of a Caucasian 
petroleum, and by Young®* in an American petroleum fraction. Cyclopentane 
appears to be present in many petroleums and has even been found in the highly 
paraffinic gasoline from Cabin Creek.®® Methylcyclopentane has been found in 
Caucasian,®® American,®^ Rumanian ®® and Japanese petroleums. Hicks-Bruun 
and Bruun isolated a pure specimen of methylcyclopentane from a fraction of a 
Mid-Continent petroleum by nitration of the accompanying benzene followed by 
distillation and fractional melting. A 1,1-dimethylcycIopentane (boiling at 87.5° 
C.) was later identified by them in this same petroleum.®* 

The presence of cyclohexane in a sample of American petroleum was demon¬ 
strated by Young.®® As early as 1880, however, Beil stein and Kurbatow ®® showed 
that the lower fractions of Russian petroleum contain non-olefinic hydrocarbons 
of the formula CnH^j^. Baeycr’s synthesis of cyclohexane ®* led to tlie identifi¬ 
cation of this hydrocarbon (boiling point, 80° C.) in a Baku naphtha.®® At 
about the same time a hydrocarbon boiling at 72° C. was isolated and proved to 
be the isomeric methylcyclopentane.®® Fortey ®^ isolated what was at first con¬ 
sidered to be pure cyclohexane (boiling point, 80.8° C.) from a sample of 
Galician petroleum. It was afterwards found, however, that it could be partially 

*®» This table compiled by Brown and Carr, Ind. Eng. Chctn., 1926, 18, 718. 

“.See Brooks, Ind. Eng. Client., 1924, 16. 185; cf. Burrell, ibid., 1928, 20, 602. 

Russ. Phys.-Chetn. Soc., 1902, 34, 917; Chem. Zentr., 1903, 1, 568; Chem. Soc. Abs., 1903, 84 
(1). 239. 

1897, 30, 975; Chem. Soc. Abs., 1897, 72 (1), 329. 

*^J.C.S., 1898, 73. 906. 

•* Brown and Carr, Ind. Eng. Chem., 1926, 18, 718. 

“Markownikow, Ber., 1897, 30, 1223; Chem. Soc. Abs., 1897, 72 (1), 401; Ann., 1899, 307, 
344; Chem. Soc. Abs., 1899, 76 (1), 799. 

“ Young, J.C.S., 1898, 73, 906. 

•* Poni, Ann. acad. romane, 23; Chem. Zentr., 1900, 2, 452; Chem. Soc. Abs., 1900, 78 (1), 617. 

“Komatsu and Kusumoto, Mem. Fac. Set. Kyoto Imp. Vniv., 1924, 7, 77; Chem. Abs., 1924, 18, 
1562. 

^ Bur. Standards J. Research, 1931, 7, 799; Chem. Abs., 1932, 26, 1423. 

“Bruun and Hicks-Bruun, Bur. Stand. J. Res., 1933, 10, 465; Brit. Chem. Abs. B, 1933, 611. 

M /.C.S" 1898 73 907. 

“bW., 1880. 13, 1818,*2028; Chem. Soc. Ahs., 1881, 40 (1), 159. 

^Ber., 1893, 26, 229; Ann., 1893, 278. 88; Chem. Soc. Abs., 1893, 64 (1). 255. 

••Markownikow, Ber., 1897, 30, 1222; Chem. Soc. Abs., 1893, 64 (1), 255; Ann., 1898, 302, 1; 
Chem. Soc. Abs., 1899. 76 (1), 22. 

•• Young, J.C.S., 1898, 73, 906. 

”J.C.S., 1898, 73, 932. 
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Table 7.- 

—Fractions from Gasolines. 


Boiling Range 




*C.at 760 mm. 

, Specific Gravity 

Source 

Investigator 


Isopentane 

{2-Methylbutanc) Fraction 


30.5-30.6 

0.6220,20V15.5‘’ C 

Cabin Creek, W. Va. 

Brown and Carr* 

30.2 

— 

Pennsylvania 

Warren ** 

29->30 


Ohio and Pennsylvania 

Mabery and Hudson* 

27.8-28.3 

0.6248,15.5V15.5" C. 

Natural-gas gasoline 

Anderson and Erskine^ 

27.95 

0.6380,14“ C. 

Synthetic 

Young and Thomas* 


Nonnal-Pentane Fraction 


36.2-36.3 

0.6309,20“/15.5“ C. 

Cabin Creek 

Brown and Carr* 

37 

0.6263,17“ C. 

Russia 

Markownikow ' 

35.5-36.0 

0.6309,15.5“/15.5“ C. 

Natural-gas gasoline 

Anderson and Erskine"* 

36.3 

0.6454,0“/4“ C. 

Synthetic 

Young and Thomas * 


Isohe.vane 

{2-Methylpentanc) Fraction 


61.1-61.2 

0.6600,20V15.5“ C. 

Cabin Creek 

Brown and Carr * 

61 

0.664 

Pennsylvania and New 




Brunswick 

Redwood “ 

61.3 

0.676 

Peru 

Warren “ 

60.55-60.85 

0.6728,0“/4“ C. 

American Petroleum 

Young and Thomas * 

59.7-61.0 

0.6613,15.5“/15.5“ C. 

Natural-gas gasoline 

Anderson and Erskine^ 

61.2 

0.6762,0“ C. 

Ohio and Canada 

Mabery ‘ 

60.15-60.2 

0.6580,15“/15“ C. 

Synthetic 

Risseghem ^ 


Normal-Hexane Fraction 


68.9^9.0 

0.6622,20“/20“ C. 

Cabin Creek 

Brown and Carr* 

68.95 

0.6771,0“/4“ C. 

Appalachian Oil 

Mabery ‘ 

68.95 

0.6770,0“/4“ C. 

American Petroleum 

Young and Thomas * 

67.9-69.2 

0.6767,15.5“/15.5“ C. 

Natural-gas gasoline 

Anderson and Erskinc* 


NormaLHeptanc Fraction 


98.6-98.7 

0.6893,20“/20“ C. 

Cabin Creek 

Brown and Carr* 

98.4 

0.7018,0“/4“ C. 

American Oil 

Young and Thomas* 

98.25-98.45 

0.6829,20“ C. 

Rangoon 

Brown and Carr * 

97.5-99 

— 

American Oil 

Schorlemmer * 

96-97 

— 

Ohio 

Mabery' 

98.2-99.3 

0.7117,15.5“/15.5“ C. 

Natural-gas gasoline 

Anderson and Erskine** 

98.43 

0.7005,0“/4“ C. 

Synthetic 

Thorpe * 


Isooctane 

{4-Methylheptane) Fraction 


117.9-118.1 

0.7166,20“/15.5“ C. 

Cabin Creek 

Brown and Carr* 

118 

0.7217 

Synthetic 

Clarke "* 


Normal-Octane Fraction 


124.3-124.4 

0.7123,20“/20“ C. 

Cabin Creek 

Brown and Carr* 

124.7 

0.7068,15“/15“ C. 

Sumatra 

Clarke "* 

121 

0.732,12.1“ C. 

American Oil 

Lemoine " 

124-125 

0.7134 

Ohio 

Mabery and Hudson * 


Nonnal-Nonaiie Fraction 


150.2-150.9 

0.7380,20V1S.5” C. 

Cabin Creek 

Brown and Carr* 

150.8 

0.7555 

Pennsylvania 

Warren ^ 

151 


Ohio 

Mabery' 


• Ind, Ena. Chcm.. 1926, 18. 718. 

Mem. Am. Acad., 1867, 9, 135; Amcr. Chcm. J., 1868, (2) 45. 263. 

^ Proc. Am. Acad. Arts Sci., 1896, 32, 101; Amcr. Chcm. J., 1897, 19, 243; Chcm. Soc. Abs., 1897, 
72 (1), 389. 

Jnd. Eng. Chcm., 1924, 16, 263. 

• J.C.S., 1897, 71, 440; ibid., 1898, 73. 905. 920. 

t Her., 1897, 30. 975; Chcm. Soc. Abs.. 1897, 72 (1), 329. 

» Redwood, “A Treatise on Petroleum,” Charles Griffin and Co., Ltd., London, 1913, 1. 242. 

^ Proc. Am. Acad. Arts Set.. 1891, 27, 56; ibid., 1898, 34, 92. 

I Proc. Am. Acad. Arts Set., 1895, 31. iO; Amcr. Chcm. J., 1895, 17, 713; Chcm. Soc. Abs., 1896, 
70 (1), 269. 

1 Bull. soc. chim. bclg., 1921, 30, 8; Chcm. Abs., 1922, 16, 1389. 

^J.C.S., 1863, 15, 419. 

' J.C.S.. 1879, 35, 296. 

^J.A.C.S., 1911, 33, 520. 

•Bmtt. soe. chim., 1884, 41, 161; Chem. Soc. Abs., 1884, 46, 1107. 
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but not completely frozen. In all probability a small amount of a heptane was 
present which could not be separated by fractional distillation, but fractional 
crystallization resulted in the separation of pure cyclohexane®* boiling at 80.85® 
C. This hydrocarbon has also been isolated from certain fractions (boiling 
about 80® C.) of Mid-Continent crude petroleum.®* Bruun and Hicks-Bruun 
later isolated and determined methylcyclohexane (boiling point, 100.8® C.) in this 
petroleum. 

A number of cyclohexane homologues have been identified in fractions of 
various crudes. These include methylcyclohexane,'®^ 1,2- and 1,3-dimethylcyclo- 
hexanes,'®* 1,2,4-trimethylcyclohexane'®® and two isomeric decanaphthenes '®^ 
(probably dimethyl ethyl cyclohexanes). SkowVonski'®® made a study of the lower 
cyclohexanes in a petroleum from Tustanowic (Galicia). The crude petroleum 
was carefully fractionated and the fractions were purified with cold fuming sul¬ 
phuric acid. The cyclohexane hydrocarbons present in the residual oil were then 
oxidized, by heating with iodine, to the corresponding benzene hydrocarbons 
which were identified as their bromo-derivatives. Besides the above cyclohexane 
homologues, the presence of 1,4-dimethylcyclohexane was definitely established. 
Octa-, nona- and decanaphthenes have been found in Japanese petroleums.^ 
Bicyclic naphthenes, chiefly derivatives of hydrogenated naphthalenes, have been 
found in various gasolines, for example the decahydronaphthalene isolated by Ross 
and Leather '®^ from Borneo petroleum. The bicyclic hydrocarbons CjoHjg and 
C13H24 isolated by Coates '®* from the Jennings, 1^., crude were probably dicyclo¬ 
pentyl and its methylated derivatives. 

The actual proportions of aromatic hydrocarbons in most petroleums are 
usually relatively small.'®® On account of their greater ease of identification 
(since they can be readily converted to characteristic crystalline derivatives) the 
aromatic hydrocarbons have received much more attention than the naphthenes. 
In addition to the simple benzene homologues, more complicated polynuclear aro¬ 
matic hydrocarbons (including naphthalene and its homologues) have also been 
identified. 

Benzene and toluene are present in many crudes, notably in the gasoline from 
Koetei (Borneo) petroleum. Mabery "® identified m- and p-xylenes in Ohio and 
Canadian crude petroleum. Tausz showed that o-xylene and ethylbenzene also 
occur in many petroleums. According to Tausz, the relative proportions of the 
three xylenes and ethylbenzene (calculated on the total Cg aromatic hydrocarbon 
content) in various petroleums are as given in Table 8. 

Investigations of the aromatic hydrocarbons of Burma petroleum have been 
made by Mulany and Watson"® and of Byoritsu (Formosa) crude by Kuri- 


“ Young and Fortcy, J.C.S., 1899, 75, 873. 

“Bruun and Hicks-Bruun, Bur. Standards J. Research, 1931, 7, 607; Chem. Abs., 1932. 26, 286. 
Bur. Stand. J, Res., 1932, 8, 525; Chem. Abs., 1932, 26, 3655. Cf. Tongberg and Fenske, Ind. 
Eng. Chem., 1932, 24, 814. 

Mabery and Hudson, Amer, Chem. J., 1901, 25, 253; J.S.C.I., 1901, 20, 568. Mabery and 
Sieplein, Amer. Chem. J., 1901, 25, 286; Chem. Soc. Abs., 1901, 80 (1), 306. Mabery and Takano, 
Amer. Chem. J., 1901, 25, 301; J.S.C.I., 1901, 20, 569. Young, J.CS., 1898. 73. 906. 

Markownikow and Oglobin, /. Russ. Fhys. Chem. Soc., 1883, 15, 332. Mabery and Hudson, 
toe. cit., Mabery and Sieplein, toe. cit. 

‘“•Markownikow and Oglobin, J. Russ. Phys. Chem. Soc., 1883, 15, 331; Ber., 1883, 16, 1877. 
‘“Markownikow and Oglobin, he. cit.; Zubkow, /. Russ. Phys. Chem. Soc., 1893, 25, 383; Chem. 
Soc. Abs., 1894, 66 (1), 160. 

‘“Metan, 1918, 61, 73, 86, 97, 109; Chem. Abs., 1920, 14. 3523. 

Kobayashi, /. Soc. Chem. Ind. Japan, 1932, 35, Suppl. binding 426; Chem. Abs., 1933, 27, 183. 
^"Analyst, 1906. 31. 284; Chem. Soc. Abs., 1906, 90 (2), 815. 

J.A.C.S., 1906, 28, 384; sec Schmidt and Sigwart, Ber., 1912, 45, 1779. 

•“ See Brooks and Humphrey, J.A.C.S., 1916, 38, 393. 

^^^Amer. Chem. J., 1896, 18, 43; Chem. Soc. Abs., 1896, 70 (1), 270; Proc. Amer. Acad., 1895-6, 
31, 60. 

•“Z. Chem.. 1919, 32 (1), 361; Chem. Abs., 1920, 14, 2258. 

^^*J.S.C.I., 1924, 43, 310T. 
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hara>^* The percentages of benzene, toluene, and xylenes in the fraction of the 
Byoritsu crude distilling up to 155^ C. were 3.1 per cent, 20.2 per cent and 20.9 
per cent of the distillate or 1 per cent, 8 per cent and 8 per cent of the crude, 
respectively. Besides benzene and toluene, m- and p-xylenes, mesitylene, and naph¬ 
thalene were definitely identified in this crude. 


Table 8.— Per Cent of Total Ct Aromatic Content. 


Petroleum Ethylbenzene o-Xylene m-Xylene p-Xylene 

Rumania . 26 24 42 17 

Pennsylvania . 13 36 47 4 

California . 16 20 56 8 

Hannover . 13 43 40 4 

Borneo. 16 10 62 12 


Bruun, Leslie and Schicktanz observed that all the fractions of an Okla¬ 
homa crude oil boiling from 90® to 112® C. contained toluene. The greatest 
concentration of this aromatic hydrocarbon was found in the fraction boiling 
between 107® and 108® C. Estimation of toluene by converting it to 2,4-dinitro- 
toluene indicated that it was present in the crude oil to the extent of 0.33 per cent. 
From this same petroleum were later isolated the three xylenes,ethylbenzene 
(boiling at 136.05® C.), mesitylene, pseudocumene, and heniimellitene.^^^ A 
cyclic hydrocarbon, CioH,a, melting at 268® C., to which was given the name 
adamantane, was separated from a Hodonin (Moravian) petroleum by Landa and 
Machacek.^^® According to Birch and Norris,*^® mesitylene and pseudocumene 
are probably the commonest aromatic constituents of liquid petroleums and usually 
occur together. 

The hydrocarbons which have been isolated by investigators at the U. S. Bureau 
of Standards from a single sample of crude oil obtained from well No. 6 of the 
South Ponca field, Kay County, Oklahoma,^*® a typical Mid-Continent crude, are 
shown in Table 9.^*^ 


Kerosene 


The kerosenes obtained from American crudes follow the same general trend, 
as regards chemical characteristics, as gasolines. Eastern kerosenes are more 
paraffinic and those from California more aromatic. The identification of 
definite hydrocarbons, and even of definite classes of hydrocarbons, in kerosene 
fractions is a matter of great difficulty. As has been previously mentioned, be¬ 
cause of the ease with which aromatic hydrocarbons may be segregated with 
liquid sulphur dioxide and because of their ready conversion into easily identifi¬ 
able derivatives, our knowledge of the aromatic content of kerosenes is much 
more extensive tlian that of the other classes of hydrocarbons. In the large-scale 
refining of kerosenes by the Edeleanu process, which makes use of the preferential 
solvent action of liquid sulphur dioxide, the aromatic hydrocarbons are for the 
most part removed from the bulk of the kerosene. The sulphur dioxide extract 
is thus a valuable source of aromatic hydrocarbons offering commercial possi¬ 
bilities. 


«»/. Chem. Ind. iJaPan), 1924, 27. 831; Chem. Abs., 1925, 19, 574. 

^^o****- ■^* > Chem. Abs., 1931. 2S, 2551. 

Stand. J. Res., 1932, 9, 711; Chem. Abs., 1933, 27, 1491. 

!IIiY**.*^* and Rose, Bur. Stand. J. Res., 1933, 10, 639; Chem. Abs., 1933, 27, 4062. 

Mair and Schicktanx, Bur. Stand. J. Res., 1933, 11, 665. 

y^^5*^*1926^2545^^*”’ ** Ckew. Abs., 1933, 27, 2792. 

fooir 5*’^^^®*®*^****“ described by Washburn, Bruun and Hicks, Bur. Stand. J. Res., 

1929« A67m 

This tabulation was made by Washburn, Ind. Eng. Chem., 1933, 25, 891. 
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Table 9 ,—Hydrocarbons Isolated from Oklahoma Petroleum, 

Boiling Point Per Cent in 
Hydrocarbon " C 

Para/Hn 

Ethane . — 

Propane . — 

Butane_;. — 

Pentane (two isomers). — 

n-Hexane . 687“ 

2,3-Dimethylbutane . 58“-58.3“ 

2- Methylpentane . 60.4*-60.6“ 

3- Methylpentane . 63.2“-»-63.r“ 

n-Heptane . 98.4“ 

2,2-Dimethylpcntane . 79.5* 

2- Methylhexane . 89.67“ 

3- Methylhexane . — 

n-Octane . 12S;4® 

2-Methylheptane ... 117.2“ 

n-Nonane . — 

n-Decane . 174.0* 

Naphthene 

Cyclopentane . — 

Methylcyclopeiitane . — 

Cyclohexane . 80 8® 

Mcthylcyclohexane . 100.8“ 

1,1-Dimethylcyclopeiitane . 87.5“ 

Nonanaphthenc .. •— 

Aromatic 

Benzene . 80.1“ 

Toluene . — 

o-Xylene . 144.4® 

m-Xylene . 139.15“ 

p-Xylene . 138.4“ 

Ethylbenzene . 136.05“ 

Hemimellitene . 

Pseudocumene . 

Mesitylene . 

* Not determined. 

•• Bruun and Hicks-Bruun, Bur. Stand. J. Ret., 1931, 6, 869. 

^ Bruun and Hicks-Bruun, ibid., 1930, 5, 933. 

^ Hicks-Bruun and Bruun, ibid., 1932, 8, 525. 

* Bruun and Hicks-Bruun, ibid., 1932, 9, 53. 

< Bruun and Hicks-Bruun, ibid., 1933, 10, 465. 

* T.eslie and Schicktanz, ibid., 1931, 6, 377. 

Leslie, ibid., 1933, 10, 609. 

1 White and Rose, ibid., 1931, 7, 907. 

^ Bruun and Hicks-Bruun, ibid., 1932, 8, 583. 

’ Hicks-Bruun and Bruun, ibid., 1931, 7, 799. 

*** Bruun and Hicks-Bruun, ibid., 1931, 7, 607. 

" Bruun, Leslie and Schicktanz, ibid., 1931, 6, 363. 

•White and Rose, ibid., 1931, 9, 711. 

P White and Rose, ibid., 1933, 10, 639. 

< Mair and Schicktanz. ibid., 1933. 11. 665. 

*■ Determinations in progress, to be reported. 
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The sulphuric acid method of refining petroleum distillates also tends to 
remove the aromatic hydrocarbons in the form of the so-called “acid sludge.” 
The aromatic hydrocarbons present in the acid sludge obtained by treating Per¬ 
sian kerosene with fuming sulphuric acid (20% SOj) have been investigated by 
Birch and Norris.^22 following hydrocarbons were definitely identified by 

the preparation of crystalline derivatives: toluene, m- and p-xylenes, mesitylene, 
pseudocumene, hemimellitene, p-ethyltoluene, an ethylxylene, a dimethyl naphtha¬ 
lene, and some indication of a trimethylnaphthalene. 

1926, 2545. 



































28 


CHEMISTRY OF PETROLEUM DERIVATIVES 


According to Mulany and Watson,p-cymene is the most important aromatic 
constituent of Burma kerosene. The aromatic hydrocarbons present in Burma 
crude have also been studied by Carpenter who found indications of the 
presence of hydrocarbons up to pentaethylbenzene (boiling point, 277° C.). 

Bicyclic hydrocarbons of the aromatic and hydroaromatic type occur in many 
kerosenes. Mabery^^s isolated naphthalene from a fraction (boiling point, 220°- 
222° C.) of a California petroleum. The mono- and dimethyl derivatives of 
naphthalene were found by Jones and Wootton in a Borneo petroleum, which 
contained 6 to 7 per cent of naphthalene hydrocarbons. Naphthalene, 2-niethyl- 
naphthalene and 2,6-dimethylnaphthalene have been isolated from the kerosene 
acid sludge of a Formosa crude.^*^ Hydrocarbons of the formulas CjjHig, 
^14^20, C13H18, and C14H18 were isolated by Wagner from the sulphur dioxide 
extract of an Oklahoma kerosene. These were considered to be partly hydro¬ 
genated substituted naphthalenes. The part of the kerosene insoluble in liquid 
sulphur dioxide was said to be practically unaffected by sulphuric acid (specific 
gravity, 1.84) and consisted essentially of members of the cyclohexane series. 

Of the non-aromatic hydrocarbons of kerosene fractions of petroleum, com¬ 
paratively little definite information is available. There is little doubt, however, 
that most kerosenes consist very largely of paraffins and cycloparaffins (cyclo¬ 
hexane and cyclopentane homologues), but the separation of pure chemical indi¬ 
viduals of these series from kerosene fractions is almost impossible by ordinary 
fractionation methods. Incidentally, the influence of various hydrocarbons, espe¬ 
cially the aromatics and olefins, on the light intensity of kerosenes is a subject of 

controversy.^20 


Higher Fractions of Petroleum 

Knowledge of the chemical nature of the high-boiling hydrocarbon constituents 
of petroleum is also meager. This is not surprising in view of the extreme com¬ 
plexity of such hydrocarbon mixtures and the difficulty of distilling them without 
decomposition. For these reasons fundamental research on the chemical nature 
of the higher petroleum hydrocarbons has made but little progress despite much 
painstaking effort. Various attempts have been made to utilize selective solvent 
action for concentrating the hydrocarbons into fractions of particular types. 
Though theoretically this method is excellent, since it avoids conditions where 
decomposition and molecular rearrangements are likely to occur, it has not led to 
any definite results in practice. However, Mabery employed, with some 
success, a mixture of ether and ethyl alcohol for effecting some separation of 
various high-boiling petroleum fractions. 

A general characteristic of petroleum hydrocarbons as a class is that, though 
the lower-boiling fractions (gasolines and kerosenes) approximate the formulas 
CnH2n+2 (paraffins) and CnHjn (naphthenes), the higher-boiling fractions consist 
of hydrocarbons much more deficient in hydrogen. Hydrocarbons having the 
approximate general formulas to even C„H2n_2o have been found in the 

highest fractions of some petroleums. The higher-boiling fractions from even 


1924, 43 , 310T. 

*“y. Inst. Pet. Tech., 1926, 12, 518; Chem. Ahs., 1927, 21, 1702. 

1900, 19, 502. 

1907, 91, 1146. 

Tasakt and Yamamoto, J. Chem. Ind. (Japan), 1931, 34, 247; Chem. Ahs., 1932, 26, 288. 
*»/nd. Eng. Chem., 1924, 16, 135. 

DinSiia, Stoenescu, and Dinescu, Petroleum Z., 1930, 26, 47; Chem. Ahs., 1930, 24, 2588; 
Petroleum Z., 1932, 28 (17), 1; Chem. Ahs., 1932, 26, 4704; Grotc and Hundsdorfcr, Petroleum Z., 
1932, 28, 9; Chem. Ahs., 1932, 26, 5745; DinSilS, Petroleum Z., 1933, 29 (7), 1; Chem. Ahs., 1933, 
27, 3595; se« also Chapter SO. 

^Ind. Eng. Chem., 1923, IS. 1233. 
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those typically paraffinic crudes which yield gasolines and kerosenes consisting 
largely of paraffin hydrocarbons contain relatively small amounts of saturated 
hydrocarbons. Thus, the paraffin wax content of light lubricating oils seldom ex¬ 
ceeds 6 per cent. No paraffins, other than those in the wax, have been identified 
in the lubricating fractions. Paraffin wax is produced commercially on a large 
scale by chilling light lubricant fractions of petroleum.^*^ The commercial product 
ordinarily melts between 48® and 62® C. and consists largely of a mixture of 
hydrocarbons of 23 to 28 carbon atoms per molecule. The principal constituents 
of paraffin wax are the normal paraffin hydrocarbons, but in addition to these 
straight-chain compounds, other types of hydrocarbons, probably branched-chain 
paraffins or isoparaffins (rather than unsaturated or cyclic compounds) are 
present.^Buchler and Graves found paraffins ranging from CigHag to C43Hh8 
in paraffin wax, slop wax, petrolatum, and rod wax. Besides the freely crystal¬ 
lizing varieties of paraffin wax, there are also so-called amorphous waxes, which 
are very troublesome to refiners. These amorphous waxes are regarded by 
some as ordinary paraffins whose crystallization has been inhibited by the 
presence of colloidal impurities. Though the real nature of amorphous wax has 
not yet been elucidated, some evidence has been advanced to show that it prob¬ 
ably consists of a mixture of branched-chain paraffins.^®® Nametkin and Nifon- 
tova,^®® from a study of the nitro-derivatives of a Grozny and an American 
paraffin wax, concluded that about 25 to 30 per cent of isoparaffins were present. 
The presence of naphthenic or unsaturated hydrocarbons in both crystalline and 
amorphous waxes is not definitely disproved though somewhat doubtful, in view 
of the evidence. 

Ceresin, a purified form of ozokerite (mineral wax), presumably consists also 
of a mixture of paraffin hydrocarbons, probably mainly isoparaffins, of somewhat 
higher average molecular weight than those of paraffin wax. Marcusson 
examined the distillation products of ceresin and found saturated hydrocarbons 
and olefins of low molecular weight but obtained no evidence of the presence of 
naphthenes. Shale oil is also a source of paraffin wax.^®® 

The so-called vaseline (petrolatum or petroleum jelly), which is made by 
careful filtration of certain residual oils through decolorizing earth, possesses 
the colloidal characteristics of a gel. Mabery^®® found that the commercial 
product consisted of heavy oils which form the high-boiling portion of Penn¬ 
sylvania petroleum, hydrocarbons of the series CnHjn, CnHgn-s and CnHjn-** 
together with solid paraffin hydrocarbons. 

Little is known about the constitution of the hydrocarbons of the lubricating 
oil range. It is almost certain that normal or straight-chain paraffin hydrocarbons 
are absent, or present only in small amounts. Kyropoulos considered the 
typical lubricating fractions from Pennsylvania crude oils to consist largely of 

Following this chilling process and separation of the oil and wax by pressing, the wax is generally 
submitted to a ‘^sweating** operation in which the major portion of the entrained oil is removed. 
Allibone (British Patent 358,668, 1930; assigned to Burmah Oil Co., Ltd.; Brit. Chem. Abs. B, 1932, 
11 ) has suggested that following the sweating operation the wax be distilled at low pressures (2 to 10 
mm.) in order to produce products of more clearly defined melting points. For a method of determine 
ing the quantity of wax in petroleum products, see Tormey, Analyst, 1931, 20 (6), IS; Brit. Chem. 
Abs. B, 1932, 376. 

Ferris, Cowles and Henderson, Ind. Eng. Chem., 1929, 21, 1090; ibid., 1931, 23, 681. 

Eng. Chem., 1927, 19, 718. 

*** See Cruse, “Petroleum and its Products,” McGraw-Hill Book Co., Inc., New York, 1928, 280; 
cf. Carpenter, J. Inst. Pet. Tech., 1926, 12, 288; cf. also Myers and Stegeman, Ind. Eng. Chem., 
1928, 20, 638. 

»“ .Marcusson, Chem. Ztg., 1915, 39, 581, 613; Chem. Abs., 1915, 9, 2813. 

**•/. Appt. Chem., Russ., 1933, 6, 248; Brit. Chem. Abs. B, 1933, 692. 

Loc. cit. 

The composition of such a wax is discussed by Beilby, J.C.S.. 1883, 43, 388. 

Cnem. J., 1905, 33, 251; Chem. See. Abs., 1905, 88 (1), 313. 
phys. Chem., 1929, 144, 22; Brit. Chem. Abs. B, 1929, 931. 
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isoparaffins, and Davis and McAllister believe that this type of oil consists 
essentially of a combination of naphthene rings and paraffin chains. The simple 
naphthenes, apparently homologues of cyclohexane and cyclopentane, together 
with polynaphthenes (fully saturated polycyclic hydrocarbons), have been re¬ 
ported by Seyer and Huggett to be present in a lubricating fraction of Peruvian 
petroleum. Mabery,^*® in a comprehensive study of the lubricating fractions of 
various crudes, did not find the simple naphthenes in any of the oils examined. 
He concluded that the most highly saturated hydrocarbons in American petroleum 
which exhibit lubricating properties belong to the series CnH2n.2, and the hydro¬ 
carbons comprising the main bulk of the light and medium-heavy lubricants are 
of the series C„H2„.4. The heavier grades of lubricants conform to the formula 
CnH2n_8, but hydrocarbons even more deficient in hydrogen (series C„H2n-io> 
QH2n.i2f QH2n.i4» C„Hon.i6, and QHsn-is) were also encountered. Char- 
itschkoff found a hydrocarbon, CjoHag, and several of the series (C10H30, 

Q1H40, C22H42, C24H40 and CggHoa) in Groszny petroleum. Much of what has 
been written concerning the chemical structures of these hydrocarbons is purely 
conjectural. It is significant, however, that in the examination of lubricating 
fractions from various crudes, Mabery found fractions of the same general for¬ 
mula (e.g., CnHjn-s) which differed widely in specific gravity, a fact which may 
be ascribed to paraffin-chains attached to more or less complex ring structures of 
aromatic and naphthenic character. 

Not only the specific gravity, but the viscosity of hydrocarbons as well, is 
dependent on the chemical structure. Hugel observed that, for hydrocarbons 
of the same molecular weight, the viscosity of cyclic hydrocarbons is greater than 
that of paraffins.. Introduction of side chains, as well as unsaturation, had little 
effect on the viscqsity of acyclic hydrocarbons. With cyclic hydrocarbons, how¬ 
ever, the introduction of side chains, particularly methyl groups, had a specific 
effect though not always in the same direction. The viscosity of unsaturated 
compounds was increased by saturation. 

Though it has often been suggested that unsaturated hydrocarbons are present 
in lubricating fractions,^*® it is more probable that the main constituents of these 
oils are polynuclear naphthenes, some of which, on account of their ability to 
undergo nuclear fission under certain conditions, simulate the reactions of unsat¬ 
urated compounds. 

Non-Hydrocarbon Constituents of Petroleum 

Crude petroleums often contain appreciable proportions of organic substances 
other than hydrocarbons. Organic carboxylic acids are present in a number of 
crudes and are discussed in Chapter 48 under the generic designation, naphthenic 
acids. Phenolic compounds have been found in some crudes.^*® The asphaltic 
constituents of crude petroleum consist essentially of highly condensed oxygenated 

Eng. Chem., 1930, 22, 1326. 

Trans. Roy. Soc. Canada, 1926, 20, 193; Chem. Abs., 1926, 20, 2407. 

»«/«d. Eng. Chem., 1923, 15, 1233; ibid., 1927, 19, 526. 

^Chem. Rev. Fett- u. Harz-Ind., 1903, 10, 251, 281; ibid., 1904, 11, 9; Chem. Zentr., 1904, 1. 
409. See Mabery, Ind. Eng. Chem., 1923, 15, 1233. The name “CharitschkofT” is transliterated in 
various ways, for example, Kharichkov (preferred by Chem. Abs .); CharitschkolT (used by Chem. 
Zentr. and J.S.C.I .); Charichkoff, and Charisekov. 

^**Chim. et Ind., 1931, 26, 1282; Brit. Chem. Abs. A. 1932, 116, 

See Dunstan and Thole, Chem. Met. Eng., 1923, 28, 300; Chem. Abs., 1923, 17, 1289; Stager, 
Hetv. Chim. Acta, 1923, 6, 893; Chem. Abs., 1924, 18, 164; Wilson and Alliix)ne, /. Inst. Pci. Tech., 
1925. 11, 177; Chem. Abs., 1925, 19, 2410. 

See Story and Snow, Ind. Eng. Chem., 1928, 20, 359. Phenols in shale oil have been determined 
by Lazar, Chcm.^Ztg., 1921, 45, 197; Waterman, dejong and Tulleners, J. Inst. Pet. Tech., 1932, 18. 
183. The separation of phenols from hydrocarbons is described by I. G. Farbenindustrie A.-G. (French 
Patent 739,742, 1932; Chem. Abs., 1933. 27, 2293), and by Masters (U. S. Patent 1.817,444, Aug. 4 , 
1931; Msigned to Elko Chemical Co.; arit, Chem. Abs. B, 1933, 218). 
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compounds. The sulphur-containing compounds comprise not only hydrogen 
sulphide and its organic derivatives (such as mercaptans and disulphides) but 
also more complicated sulphur compounds, including thiophene and its deriva¬ 
tives.'^^ Some crudes even contain relatively large amounts of elemental sulphur. 
Organic bases, which include complex nitrogen compounds, also occur in petro¬ 
leum. Interest in these nitrogen compounds has been revived, largely as a result 
of a series of investigations of their properties and constitution. A detailed 
account of these substances is to be found in Chapter 35. 

The presence of inorganic matter in petroleum is of interest in connection with 
various theories of its origin.'*® The percentage of ash obtained by ignition of 
various crude petroleums varies widely but appears to be highest with the more 
asphaltic crudes, such as those of Mexico. Analyses of the ash of crudes have 
been made by Ramsay,^ *® Thomas,'®'* and Shirey.'®' Both vanadium and nickel 
occur in petroleum ash. Although nickel apparently occurs to some extent in the 
ash of all crudes, vanadium appears to associate itself more strictly with those of 
asphaltic nature. A vanadium pentoxide content of as high as 45 per cent has 
been reported in the ash from a Venezuela petroleum.'®' Several processes have 
been developed for the extraction of vanadium from petroleum ash.'®* Table 10 
shows the vanadium and nickel content of the ash of various asphaltic crude 
petrolepms: 


Table 10 .—Vamdium and Nickel Content of Petroleum Ash. 


Per Cent of Ash 

Source Base V*0» NiO 

Persia . 1.17 asphalturn 3.03 2.70 

Oklahoma . asphalt 22.14 5.89 

Kansas . 0.44 0.57 

Texas Panhandle . 1.43 1.52 

Mid-Continent . trace 0.52 

Wyoming . trace 0.33 


The occurrence of vanadium in petroleum ash has been discussed also by 
Porter and by DeGolyer.'®® 


Pure Hydrocarbons from Petroleum 

The separation of pure hydrocarbons from petroleum is the initial stage in 
the chemical utilization of such hydrocarbons. Since, in general, synthetic chem¬ 
icals must conform to rigid standards of purity and chemical homogeneity, it is 
ordinarily essential to start with pure compounds as raw materials. Although 
industrial distillation apparatus when specially designed for a particular purpose 
is much more efficient than laboratory equipment, yet the large-scale separation 
of individual hydrocarbons above heptane in the paraffin series, or above cyclo¬ 
hexane in the cycloparaffin series, in a degree of purity comparable with that of 


Sulphur compounds are discussed in Chapter 19. 

Kamsay, J. Inst. l*et. Tech., 1924, 10, 87. Hackford, ibid., 1922, 8, 193; Chem. Ahs., 1922, 16, 
2403; Gurwitsch-Moore, “Scientific Principles of Petroleum Technology,’* D, Van Nostrand Co., Inc., 
New York, 1932, 280. 

Ramsay, /. Inst. Pet. Tech., 1924, 10, 87. 

Thomas. /. Inst. Pet. Tech., 1924, 10, 216; Chem. Abs., 1924, 18, 2241. 

Eng. Chem., 1931, 23, 1151. 

»»Broz, Arh. hem. farm., 1930, 4, 89 (90 1 German); Chem. Abs., 1930, 24, 3348. 

Raldeschwieler. U. S. Patent 1,563.061, Nov. 24, 1925; Chem. Abs., 1926, 20, 502. Oberle, 
U. S. Patent 1,570,170, Jan. 19, 1926; Chem. Abs., 1926. 20, 817. 

Mining and Met., 1924, 5, 133; Chem. Abs., 1924. 18, 2307. 
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toluene for synthetic purposes, is a matter of great difficulty by distillation 
alone.^*®* 

As has been indicated previously, it is a matter of comparative ease, both on 
a large scale and in the laboratory,^*® to isolate the lower paraffin hydrocarbons 
(methane, ethane, propane, and the two butanes) from natural gas. This facility 
is to be attributed to the relatively great differences in the boiling points of these 
hydrocarbons, or in other words, to the great differences in their vapor pressures 
at any particular temperature. The difference between the boiling points of 
methane and propane at atmospheric pressure is fully 70° C. Propane boils 45° C. 
higher than ethane, and n-butane about 44° C. above propane. With increasing 
molecular weight, however, the differences between the vapor pressures of the 
members of the series decreases, so that increasing difficulty is experienced in 
effecting a separation. Moreover, the existence of an increasing number of 
isomers,^®^ as has been mentioned previously, further complicates the matter. 

Pure paraffin hydrocarbons from methane to butane (also isobutane) are 
readily obtained by careful pressure-fractionation of wet natural gas. The prin¬ 
ciples of such natural-gas fractionation have been described by Beall and need 
not be discussed here. Relatively pure propane and a mixture of the two butanes, 
as previously stated, are now available in liquid form in cylinders for fuel pur¬ 
poses. The isolation of pure methane from coal-distillation gases may also be 
readily effected but in this case the problem is complicated by the presence of 
gaseous olefins, particularly ethylene. Adsorption on charcoal can be applied for 
further purification—for example, for separating higher hydrocarbons from 
methane.^®** 

Of the three isomeric pentanes, all of which are present in natural-gas gaso¬ 
line, tetraniethylmethane is the least abundant. Nevertheless, it is not a very 
difficult matter to obtain it pure by careful fractionation and in 1925 several 
hundred gallons of the hydrocarbon (boiling point, 9.5° C.) were isolated by 
this method.^®® Similarly, the recovery, of a substantially pure mixture of 
n-pentane (boiling point, 36° C.) and isopentane (boiling point, 28° C.) was 
effected by fractional distillation. It is not quite as easy to obtain n-pentane and 
isopentane separately but with efficient modern equipment the large-scale separa¬ 
tion of the pure isomers has been successfully accomplished. 

No attempt has been made to produce paraffins higher than n-pentane on a 
large scale, but diisopropyl (boiling point, 58° C.) and dimethylpropylmethane 

Piper, Chibnall, Hopkins, Pollard, Smith and Williams (Biochcm. J., 1931, 25, 2072; Chem, 
Abs., 19.12, 26. 2696) synthesized some hifihty purified paraffins from CgdHni to CmHt 4 and offered 
suKfr'estions to aid in the fractionation and identification of the paraffins of petroleum. 

Separation of hydrocarbons by precise fractional-distillation analysis is discussed in Chapter 49; 
see Podbielniak, Ind. Eng. Chem., Anal. Ed., 1931, 3, 177. 

The following figures (Henze and Blair, J.A.C.S., 1931, S3, 3077) show how rapidly the number 
of isomeric paraffin hydrocarbons increases with increasing carbon content: 
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Isomers 

Carbon Atoms 

Isomers 
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75 
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12 
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3 

14 

1858 

6 

5 

16 

10359 


No simple or direct relationship appears to exist between the number of isomeric paraffin hydro¬ 
carbons and the number of carbon atoms in the molecule. 

Blair and Henze made calculations also for the number of non-stereoisomeric and stereoisomeric 
paraffin hydrocarbons {J.A.C.S.. 1932, S4, 1538), the number of structurally isomeric alcohols of 
the methanol scries U^A.C.S., 1931, S3, 3042), the stereo- and non-stereoisomeric monosubstitution 
products of the paraffins 1932, 54, 1098), and the number of isomeric hydrocarbons of the 

acetylene series (Coffman, Blair and Henze, J.A.C.S., 1933, 55, 252). Perry (J.A.C.S., 1932, 54, 2918) 
calculated the number of certain homologues of methane and methyl alcohol. 

Refiner, 1931, 10 (1), 110; Chetn. Abs., 1931, 25, 1360. For fractional liquefaction of natural 
aas. see Claude and Jordan, U. S. Patent 1,497,546, June 10, 1924; Chem. Aos., 1924, 18, 2421; 
Dumars, U. S. Patent 1,747,761. Feb. 18. 1930; Chem. Abs., 1930, 24, 1726. 
tsH Storch and Golden, J.A.C.S., 1932, 54, 4^2. 

"•Ayres, Ind. Eng. Chem., 1929. 21. 899. 
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(boiling point, 62® C.) could probably be isolated in a relatively pure condition 
if a demand for these hydrocarbons were assured. 

Investigations have shown that normal paraffins may be separated from the 
more reactive branched-chain isomers with certain chemical reagents, such as 
chlorosulphonic acid.^®° Although this is undoubtedly of value in the laboratory, 
its applicability to‘large-scale work is doubtful. High homologues of methane 
can be purified by various procedures, for example, by steam distillation;^®^ by 
fractional distillation in high vacuum, which has been used for separating mixtures 
of eicosane and triacontane, and tetracosane and triacontane ;^®- or by crystalli¬ 
zation from liquid hydrocarbons, the method used by Leslie ^®® for the isolation of 
2 -methylheptane from petroleum. 

The isolation of simple mononaphthenes in a state of high purity has never 
been attempted on a large scale, but comparatively pure cyclohexane, cyclopentane 
and their immediate homologues have been obtained in the laboratory from 
various crude petroleums. Since, however, the few industrially valuable deriva¬ 
tives of cyclohexane can readily be prepared from the corresponding benzene 
derivatives, it is somewhat unlikely that the mononaphthenes of petroleum, con¬ 
taining a six-membered carbon ring system, will be utilized as raw materials for 
chemical synthesis. The aroniatization of such cyclohexanes can be effected by 
thermal dehydrogenation. 

The aromatic hydrocarbons present in gasoline and kerosene fractions of 
petroleum are of considerable interest from the standpoint of chemical synthesis. 
Although coal tar is a source of aromatic substances, the benzene homologues 
found in such tars have a tendency to conform to certain definite configura¬ 
tions.^®®* Thus, of the benzene homologues present in coal tar, the m-disubstituted 
and the 1,3,5-trisubstituted types predominate. It is therefore more than probable 
that aromatic hydrocarbons of petroleum will be used as a source of benzene homo¬ 
logues which do not occur, or which are present only in small proportions, in coal 
tar. Bicyclic and polycyclic aromatic derivatives also occur in petroleum but are of 
less interest at present from a technical point of view since they are abundant 
in coal tar. 

For the separation of aromatic hydrocarbons from petroleum distillates, frac¬ 
tionation is usually inadequate if pure products are desired. However, fractiona¬ 
tion of some gasolines rich in aromatics yields fairly pure benzene and toluene. 
To isolate the higher aromatics it is advantageous to adopt a method of partially 
concentrating the aromatic hydrocarbons from the paraffins and naphthenes. On 
account of the greater chemical reactivity of the aromatic hydrocarbons as a 
class, several such methods are known. Selective solvent action, for example, 
can be employed.’Both sulphuric acid and liquid sulphur dioxide exert a 
selective solvent action on the aromatic hydrocarbons of gasolines and kerosenes. 
The latter solvent is used in the well-known Edeleanu process for the removal 
of aromatic hydrocarbons from kerosene distillates. Edeleanu’s investigations 

Shepard, Ilenne and Midgley, J.A.C.S., 1931. S3, 1948. 

Abderhalden, Rev. pitrolvf^re, 1932, 905; Chim. ct ind,, 1932, 29, 309; Chcm. Ahs., 1943, 27, 

2792. 

Gilchrist and Karlik, 1932, 1992. 

Bur. Stand. J. Res., 1933, 10, 609; Chem. Abs., 1933, 27, 4062; cf. I. G. Farbenindustrie A.-G., 
British Patent 389,113, 1933; Chem. Abs.. 1933, 27, 4666. 

lean The composition of coal tar is discussed by Fischer (“The Conversion of Coal into Oils,’* 
translated by Lessing, D. Van Nostrand Co., Inc., New York, 1925, 38) and Allen (“Commercial 
Organic Analysis,*’ P. Blakiston’s Sons and Co., Philadelohia). 

iMb Hunter and Nash, “A Study of the Principles of Solvent Extraction Processes for the 
Rehning of Oil,” World Petroleum Congress, London, July 1933. 

Sec (Jurwitsch*Moore, “Scientific Principles of Petroleum Technology.*’ D. Van Nostrand Co., 
Inc., New York, 1932, 475. Kalichcvsky and Stwner, “The Chemical Refining of Petroleum,” Chem¬ 
ical Catalog Co., Inc., New York. 1933, 220. Edeleanu, J. Inst. Pet. Tech., 1932, 18, 900; U. S. 
Patent 1,776,752, Sept. 23. 1930; Chem. Abs., 1930, 24, 5475; U. S. Patent 1,776,753, Sept. 23, 1930; 
Chem. Abs., 1930, 24, 5478; German Patent 571,712, 1933; Chem. Abs., 1933, 27, 4388; all patents 
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were started with a Rumanian kerosene distillate containing 25 per cent of aro¬ 
matics, the presence of which, caused the kerosene to burn with a sooty flame. 
The removal of this large proportion of aromatic hydrocarbons required fuming 
sulphuric acid and entailed high refining losses. It was found that liquid sulphur 
dioxide at —10® C. extracted the aromatics with smaller refining losses. Two 
liquid layers are formed, the upper (having a specific gravity of 0.9 to 1.0) con¬ 
sisting of the refined oil saturated with sulphur dioxide, and the lower (with a 
specific gravity of 1.3 to 1.4), a solution of the extract in sulphur dioxide. The 
two layers are easily separated and the sulphur dioxide can b.e evaporated at a 
temperature low enough to avoid any considerable loss of hydrocarbons. This 
Edeleanu extract is a possible fruitful source of aromatic hydrocarbons for 
chemical synthesis. 

Sulphuric acid exerts a preferential solvent action for aromatic hydrocarbons 
and many sulphur compounds. Thus, Birch and Norris,^®® on treating 5000 
gallons of soda-washed Persian kerosene with 0.75 per cent by volume of fuming 
sulphuric acid (20% SO3) for 45 minutes, obtained a considerable amount of 
acid tar. After settling, the tar was allowed to run into water and about 55 gal¬ 
lons of a dark reddish-brown, highly sulphurous oil separated. The separated 
oil was found to consist of the sulphur compounds originally present in the 
kerosene and those formed by reaction with the acid, together with a complex 
mixture of aromatic hydrocarbons from which was separated a number of pure 
hydrocarbons of the benzene and naphthalene series.^®® 

Other organic liquids also exert a preferential solvent action on the aromatic 
hydrocarbons of gasolines and kerosenes. Gohre ^®^ suggested several solvents 
for the purpose. Levulinic acid, which can be used at ordinary temperatures and 
is readily extracted with water, gives theoretical results for the aromatic content 
of oils containing up to 90 per cent of these constituents. Phenylhydrazine is 
satisfactory for the extraction of aromatics from various oils but not from 
low-boiling fractions. Glycol monoacetatc in the proportion of 3 parts of solvent 
to 1 of oil gives reliable results at ordinary temperatures for light oils and oils 
of medium viscosity. Furfuraldehyde in the proportion of 1:1 at —10® C. is a 
solvent for extracting all oils. Other solvents which have been proposed for 
removing aromatics from gasoline fractions include dimethyl sulphate,^®® diethyl 
sulphate,^®® a mixture of sulphoacetic acid and acetic anhydride,nitroso- or 
cyano-substituted aliphatic hydrocarbons (for example, methyl nitrite),and 
selenium oxychloride.^^* 

In a few particular cases it is not necessary to concentrate the aromatic hydro¬ 
carbons. The oil is first fractionated to yield a narrow cut relatively rich in the 
aromatic hydrocarbon and this is then submitted to chemical treatment to yield 
the desired product. This method has been applied to toluene-containing frac- 

asstgned to Edeleanu G.m.b.H. Cattaneo, /. Inst. Pet. Tech., 1930, 16, 581; Mizuta, J. Soc. Chent. 
Ind. Japan, 1932, Suppl. binding 469; Chent, Abs., 1933, 27, 1493; iCain, Renner Nat. Gasoline Mfr., 
1932, 11, 553; Brit. Chent. Abs. B, 1933, 691; Ihrig, U, S. Patent 1,871.694, Aug. 16, 1932; Brit. 
Chent. Abs. B, 1933, 27, 615; Buchel and Saal, Dutch Patent 28,715, 1933; Chent. Abs., 1933, 27, 
2293; Morrell and Egloft, U. S. Patent 1,868,333, July 19, 1932; assigned to Universal Oil Products 
Co., Chent. Abs,, 1932, 26, 5201; Pyzel, Petroleum Z., 1933, 29 (11); Motorenbetrieb und Maschinen- 
Schmiemna, 1933, 6 (3), 5; Chent, Abs., 1933, 27, 3593; Standard Oil Development Co., French 
Patent 729,213, 1932; Chem. Abs., 1932, 26, 6061. 

^^J.C.S., 1926, 2545. 

These have already been mentioned in a preceding section. 

^Petroleum Z., 1927, 23, 73; Brit. Chem. Abs. B, 1927, 131. 

^••Valenta, Chem. Ztg., 1906, 30. 266; Chem. Soc. Abs., 1906, 90 (2), 310; Analyst. 1906. 31. 
202; Graefe, Petroleum Z„ 1906, 2, 810; Rev. Fett- u. Hare-Ind., 1907, 14, 112; Chem. Abs., 1907, I, 
1909; Harrison and Perkin, Analyst, 1908, 33, 2; Chem. Abs., 1908, 2, 978. 

"Taylor, Ind. Eng. Chem., 1927, 19, 77. 

"Kattwinkel, Chem. Ztg., 1925, 49, 57; Chem. Abs., 1925, 19, 1113. 

Bataafsche Petroleum Maatschappij, German Patent 557,739, 1930; Chem. Abs., 1933, 27, 
594: Dutch Patent 28.767, 1933; Chem. Abs., 1933, 27, 2293. 

Lenher, U. S. Patent 1,473.350, Nov. 6, 1923. 
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tions of gasoline rich in aromatics, for example, Borneo (Koetei) petroleum. 
Nitration of such fractions can be made to yield TNT.^'® The oxidation of 
toluene-containing petroleum distillates for the production of benzaldehyde or 
benzoic acid has been investigated by a number of workers (see Chapter 41). 
In general, however, for the production of chemical derivatives of aromatic 
hydrocarbons it is advantageous to start with materials as pure as possible, since 
the presence of aliphatic hydrocarbons frequently leads to great technical diffi¬ 
culties in the isolation and subsequent purification of the product. 

The separation of the non-aromatic hydrocarbons of gasolines and kerosenes 
with various solvents has been attempted from time to time but without much 
success. A method of concentrating naphthenes* and paraffins in gasoline frac¬ 
tions by differential solubility in liquid sulphur dioxide was described by Egloff, 
Morrell and Moore,but Seyer and (iill examined the solubility relationships 
underlying this method and found them unfavorable. Ferris proposed a 
method for the partial concentration of paraffins and naphthenes in mineral oils 
with nitrobenzene, which is said to exert a greater solvent action on the naph¬ 
thenic hydrocarbons. Other solvents which have been suggested for the separa¬ 
tion of paraffin and naphthene constituents of mineral oils include phenol,^"® 
cresylic or wood-tar acids,^^® benzaldehyde,*®^ benzonitrile,*®* phenyl acetate or 
organic thiocyanates,*®- furfuralcohol,*®® and j9,/3'-dichloroethyl ether (Chlo- 
rex).*®®* Attempts have been made to separate naphthenes from paraffins by 
chemical treatment under such conditions that only the former are attacked. 
Some of the chemical treatments which have been advocated include oxidation,*®* 
combination of naphthenes with benzoyl chloride in the presence of aluminum 
chloride,*®® and the action of fuming nitric acid.*®*' It is extremely likely, how¬ 
ever, that although the normal paraffins may be unaffected by such treatments, the 
relatively more reactive isoparaffins will be attacked as well as the naphthenes. 


The Origin of Petroleum 

In a work of this character it is unnecessary to consider fully the various 
theories which have been advanced to explain the origin of petroleum. Many of 
the older theories, including the inorganic (carbide) theory, have been aban¬ 
doned, the evidence for an organic origin for petroleum appearing now to be 

E.g., Ruff, U. S. Patent 1,263,289, Apr. 16, 1918; assigned to By-Products Manufacturing Co.; 
Chem. Abs., 1918, 12, 1597. 

^^*Chem. Met. Eng., 1918, 18, 396; Chem, Abs., 1918, 12, 1923. 

Trans. Roy. Soc. Canada, 1924, 18 (3). 209; Chem. Abs., J925. 19, 917. 

U. S. Patent 1,788,569, Jan. 13, 1931; assigned to Atlantic RefininR Cn.; Chem. Abs., 1931, 25, 
1069; P'erris, Birkhimer and Henderson, Ind. Eng. Chem., 1931, 23, 753; Ferris and Houghton, Refiner, 

1932, 11, 560; Chem. Abs., 1933, 27, 2025; Atlantic Refining Co., British Patent 353,307, 1930; 
Chem. Abs., 1932, 26, 3514. 

This subject is discussed by Nash, Oil and Gas /., 1933, 31 (45), 52; Chem. Abs., 1933, 27, 

3594. 

‘’•Stratford and Moor, U. S. Patent 1,877,614, Sept. 13, 1932; Canadian Patent 320,423, 1932; 
Chem. Abs., 1932, 26, 2584; both patents assigned to Standard Oil Development Co,; Stratford, Moor 
and Pokomy, Oil and Gas /., 1933, 31 (45), 8; Chem. Abs., 1933, 27, 3596. 

•’•Tuttle, U. S. Patent 1,912,348, May 30, 1933; Chem. Abs., 1933, 27, 4070. 

•••Birkhimer, U. S. Patent 1,904,402, April 18, 1933; assigned to Atlantic Refining Co.; Chem. 
Abs.. 1933, 27, 3601. 

•“Kurtz, U. S. Patent 1,899,969, Mar. 7, 1933; assigned to Atlantic Refining Co.; Chem. Abs., 

1933. 27, 3069. 

•••Ferris, Canadian Patent 334,103, 1933; Chem. Abs., 1933, 27, 4919; U. S. Patents 1,874,946 and 
1,874,947, Aug. 30, 1932; Chem. Abs., 1932, 26, 6117; all patents assigned to Atlantic Refining Co. 

“•Hill, U. S. Patent 1,883,374, Oct. 18, 1932; assigned to Atlantic Refining Co.; Chem. Abs., 
1933, 27. 836. 

•••• Page, Buchler and Diggs, Ind. Eng. Chem., 1933, 25, 418. 

•“ Charitschkoff, Rev. Fett- u. Mankind., 1909. 16, 110; Chem. Zentr., 1909. 1, 1947; Chem. Abs., 
1909. 3, 1699. 

•»• Marcusson, Chem. Ztg., 1913, 37, 533, 550; J.S.C.I., 1913, 32. 589. 

••• Heusler, Ber., 1897, 30, 2747; cf. Ubbelohde, Malaxa, Agthe and Guchmann, Unpublished theses. 
Karlsruhe, 1910, 1912; see Engler-Hofer, “Das Erdol,’* S. Hirzel, Leipzig. 1913, 1, 285; Gurwitsch- 
Moore, “Scientific Principles or Petroleum Technology,’* D. Van Nostrand Co., Inc,, 1932. 91. 
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almost conclusive. In addition to the geological evidence, the organic theory is 
supported by the chemical nature of petroleum, more especially by the presence of 
optically active substances, naphthenic acids, and sulphur and nitrogen com- 
pounds.^*** Moreover, the absence of carbon monoxide, hydrogen, and olefins 
in natural gas and of unsaturated compounds in petroleum, as mentioned pre¬ 
viously, appears to indicate that low-temperature processes are alone responsible. 
The presence of aromatic hydrocarbons in petroleum does not necessarily indicate 
a high-temperature synthesis since the existence of these hydrocarbons can also 
be explained by disproportionation reactions at low temperature. The possibility 
that synthetic processes as a result of the action of alpha-radiation from radio¬ 
active minerals are partly responsible, for petroleum formation, as suggested by 
Lind,^®^ is rendered doubtful by the composition of petroleum and natural gas.^®® 
Although an organic origin for petroleum is fully indicated by the evidence 
available, there is no general agreement as to the mechanism and the raw materials 
of the process. Anaerobic fermentation and destructive distillation of both animal 
and vegetable remains have been suggested from time to time.^®® Destructive 
distillation would probably yield hydrogen and carbon monoxide, which are not 
present in any gaseous petroleums (the unsaturated hydrocarbons, simultaneously 
produced during thermal dissociation processes, could be assumed to have polymer¬ 
ized to aromatic and saturated cyclic hydrocarbons). Oil and bituminous products 
resulting from the prolonged acid hydrolysis of an aqueous extract of seaweed 
or algae, as well as from the acid hydrolysis of sugars, calcium salts of ethereal 
sulphonic acids, or decomposition products of algae would offer another expla¬ 
nation. On the whole, an anaerobic fermentation of organic material appears to 
be favored as the most likely mode of formation. The optical activity of some 
petroleums (possibly derived from cholesterol,^®^ phytosterols, terpenes,^®^ resins 
or proteins), as well as the presence of nitrogen compounds, serves in part to 
substantiate the fermentation theory.^®® It seems likely, however, that the several 
varieties of crude petroleums have been produced by somewhat different processes 
and from other raw materials. In some cases, the chemical character of the crude 
lends credence to the supposition that filtration through certain strata has resulted 
in a gradual separation of the more fluid and volatile hydrocarbons from the 
heavier and less volatile fractions. The latter would tend to be retained or 
adsorbed by the strata through which filtration had taken place. Undoubtedly 
such migration processes with attendant filtration and adsorption, would play an 
important role in determining the physical and chemical characteristics of crude 
petroleums. 

Sm Clark, /. Inst. Pet. Tech., 1926, 12, 257. 

Science, 1931, 73, 19; Chcm. Ahs., 1931, 25, 1469. With respect to this theory it is interesting 
to note that the radium content of some Russian petroleum waters has been determined; see Baronov 
and Kurbatov, Compt. rend. acad. sci. U.S.S.R., 1931 A, 171; Kurbatov, ibid., 1931A, 168; Tageeva 
and Starik. ibid., 1931 A. 163; Chem. Abs., 1932, 26, 2114. 

»» Brooks, Bull. Am. Assoc. Petroleum Geol, 19^, 15, 611; Chem. Abs., 1931, 25, 4496. 

^ See Terada, Hirata, and Utigasaki, Sci. Papers Inst. Phys. Chem. Res., Tokyo, 1932, 17, 265; 
Brit. Chem. Abs. B, 1932, 297; Potoni6 and Wichler, Z. angew. Chem., 1932, 45, 803; Berl, Biebes- 
heimer and Dienst, Ann., 1933, 504, 38, 62; Brit. Chem. Abs. A, 1933, 929. 

Hackford, J. Inst. Pet. Tech., 1932, 18, 74; Chem. Abs., 1932, 26, 2674; Ginsburg-Karagicheva, 
Bull. Am. Assoc. Petroleum Geol., 1932, 17, 52; Chem. Abs., 1933, 27, 3595. 

«‘.2elin5ky, Ber., 1927, 60, 1793; Bnt. Chem. Abs. B, 1927, 865; cf. Steinkopf, J. prakt. Chem., 
1919, (2) 100, 65; Chem. Soc. Abs., 1921, 120 (1), 24; Ber., 1927, 60, 2609; Brit. Chem. Abs. B, 
1928 J48. 

^ Freund, Petroleum Z.^ 1932, 28 (37), 1; Chem. Abs., 1933, 27, 591. 

Engler-Hofer. “Das Lrdol,” S. Ilirzel, Leipzig, 1913, 1, 211; Karrcr, "Lehrbuch der organischen 
Chemie," Kirschwaldsche Buchhandlung, Berlin, 1930, 41. See also, Gurwitsch-Moore, op. cit., 1932. 
280; Grusc, “Petroleum and its Products,” McGraw-Hill Book Co., Inc., New York, 1928, 93. 



Chapter 2 

Thermal Decomposition of Hydrocarbons 

The term thermal decomposition, or pyrolysis, embraces all those numerous 
and varied reactions which are brought about by the action of heat alone. 
Applied to hydrocarbons this not only involves a degradation of the molecule 
with the production of substances of lower molecular complexity, but must also 
include the frequent synthesis of more complicated molecules. Although the 
thermal decomposition of hydrocarbons has been studied for more than a century 
by many investigators, our knowledge of the processes involved and numerous 
products formed is still unfortunately very incomplete. Only the simpler hydro¬ 
carbons have been carefully studied and very little is known definitely of the 
corresponding behavior of the higher hydrocarbons. 

The reasons for this lack of information about such reactions can be readily 
understood. The difficulty of preparing all but the simpler hydrocarbons as pure 
chemical individuals has proved a formidable obstacle, and the thermal decompo¬ 
sition of hydrocarbons generally gives rise to such a wide variety of products that 
their examination severely tests the ingenuity of even the most skilled investi¬ 
gators. Moreover, analytical methods for examining the complex gaseous and 
liquid mixtures produced were, until recently at any rate, simply not available. 
In particular, the methods of isolating and identifying olefin hydrocarbons are 
still most unsatisfactory. For such reasons as these, much of the work of the 
older investigators is marred by inaccuracies, and until recently there appeared 
to be an incomplete appreciation of the importance of numerous factors which 
exert a profound effect on the course and extent of the decomposition. It is now 
generally recognized that the most important factors to be considered in this 
regard are: temperature, duration of heating and area of heating surfaces, compo¬ 
sition of heating surfaces, catalytic effects and pressure. 

The thermal reactions of hydrocarbons were largely studied in the past from 
the point of view of their importance in the manufacture of coal gas, oil gas and 
carbureted water gas. At the present time, however, interest in these thermal 
processes lies in two principal directions, gasoline production and chemical syn¬ 
thesis. The enormous growth of commercial “cracking" operations, in which 
high-boiling petroleum fractions are degraded to yield quantities of low-boiling 
hydrocarbons, has made it possible to augment the world’s supply of gasoline to 
meet the ever-growing demand for that product and thus to contribute vastly to 
the welfare of civilization. The by-products of the cracking process, more espe¬ 
cially the cracking gas, are assuming an important position as suitable raw 
materials for chemical synthesis, and herein lie the vast potentialities of thermal 
decomposition processes. Recent researches have shown that pyrolysis is flexible 
and can be controlled to produce a variety of substances, especially appropriate as 
intermediates in the production of synthetic products. In other words, thermal 
decomposition is the link between relatively unreactive hydrocarbons present in 
petroleum and highly reactive substances useful as the bases of chemical synthesis. 

In the following pages will be discussed the thermal decomposition of indi- 
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tidual members of the four well-known series of hydrocarbons, namely paraffins, 
olefins, cyclic non-benzenoid hydrocarbons (naphthenes) and aromatics.^ The 
reactions of each class wilf be summarized and the reaction mechanisms proposed 
will be outlined, some comparison being made with results of thermodynamic 
calculations. As catalysts influence greatly the course of such thermal reactions, 
these will also receive attention. 


Methane 

As early as 1808, Dalton and Henry ^ found that when methane was repeat¬ 
edly subjected to electric sparks or passed over an electrically heated platinum 
wire, or through a red-hot tube, it was converted, with deposition of carbon, into 
two volumes of pure hydrogen. The simultaneous formation of acetylene and 
olefins in the decomposition of methane by the action of heat or of electric sparks, 
was observed later by Berthelot,® who conducted methane through a porcelain 
tube heated to dull redness. He also observed the formation of small proportions 
of benzene and naphthalene. 

Bone and Coward * studied the thermal decomposition of methane, ethane, 
ethylene and acetylene, and noticed that time of heating had a pronounced effect 
upon the yield and type of products. They reached the following conclusions 
wTth regard to the decomposition of methane in the presence of porcelain at 
temperatures between 500° and 1200° C.: 

(1) Methane is the most stable of the hydrocarbons considered. It is always a prin¬ 
cipal product of the decomposition of the other three, especially above 800® C. 

(2) It decomposes directly into carbon and hydrogen and the process, which is 
probably reversible at all temperatures, is chiefly a surface phenomenon. 

(3) In the decomposition of methane, the formation of traces of acetylene and olefins 
can be detected only as long as the methane concentration exceeds 60 per cent. At low 
methane concentrations the gas continues to be resolved into its elements. 


The effect of pressure on the decomposition of methane has been investigated 
by Warren.® Increase of pressure from 2 to 10 atmospheres decreased the yield 
of unsaturated hydrocarbons without influencing that of hydrogen, but at higher 
pressures the hydrogen decreased. Pressures below 1 atmosphere had little effect 
on either the hydrogen or unsaturated hydrocarbon yield. 

The decomposition of methane in the presence of metallic magnesium was 
reported by Novak,® and Kusnetzov ^ studied the action of finely divided alumi¬ 
num. The products found consisted solely of hydrogen and carbon (either free 
or combined as carbides). 

That the decomposition of methane was a reversible reaction, CH 4 ?=*C 2 H 2 , 

was demonstrated by Mayer and Altmayer.® They investigated this equilibrium 
from both directions at atmospheric pressure and at varying temperatures, with 
nickel, cobalt, and iron as catalysts. Their equilibrium values from 600° to 
850° C. are here reproduced: 


* Reviews of the pyrolytic reactions of hydrocarbons have been made by Hurd (“Pyrolysis of 
Carbon Compounds,” Chemical Catalog Co., Inc., 1929); Egloff, Schaad and Lowry (7. Phys. Chem., 
1930, 34, 1617; »hid.. 1931, 35, 1825); Buylla (Quim. e ind.. 1933, 10, 105; Chetn. Abs., 1933, 27. 
4525); Egloff, Bollman, and Levinson (/. Phys. Chem., 1931, 35, 3489); Frey {Ind. Eng. Chem., 1934, 
26. 198). 

* “System of Chemistry,” 2, 259; Gmelin, “Handbook of Chemistry,” translated by Watts. 
Cavendish Society, London, 1852, 7, 253; Phil. Trans., 1809, 99, 446. 

« Compt. rend., 1868. 67, 233, 1188. 

*J.C.S.. 1908, 93, 1197. 

* Can. Dept. Mines, Mines Branch Kept. 725, 1933, 129; Chem. Ahs., 1933, 27, 3597. 

•Z. physik. Chem., 1910, 73, 513. 

»Brr., 1907, 40. 2871. 

•Ber., 1907, 40, 2134; /. Gasheteueht., 1909, 52. 238. 
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Temp. 

Per Cent 

Per Cent 

Temp. 

Per Cent 

Per Cent 

°C. 

CH* 

H, 

“C. 

CH4 

H. 

600 

31.68 

68.32 

750 

6.08 

93.92 

650 

19.03 

80.97 

800 

4.41 

95.59 

700 

11.07 

88.93 

850 

1.59 

98.41 


Slater ® observed that the physical and chemical nature, as well as the area, 
of the heating surface had a pronounced effect on the rate of decomposition of 
methane into its elements. The rate of decomposition of methane in an unpacked 
tube was determined. By packing the same tube with silica, magnesia, alumina, 
or baryta, this rate of decomposition was decreased, but it was accelerated by 
packing with such materials as lime, copper, carborundum, graphite, charcoal, or 
iron. Cantelo examined the methane equilibrium both theoretically and ex¬ 
perimentally. From a thermodynamic standpoint, tinder conditions of equilibrium, 
he found that only negligible quantities of higher hydrocarbons would be formed. 
Later, Cantelo,from theoretical as well as experiment'd considerations, found 
that the decomposition of all higher hydrocarbons resolves itself, under equilibrium 
conditions above 400® C., into the methane equilibrium, CH 4 C-j" ^Ho. Of the 
catalysts studied by Cantelo, one consisting of asbestos, nickel, and nickel oxide 
was found to be extremely active, almost complete decomposition being attained 
at 780° C. 

The methane equilibrium has also been investigated by Scheffer, Dokkum, 
and Al,^- who arrived at the following equilibrium concentrations at various 
temperatures: 


Temp. 

Per Cent 

Per Cent 

Temp. 

Per Cent 

Per Cent 

° C. 

CHi 

H, 

• C. 

CH4 

H, 

450 

66.0 

34.0 

650 

21.0 

79.0 

500 

53.4 

46.6 

700 

14.5 

85.5 

550 

41.0 

59.0 

800 

6.8 

93.2 

600 

29.9 

70,1 





Schenk and his collaborators quantitatively investigated the methane-hydro¬ 
gen equilibrium in the presence of iron at temperatures from 350° to 880° C. 
and also in the presence of cobalt in the temperature range 310° to 740° C., their 
experimental results being in very good agreement with those of Scheffer, 
Dokkum, and Al. The occurrence of a second type of equilibrium, hitherto 
unsuspected, in which hydrogen, methane and a carbide of nickel, iron or cobalt 
are in equilibrium, has been definitely established by these investigators. Above 
680° C., however, this equilibrium was not encountered. 

For many years the main reaction occurring during the thermal decomposition 
of methane was considered to be that of direct decomposition into its elements. 
In 1928 Fischer^* published the results of his work on the production of liquid 
hydrocarbons from methane by pyrolysis. Fischer believed that by shortening 
the heating period and controlling the rate of cooling, methane would not be 

•J.C.S., 1916, 109, 160. 

*•7. Phys. Chem., 1924, 28, 1036; 1926, 30, 899, 1641. 

»/. Phys. Chem., 1927, 31, 124, 246, 417. 

It is interesting to note that this fact has been made the b^is of a process (Farbw. yorm. 
Meister, Lucius and Briining, British Patent 215,374, 1924) for making methane of 96-97% purity by 
passing a hydrocarbon such as hexane or ethylene, or a mixture of hydrocarbons such as oil gas, 
together with the theoretical quantity of hydrogen over a nickel catalyst at 350*-400* C. 

Rcc. irav. chim., 1926, 45, 803. The stability of methane, ethane, and carbon monoxide at low 
temperatures has been discussed by Scheffer, BulL soe. chim. Belg., 1933, 42, 251; Chem. Abs., 1933, 
27, 5051. 

“Schenk, Krageloh, Elsenstrecken and Klas, Stahl «. Eisen, 1926, 46, 671; Z. anorg. allgem. 
Chem., 1927, 164, 145. Schenk, Krigeloh, and Eisenstrecken, Z. anorg. allgem. Chem., 1927, 164, 313. 

Brennstoff-Chem., 1928, 9. 309. 
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decomposed directly into its elements but could be made to yield residues such 
as CHa, : CHj and .* CH, which would then polymerize to higher hydrocarbons. 
In such a process catalytic materials which hastened the attainment of the 
CH 4 ^ C + 2 H 2 equilibrium, therefore, were to be avoided. To confirm this 
prediction Fischer passed pure methane at high gas speeds through porcelain and 
quartz tubes, heated to 10 () 0 °- 1200 ® C, and observed the formation of consider¬ 
able proportions of higher hydrocarbons. Acetylene was noticed in the reaction 
gas while the light oil obtained consisted of unsaturated hydrocarbons, benzene, 
toluene, and xylene, together with naphthalene. Some tar which contained higher 
aromatic hydrocarbons was also formed. In this pyrolysis, the formation of 
carbon and hydrogen was promoted by such substances as silicic acid, tungsten, 
molybdenum and tin but was retarded by iron and graphite. Fischer emphasized 
the importance of the time of heating in such reactions. When a heating period 
of Yz second was used, higher hydrocarbons were produced, while carbon and 
hydrogen only were obtained on increasing the duration of heating to 60 seconds. 

The results obtained by Fischer were substantiated by Wheeler and Wood^® 
and also by Stanley and Nash.^® Wheeler and Wood found that a horizontal tube 
of quartz gave an optimum yield of benzene at 1050° C., and ethylene and 
butadiene were identified in the gaseous products of the reaction.^®* 

Stanley and Nash paid particular attention to the gaseous products of the 
reaction and found that comparatively long heating periods cause methane to 
decompose into its elements, this decomposition being increased by large heating 
surfaces and also by the use of such catalysts as iron and nickel. Porcelain, 
silica, and beryllia did not promote carbon formation. With short heating 
periods (as low as 0.4 second) at 1000°-1200° C, in the presence of silica, prod¬ 
ucts similar to those described by Fischer were obtained. Thus at 1150° C. and 
0.6 second heating duration, the yield of light oil and tar was 11 per cent of the 
methane used while acetylene and ethylene were present in the reaction gas to 
the extent of 8.8 per cent (based on methane) ; 6 per cent of methane had de¬ 
composed according to the equation CH 4 ^5=^ C + 2 H 2 . The yield of light oil was 
4.8 per cent or 0.0281 gram per liter of methane. 

A further extension of this work was carried out by Peters and Meyer,who 
effected the conversion of methane into acetylene by subjecting it to temperatures 
of 1600°-3000° C. for extremely short periods. The heating elements were spirals 
of tungsten wire heated electrically, and alternatively, tubes of arc lamp carbon 
(2.5 mm. internal diameter). Heating periods as low as 0.0001 second were ob¬ 
tainable and in this way the conditions occurring in the electric arc were simu¬ 
lated in a purely thermal manner. Thus by passing a gas containing 89 per cent 
of methane through the tungsten spiral heated to about 2700° C. at such a rate 
that tlie heating period was 0.0003 second there was obtained a gas containing 
6 per cent of acetylene. In another experiment substantially pure methane was 
subjected to a temperature of about 3000° C. in the tungsten spiral for a heating 
period of 0.0001 second and the reaction gas contained 15.4 per cent of acetylene, 
which corresponds to a yield of 325 grams of acetylene per cubic meter of initial 
gas. No benzene was found in the gases. 

The mechanism of the conversion of methane into aromatic hydrocarbons has 
been discussed by Hague and Wheeler in connection with their general theory 
of the thermal decomposition of normal paraffins, in which a very important 

Fuel. 1928, 7, 535. 

1929, 48, IT. 

Tanneberger {Her., 1933, 66, 484; Brit. Chem. Ahs. A, 1933, 485) obtained diacetylene by 
pyrolysis of methane; the presence of allylene, allcne and butadiene was indicated in his product. 

Brennst off -Chem., 1929, 10, 324. 

1929, 378; Fuel, 1929, 8, 512, 560; Bnt. Chem. Abs. B, 1930, 90. 
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role is assigned to ethylene. These workers state: “The first member of the 
series, methane, requires special consideration. Although the absence of a C—C 
linkage causes its behavior to be different from that of the higher members, its 
decomposition point being about 200® C. higher than that of ethane, whereas there 
is but a 25° C. interval between the decomposition points of the others,*®* yet liquid 
hydrocarbons in quantity are produced from methane, the formation of benzene 
being at its optimum over the range 1000° to 1100° C. As Bone and Coward*® 
have shown, the main decomposition of methane is ultimately to carbon and 
hydrogen. At comparatively low temperatures, however, ethylene is formed. As 
with other paraffins, we regard this ethylene as tlje source, through butadiene, of 
the benzene and other aromatic hydrocarbons produced. The mechanism of the 
early decomposition may be expressed by CH 3 H —» :CH 2 + H H, two of the 
rCH^ residues, of fugitive existence as postulated by Bone and Coward, combin¬ 
ing to form ethylene.” 

De Rudder and Biedermann investigated the iiifluei ce of temperature on 
the pyrolytic production of higher hydrocarbons from methane at various pres¬ 
sures. Below 1000° C. only traces of ethylene and no acetylene are formed, while 
at 1000° C. and at atmospheric pressure 2 per cent of ethylene and 0.5 per cent 
of acetylene can be obtained at appropriate rates of flow. At higher tempera¬ 
tures reduced pressures increased the yield of ethylene and acetylene. The maxi¬ 
mum production of ethylene (4 per cent) occurred at 1200° C. and 100 mm. 
pressure, under which conditions 2.5 per cent of acetylene was simultaneously 
produced. At temperatures above 1300° C. no ethylene was found in the products 
of reaction and acetylene was formed in amounts increasing with rising tempera¬ 
ture. The amounts of acetylene formed at 1300° C. under 100 mm., at 1400° C. 
under 50 mm., and at 1500° C. under 50 mm. pressure were 6.62 per cent, 10.5 
per cent, and 14,5 per cent, respectively. According to these investigators, quartz, 
Marquardt porcelain and nickel exerted no catalytic influence, while the introduc¬ 
tion of hydrogen cliloride into the reacting gas also had no effect on the reaction. 
Acetylene formation was always accompanied by decomposition of some of the 
methane into carbon and hydrogen, the amount of decomposition increasing with 
increase in the volume of the pyrolysis chamber. 

Important additional experimental evidence regarding the nature of the reac¬ 
tions occurring in high-temperature pyrolysis has been put forward by Wheeler 
and Wood.-* Both static experiments in silica bulbs and stream experiments 
through heated tubes of different materials were carried out. The rapid initial 
decomposition of methane in silica vessels is chiefly a surface effect but the 
decomposition, they found, does not proceed to an equilibrium condition by surface 
action on account of the formation of a protective layer of adsorbed hydrogen, 
which leads to the establishment of a false state of equilibrium. The shortest 
periods of heating, in the stream experiments, favor the formation of compounds 
containing two carbon atoms in their molecules, whereas by increasing the dura¬ 
tion of heating aromatic compounds are formed at the expense of these simple 
molecules. Butylene and butadiene were identified in the products of the reaction 
at 1050° C. but neither propylene iior acetylene could be detected. The use of an 
iron tube in stream experiments led to the complete decomposition of the methane 
to hydrogen and carbon, the latter being of a bulky gritty nature. On the other 
hand, both silica and chrome-iron tubes favored the formation of liquid hydro- 

These figures refer to decomposition in the presence of inert materials such as silica or porcelain. 

** J C S 1908 93 1197 

^Buil. 'soc. chim.! 1930,' (4) 47, 704; Brit. Chem. Abs. A, 1930, 1268; Compt. rend., 1930, 190, 
1194; Chem. Abs., 1930, 24, 4255. 

*^2'uet, 1930. 9, 567; Chem. Abs., 1931, 25, 1654. Also Wheeler. Fuel, 1931, 10- 175. 
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carbons to an equal extent and the carbon formed in these cases was of a lustrous 
foil-Hke variety exerting no influence on the course of the pyrolysis. An increase 
in the area of silica exposed per unit volume of gas had no appreciable effect 
on the velocity or extent of pyrolysis. Wheeler and Wood concluded that the 
reactions which are important in stream experiments are those occurring through¬ 
out the volume of the gas (i.e., not on the surface) when the surface effect of 
the reaction vessel has been inhibited by an adsorbed hydrogen layer. In iron 
tubes this protective layer of adsorbed hydrogen is not formed and the surface 
decomposition of methane to carbon and hydrogen consequently takes place at 
the expense of the homogeneous reaction. 

The important position assigned to ethylene by Hague and Wheeler in the 
production of aromatic hydrocarbons will be discussed more fully later but it is 
important to note at this stage that no mention is made in their work of the 
relatively greater amounts of acetylene produced at higher temperatures. The 
possibility of acetylene being an intermediate in the production of aromatics from 
benzene must not be overlooked, this conclusion having been reached by Frolich, 
White and Dayton,who studied the cracking of substantially pure methane in 
the presence of quartz at temperatures above 1000° C. (highest temperature 
1150° C.) and at pressures from atmospheric down to 25 mm. They found that 
acetylene is the main primary product of cracking but has a marked tendency 
to polymerize into benzene and similar compounds, as well as to decompose further 
into carbon and hydrogen, so that it becomes necessary to employ exceedingly 
short times of contact. At the lowest time of contact employed, 0.6 second, about 
11 per cent of the entering methane appeared in the exit gas as acetylene. At a 
time of contact of 0.6 second, however, there was considerable carbon deposition 
and polymerization and an acetylene yield of less than 5 per cent calculated on 
the methane. A reduction in pressure below atmospheric, even to as low a figure 
as 25 mm., did not materially affect the conversion of the methane into acetylene. 
Since the total amount of cracking was reduced by decreasing the pressure, how¬ 
ever, the yield of acetylene calculated on the basis of the methane cracked was 
somewhat increased. 

At present the question as to whether ethylene or acetylene is the intermediate 
in the production of aromatic substances in the pyrolysis of methane is still sub 
judice. The opinion of Frolich and his collaborators that acetylene is the probable 
intermediate is supported by the work of Holliday and Gooderham,-^ who con¬ 
cluded that the decomposition of methane in silica bulbs is mainly a homogeneous 
reaction which, at temperatures above 900° C, proceeds in two stages, namely: 

(1) 2 CH 4 —^ GH, 4- 3H, 

(2) GH, —2C + H. 

According to Wheeler the first stage of the decomposition of methane at 
1000° C. in the presence of .silica surfaces consists of a homogeneous bimolecular 
reaction in which ethylene, and probably not acetylene, is produced. 

A study of the pyrolysis of methane from the viewpoint of the production of 
motor fuels from natural gas, led Smith, Grandone, and Rail to conclude that 
ethylene is the dominant product in the initial stages of the pyrolysis, other 
hydrocarbons being formed subsequently. The addition of hydrogen decreased 
the yields of higher hydrocarbons. Both acetylene'and ethylene occurred in the 

** /-Of. cit. 

hid, Una. Chetn., 1930, 22, 20. 

1931, 1594; Chem. Abs., 1931, 25, 5075. 

*•'ficc. trar. chim., 1932, 51, 343. 

** Bnrcan Mines Kept.* Investigations 3143, 1931; Chem. Abs., 1932, 26, 279. 
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gaseous products of the pyrolysis, the production of these gases being increased 
by dilution of the reactants with either hydrogen or nitrogen. Padovani and 
Magaldi found that in the pyrolysis of methane at 1000^-1250° C. in silica 
tubes dilution with hydrogen causes an increase in the production of unsaturated 
hydrocarbons at lower rates of flow though the reverse holds at higher rates of 
flow. This fact may help to explain the discrepancy between the reported results 
of other investigators on the influence of dilution with hydrogen. According to 
Padovani and Magaldi, the decomposition of methane is accelerated by filling the 
reaction tube with fragments of porous porcelain. 

Kassel,from his study of the thermal decomposition of methane in quartz 
bulbs at 700° to 850° C., however, suggested the* following mechanism: 

(1) CH4 ^=5=^ CH. + H, 

(2) CH. -h CH4 ^=^=2^ C,H. 

(3) aiL + H. 

(4) QH4 .55=^ Call, -f H, 

(5) C,H, ^55=^ 2C -h H, 

He found that the presence of hydrogen very greatly retarded the methane de¬ 
composition. If hydrogen is present in sufficient quantities the decomposition 
rate varies directly with the square of the methane concentration and inversely 
with the cube of the hydrogen concentration.-® This mechanism of Kassel ac¬ 
counts satisfactorily for the results obtained by .Storch on the decomposition 
of methane by carbon filaments. The latter observed ethane to be the earliest 
product of the thermal decomposition of methane. From the decomposition in 
a carbon-filament lamp immersed in liquid nitrogen as much as 95 per cent of 
the theoretical yield of ethane was obtained. 

The main conclusions in regard to the thermal decomposition of methane are 
then as follows: Methane has great tendency to decompose into its elements but 
by shortening the heating time and employing temperatures above 1000° C. it is 
possible to prevent the further decomposition of the fugitive intermediate prod¬ 
ucts of the reaction. At temperatures of 1000°-1200° C. under these conditions 
aromatic hydrocarbons as well as ethylene and acetylene are obtained, but at very 
high temperatures acetylene is the most important product. In the presence of 
materials such as iron and nickel it is impossible to stop the reaction at these 
intermediate stages and hydrogen and carbon only arc formed. 

Ethane 

llerthclot considered that ethane on decomposition gave either ethylene and 
hydrogen, or acetylene, methane, and hydrogen as follows: 

GH. —C,H4 + 

2Cai. —>• 2CH4-fGIE + na 

The first comprehensive work was that of Bone and Coward,who obtained evi¬ 
dence of the reactions: 

Atti in Cong. Nas. Chim. pura appl., 1929, 730: Chem. Zcutr., 1Q31, I, 1742 ; Brit. Chem. Abs. 
A, 1931, 1030. See also Padovani, Chimie ct industric. Special No., March 1932, 25S; Chem. Abs., 
1932, 26, 3429. 

*• J A C S 1932 54 3949. 

" C/.'Holiiday and Exell, j.C.S., 1929, 131, 1066; Holiday and Gooderham, ibid., 1931, 133, 1594. 

^•J.A.C.S., 1932, 54, 4188. 

“ Loc. cit. 

“/.C.S’., 1908, 93, 1197. 
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GH. —>• GHi + H, —^ C + CH 4 + IT, 

On continued lieating large proportions of methane were found in the gas (i.e., 
after 6 hours heating at 675® C. the resulting gas had the composition C 2 H 2 , 

I. 9%; C 2 H 4 , 0.7%; CjHg, 2.0%; CH 4 , 54.5%; and Hj, 40.9%). To explain the 
high proportions of methane, Bone and Coward assumed the existence of labile 
residues, iCH, -CHg, and -CHa. *These residues,*' as pointed out by Bone and 
Coward, “which can only have a very fugitive separate existence, may subse¬ 
quently either (a) form HgC- CH, and HC: CH, as the result of encounters with 
other similar residues, or (b) break do^^n directly into carbon and hydrogen, or 
(c) be directly ^hydrogenized' to methane in an atmosphere already rich in hydro¬ 
gen.” It must be noted, however, that the accumulation of methane and hydrogen 
in the reaction is to be expected from thermodynamic considerations only, since the 
decomposition of all hydrocarbons should ultimately resolve itself into the equi¬ 
librium CH 4 5=^ C-j- 2 H 2 . At 800® C. Bone and Coward found the decomposition 
of ethane to be rapid, thus necessitating the use of closed tubes. After one 
minute heating they obtained a gas having the composition C 2 H 0 , 1.9%; C 2 H 4 , 

II. 2%; CoHq, 17.9%; CH 4 , 31,3%; and Hg, 37.7%. After one hour’s heating 
only methane (63.8 per cent) and hydrogen (36.3 per cent) were found in the 
system. At higher temperatures the decomposition was even more rapid. Ethanfe 
was passed through a tube at a speed such that the gas would not remain in the 
reaction zone longer than one-half minute. As the time of heating at 1000° C. 
increased, the proportion of hydrogen formed increased and the methane content 
decreased. Bone and Cow'ard obtained 4 per cent of condensable hydrocarbons, 
calculated on the ethane, at 1000° C. 

Zanetti and Leslie found that the chief products of the thermal decompo¬ 
sition of ethane* propane mixtures were ethylene, methane, propylene, higher 
olefins, hydrogen, and aromatic hydrocarbons. The proportion of unsaturated 
hydrocarbons was found to attain a maximum at 750° C., at which temperature 
the formation of aromatic hydrocarbons began. Furthermore, the presence of 
iron in the reaction chamber was observed to inhibit the formation of aromatic 
hydrocarbons and favor complete decomposition. The tar obtained was examined 
later by Zanetti and Egloff^^ and found to contain benzene, toluene, naphthalene, 
acenajdithene and other aromatic hydrocarbons. Davidson used a variety of 
catalysts in the decomposition of ethane-propane mixtures. The metals iron, nickel 
and cobalt accelerated tlie formation of carbon and hydrogen and a temperature 
of 850° C. was found best for the formation of liquid hydrocarbons. Davidson 
was the first to suggest that butadiene is probably an intermediate in the forma¬ 
tion of aromatic compounds and suggested the scheme: 

CIT-CTL + CH,- CHa —CH,--CHCI 1—CH, + H, 

The condensation of another molecule of ethylene with butadiene with elimination 
of more hydrogen could then yield benzene. 

Williams-Gardner suggested the following reactions for the decomposition 
of ethane at temperatures between 600® and 700® C.: 

(1) 2GH, —GH,-f2CH4 

(2) GH« —2C-f2H, 

Ind. Eng. Chtm., 1916, 8, 777. 

*♦/. Ind. Eng. Chem., 1917, 9, 474. 

•*/. Ind. Eng. Chem., 1918, 10, 901. 

**Fuei, 1925, 4, 430. 
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At 900® C. he obtained a yield of 9.5 per cent of benzene and 17 per cent of 
total liquid hydrocarbons. The heating surfaces were of porcelain and initial 
decomposition of ethane was observed at 550® C. under 450-550 mm. pressure. 
Acetylene was not formed in any quantity and was believed not to play an impor¬ 
tant part in the reaction. 

Frey and Smith noted that in the presence of silica at 575® C. ethane de¬ 
composed into ethylene and hydrogen exclusively, the reaction being of the first 
order over a considerable pressure range. Pease studied the mechanism of the 
decomposition of ethane, propane and n- and iso-butanes at 625® and 650° C. at 
1 atmosphere and concluded that the two main reactions were dehydrogenation 
and demethanation. The total rate of dissociatidn increased with the complexity 
of the molecule and the reactions were probably homogeneous gas reactions of 
the first order. An explanation of the relative rates of dehydrogenation and 
demethanation was advanced by Pease in tc’-ms of the activation energies as a 
function of the size of the molecule and the nature of the linkage. 

Pease and Durgan contributed a study of the equilibrium CgHo ^ C 2 H 4 -|- 
Ho. It is necessary to point out that, although ethane does resolve itself into 
hydrogen and ethylene at temperatures above 550° C and the reverse reaction 
also takes place at low temperatures, thiS reaction, nevertlieless, is not a true 
equilibrium because if ethane is heated for long periods at temperatures at which 
dehydrogenation takes place, the system will ultimately resolve itself into the 
well-known methane equilibrium. That this is true of most of the thermal reac¬ 
tions of hydrocarbons at their cracking temperatures was demonstrated theoreti¬ 
cally and practically by Cantelo and others. In spite of this, however, chemists 
visualize a form of equilibrium called quasi- or instantaneous equilibrium, of a 
transitory nature. In other words, at any particular instant, a system is thermo¬ 
dynamically stable at a particular temperature although changes may take place 
at the next instant. The equilibrium between ethane, ethylene, and hydrogen 
above 550° to 600° C. is undoubtedly an example of instantaneous equilibrium 
and Pease and Durgan found that their results were to some extent obscured, 
especially at 700° C., by the formation of methane. The values obtained for the 
equilibrium constants, 

j. _ [C,HdrH,l P 
[C.H.1 ^ 100 

in which P is the partial pressure in atmospheres, are given in Table 11. 


Table 11 .—Ethane Equilibrium Constants. 


Heating 

Time, 

Temp. 

°C. 

Pressure, 

Atmos. 

C,H4 

Composition of Gas 

H, GH. CIU 

Na 

ATr 1 m. 

Min. 

30 

600 

Initial 

Final 

0.9115 

0.9260 

14.35 

14.55 

16.05 

14.75 

- Per Cent— 

67.95 

62.80 

6.15 

1.65 

1.75 

0.0316 

6 

650 

Initial 

Final 

0.9690 

0.9785 

20.85 

17.30 

25.05 

23.60 

52.55 

47.60 

10.65 

1.55 

0.85 

0.0839 

5 

700 

Initial 

Final 

0.9640 

0.9735 

34.20 

17.45 

35.95 

26.15 

28.10 

22.65 

31.78 

1.70 

1.95 

0.196 


”Ind. Eng. Chem.. 1928, 20, 948. 
*^J.A.C.S.. 1928, 50, 1779. 
^J.A.C.S., 1928, 50, 2715. 
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Hague and Wheeler studied the decomposition of ethane at temperatures of 
700° C. and over, in a vertical silica tube. At 700° C. the main reaction was 
found to be CgHo —» C 2 H 4 + Ha, 90 per cent of the ethane decomposing in this 
manner. At temperatures above 700° C., secondary reactions become important. 
It is considered likely that ethylene undergoes condensation to butadiene, which 
was observed at 750°, 800° and 850° C., according to the equation: 

2CH^CHa —CH»=-CHCH=CH, + H, 

The formation of liquid hydrocarbons (mostly of an aromatic nature) was first 
noticed at 750° C, the yield increasing with rising temperature to a maximum 
at 900° C., when it corresponds with 21.9 per cent of the ethane used. The 
largest amount of distillate boiling between 80° and 90° C. was obtained at 
850° C. and represented 11.2 per cent of the weight of ethane used. At 750° C. 
and 800° C. the liquid consisted largely of unsaturated hydrocarbons but, at 
850° C. and above, the distillate was almost pure benzene, the residual oil con¬ 
sisting chiefly of naphthalene and anthracene. 

By the pyrolysis of ethane in silica reaction tubes at 850° C. and with a period 
of contact of 0.05-0.10 minute, Frey and Hepp obtained 10.5 per cent of 
volatile oils, mainly aromatic, calculated on the weight of ethane passed, while 
the gaseous products of pyrolysis contained 30.0 per cent by volume of unsatu¬ 
rated gases. 

A careful study of the velocity of thermal dissociation of ethane into ethylene 
and hydrogen at temperatures of 600°-700° C. in copper reaction tubes was re¬ 
ported by Marek and McCluer.^^ pyre ethane was quickly preheated to reaction 
temperature and passed through a copper reactor at carefully controlled tempera¬ 
tures with short times of contact. The extent of pyrolysis in the reactor was 
determined by the difference in composition of the preheater and reaction coil 
samples. Under the conditions studied, namely at temperatures below 700° C. 
with short times of contact, ethane was found to decompose predominantly to 
ethylene and hydrogen; secondary reactions were negligible. The velocity con¬ 
stant of the decomposition of ethane, calculated from the general equation for 
unimolecular homogeneous gas reactions, was found to be satisfactorily repre¬ 
sented by the following equation (temperature expressed as T° Absolute): 

1 — tcio 15,970 

log “ 15.12 TjT- 


The influence of temperature on the hydrogenation of ethylene to ethane^** 
could be represented by the equation, 


log /C' = 8.79- 


9140 

T 


which indicates that in the temperature range 600° to 700° C. the rate is approxi¬ 
mately doubled for an increase of temperature of 25° C. 

From the foregoing it can be concluded that ethane undergoes decomposition 
at temperatures up to 700° C. primarily into ethylene and hydrogen. At higher 
temperatures secondary reactions intervene with the production of methane, 


Fuel, 1929, 8, 571. 

*' Ind. ling. Chem., 1932, 24, 282. 

*»Jnd. ling. Chew., 1931, 23. 878. 

*** The hydrogenation of ethylene in the presence of activated charcoal containing a small proportion 
of iron and a trace of copper at temperatures from --84* to 7.i® C. was studied by Schuster iZ. 
physik. Chew., 1931, MB, 249; Brit. Chew. A, 1931, 1374). 
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hydrogen, aromatic hydrocarbons, and butadiene, the ethylene yield rapidly dimin¬ 
ishing with rise in temperature. However, in the presence of materials which 
promote decomposition of hydrocarbons into carbon and hydrogen, ethane under¬ 
goes almost complete decomposition even at temperatures below 700® C. into 
carbon and hydrogen. Complete decomposition of ethane into its elements has 
been found to occur in the presence of refractory material, pumice and iron at 
725° C.,^® of magnesium powder at red heat,*^ and of aluminum at its melting 
point,^® and Sabatier and Senderens noted the slow decomposition of ethane into 
its elements in contact with nickel at 325° C. A study of the thermal dehydrogena¬ 
tion of ethane in the presence of pumice impregnated with nickel and copper was 
made by Matignon, Kling, and Florentin,^^ who found that the formation of 
ethylene is favored by short times of contact with the catalyst and temperatures not 
above 600° C. In the presence of the nickel catalyst at 600° C., the composition 
of the cracked gas was: ethylene, 14.2 per cent; hydrogen, 22.0 per cent; ethane, 
51.0 per cent; and methane, 12.8 per cent with a contact time of 42 seconds. With 
a longer time of contact (6.6 minutes) tlie composition of the cracked gas was: 
ethylene, 12.7 per cent; hydrogen, 40.7 per cent; ethane, 0 per cent; and methane, 
49.9 per cent. 

Travers and Hockin^® observed that when ethane or ethane-ethylene-hydrogen 
mixtures were heated to 6(X)° C., three reactions took place: 

(1) The reversible reaction GH* GHi + H*; 

(2) The formation of benzene and methane from ethane; and 

(3) The formation of benzene and methane from ethane and ethylene. 

Reactions (2) and (3) are related and are dependent upon the hydrogen concen¬ 
tration. Reaction (2) is endothermic, but (3) is exothermic. 

An explanation of the thermal decomposition of paraffin hydrocarbons from 
the standpoint of free radicals has been given by Rice and his co-workers.*® The 
relative strengths of the C—C and C—H bonds appear to indicate that decompo¬ 
sition of hydrocarbons takes place principally through the rupture of the C—C 
bonds; any breaking of a C—bond must be wholly negligible compared with that 
of a C—C bond. The free radicals thus produced®® can react in one of two ways: 
(1) decompose to form another free radical and hydrogen; or (2) take a hydrogen 
atom from the surrounding hydrocarbon molecule, since the probability that two 
free radicals will collide with each other is relatively small. The decomposition 
of the hydrocarbons can then take place according to chain reactions in which 
the free hydrogen atoms or free radicals combine with the hydrogen atoms of the 
surrounding hydrocarbon molecules. 


Bradley and Parr. Chem. Met. Eng., 1922, 27, 737. 

** Lidov and Kusnetzov. J. Kuss. Phys. Chem. Soc,, 1905, 37, 940; Chem. Zentr., 1906, I, 329. 

«KusncUov, Bcr., 1907, 40, 2871. 

Compt. rend.. 1897, 124, 1358; Ann. chim. phys., 1905, (8) 4. 435. 

Compt. rend.. 1933, 194, 1040; Brit. Chem. Abs. X, 1932, 495. 

**Proc. Roy. Soc., 1932, A, 136, 1; Brit. Chem. Abs. A, 1932, 701; Chem. Abs., 1932, 26, 4028; 
cf. Travers, liookin and Pearce, Nature, 1931, 128, 66; Chem. Abs., 1931, 25, 5075. 

Rice, J.A.C.S., 1931, 53, 1959; Chem. Abs., 1931, 25, 2967. Rice, Johnston and Evering, J.A.C.S., 
1932, 54, 3529; Chem. Abs., 1932, 26, 5289. See also Rice and Herzfeld, J.A.C.S., 1934, 56, 284. 

Rice and Dooley (J.A.C.S.. 1933, 55, 4245) showed the presence of free radicals when ethane 
is heated in the ranRfe SSO'-OSO* C. The preparation of free methyl and ethyl radicals (from lead 
alkyls) has been studied by Paneth and Hofeditz {Ber., 1929, 62, 1335; Chem. Abs., 1929, 23, 5159); 
Paneth and T^utsch (Ber., 1931, 64, 2702, 2708; Chem. Abs., 1932, 26. 1232); and Simons and Dull 
(J..'1.C.S., 1933, 55, 2696). Reactions of free ethyl radicals from the thermal decomposition of tetra¬ 
ethyl lead have been studied by Meinert (J.A.C.S., 1933, 55, 979). . . . 

For a discussion of chain reactions see Rideal and Taylor, “Catalysis in Theory and Practice,” 
Macmillan and Co., London, 1926, 37. Griffith and McKcown, “Photo-Processes in Gaseous and 

Liquid Systems,” Long^mans, Green and Co., New York, 1929, 544. 586, 640;^ Clusius, “Ketten- 

reaktionen,” Gebriider norntraeger, Berlin, 1932; Fortschr. Chem. Physik physik. Chem. Ser. B, 
1932, 21, 1-73; Chem. Abs., 1933, 27, 461. 
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For example, in the decomposition of ethane, the primary reaction (Pi) may 
be represented to be the formation of two free methyl radicals: 

(POCHaCH, —2CH,- 

These can then react, in secondary reactions (^i and 5^), to form ethyl radicals, 
methane, and ethylene: 

(Sx) CHiCHa + CHa- —^ CH4 + CH,CHa- 
(5'.) CH.CH,- —CH^CH,4-H 

Thus, the chain reaction (A^) is: 

(AO CH,CH,+ H —H^ + CHaCHa- —>• Ha + CH,--CHa + H 

This decomposition of ethane is particularly simple because only one kind of chain 
cycle and one carrier, namely the hydrogen atom, is involved. 

Witli higher hydrocarbons, however, the reaction becomes more complicated 
because of the possibility of hydrogen atoms other than those at the end of the 
hydrocarbon molecule taking part. With propane, for instance, the primary reac¬ 
tion (Pi) would be: 

(Pi) CHaCHaCHa —CH.CH,—+ CHr- 

The secondary reactions then depend upon whether the carrier groups (H or 
CHg—) react with the primary (as in 5 * 2 ) or secondary (as in kVj) hydrogen atom 
of propane: 

(SO CHaCHr- —^ CHa=CH,-f H 

(SO CHaCIIa- + CHaCHaCH. - CaHa + CH.CHaCH,— 

—>- GHe + CH^CHa + CHr~ 
(SO CHaCHa- + CHaCHaCH, —C,H, + CHaCH(CHa)-* 

—GH, + CHaCH=CH, + H 


The chain reactions (Ai and Ao) are, therefore: 

(^ 1 ) CHaCHaCH,+ P —>• PH + CHaCHaCH,— 

—PH + CH^CH, + CHa- 

(^a) CHaCHaCH, + P -^ PH + CHaCH (CH,) — 

—^ PH + CHaCH-=CH, + H 


in which the carriers (P) are CH 3 — or H. 

Rice, therefore, concludes that the composition of the products of the decom¬ 
position is determined almost exclusively by the chain cycle and is practically 
independent of the primary decomposition of the hydrocarbon. Later, Rice 
modified these considerations, assuming that methyl and ethyl groups are the only 
stable radicals and that a larger radical apparently decomposes to yield one or 
more molecules of an olefin, and either a methyl group, an ethyl group or atomic 
hydrogen. The relative probability of reactions of primary, secondary and ter¬ 
tiary hydrogen atoms are assumed to be 1 : 2 : 10 , respectively. 

Schmidt and Grosskinsky state that, in the pyrolysis of many normal and 
cyclo-paraffins, hydrogen splits out at more than one point and the resulting double 

••J.A.C.S., 1933, 55 , 3035. 

“Z. phynk. Chem., 1932, 159, 337; Brit. Chem. Abt. A, 1932, 716; Chem. Abs., 1932, 26, 3719. 
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linkage determines the position at which breaking of the chain subsequently occurs. 
The adjacent single linkage is thus strengthened while the one beyond is weakened. 
This alteration, they believe, continues with diminishing intensity throughout the 
chain. Norris®^ states that it is possible to break the C—C linkages in paraffin 
hydrocarbons successively by regulating the temperature and thus determine from 
the products of the pyrolysis the order in which the bonds yield to this influence. 

Propane 

The thermal decompositions of propane and butane have not been studied as 
extensively as that of methane. From a study of the pyrolysis of the propane- 
butane fraction of natural gas, Zanetti ** found that the percentage of total unsatu¬ 
rated hydrocarbons in the resulting gas increased to a maximum at 750° C. and 
then decreased, this latter process being coincident with the formation of aromatic 
hydrocarbons and also of free hydrogen. 

Pease concluded that the initial decomposition of propane was unimolecular, 
the two main reactions being dehydrogenation and demethanation. Frey and 
Smith found that at 575° C'. in the presence of siHca, no carbon was formed and 
the reaction was unaffected by an increase in the surface area of the silica. Under 
these conditions, the decomposition of propane could be represented by the three 
equations: 

(1) CaH, —>• GHi + CH. 

( 2 ) GIU —+ 

(3) 2CaH« —GH.-f CHa 

Of these, reactions (1) and (2) had fairly rapid velocities of the same order of 
magnitude, while (3) was much slower. Decomposition of propane in the presence 
of a nickel catalyst at 200°, 350°, and 405° C. led to the following changes: 

(1) C,H« —>- 2 CH 4 + C 

(2) CaHa —GH.-hH, —CH4-f*2H,-h2C 

of which (1) takes place at all temperatures and (2) becomes important only at 
higher temperatures. 

Hague and Wheeler,®® as a result of their very comprehensive work, came to 
the conclusion that the propane molecule undergoes decomposition in two ways, 
namely: 

(1) CHaCHaCH, —>• CH 4 + CHr=CH, 

(2) CHaCHaCH, —>- Ha-f CHaCH==CH, 

At 700° C. in the presence of silica, reaction (1) proceeds to the extent of about 
61 per cent, while reaction (2) proceeds to the extent of between 35 per cent and 
39 per cent. At temperatures above 700° C. secondary changes largely occur, re¬ 
sulting in the decomposition of olefins to ethylene with the formation of butadiene 
and aromatics from the latter. The production of condensable liquid, which begins 
at about 700° C. and is still important at 1000° C., reaches a maximum at 850° C. 
(corresponding to 23.09 per cent of the weight of the propane used). At this 
temperature the part of the product distilling below 170° C. also attains a maximum 
value of 11.20 per cent by weight. At temperatures below 800° C. the liquid 

M/. Chem. Education, 1932, 9, 1890. 

“/Hrf. Eng. Chem., 1916, 8. 674. 

••J.A.C.S., 1928, 50, 1779. 

”Ind. Eng. Chem., 1928, 20, 948. 

“ Fuel, 1929, 8, 572. 
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products are largely unsaturated and butadiene is found in the products at 750° C. 
and above. The use of porcelain tubes gave results similar to those obtained with 
silica tubes. 

A study of the pyrolysis of propane in quartz tubes with and without catalysts 
and with special attention to the formation of gaseous olefins, has been made by 
Boecheler.®® Experiments in quartz tubes without catalysts at temperatures of 
500°-1000° C. showed that the main products of reaction were propylene, ethylene, 
and hydrogen and that there was an optimum temperature for the production of 
each gaseous olefin. The maximum propylene yield (13.7 per cent of the exit gas) 
was obtained at 805° C. The yield was increased by dilution with nitrogen, but 
dilution of the propane with half its volume of water vapor exerted no influence 
on the decomposition. The primary reaction was evidently dehydrogenation since 
an increase in the rate of flow of propane was accompanied by a decrease in the 
production of hydrogen and ethylene. The use of catalysts such as copper gauze, 
nickel gauze, and a mixture of zinc and copper, did not influence the character of 
the products but lowered the temperature necessary for their formation. A catalyst 
of 78.5 molar per cent zinc and 21,5 molar per cent chromium markedly increased 
propylene formation so that more of this hydrocarbon was produced at 655° C. 
than without a catalyst at 730° C, at a rate of flow only one-fourth of that at the 
latter temperature. An 11 per cent yield of propylene, based on propane, was 
obtained at temperatures as low as 520° C. when the propane was diluted with 67 
per cent of nitrogen. 

According to Ebrey and Engelder,®^* pyrolysis of propane in silica tubes at 
600°-830° C, yields varying amounts of hydrogen, methane, ethane, ethylene and 
propylene, the unsaturated hydrocarbons being at a maximum at 770° C. Catalysts 
containing nickel, cobalt, chromium, or iron were found to favor the production of 
carbon and hydrogen. 

Measurements of the rate of pyrolysis of propane in the presence of such reac¬ 
tion surfaces as silica or copper have shown that the reaction is homogeneous and 
gives velocity constants in agreement with a first order reaction. Pease and 
Durgan found that the first order constants fall rather rapidly as reaction pro¬ 
ceeds, probably on account of secondary changes, and that dilution with nitrogen 
somewhat increases the velocity of pyrolysis. The temperature coefficient of reac¬ 
tion was found by these workers to be about 2.75 per 25° C. and the heat of 
activation 65,000 cal. per mole. A careful study of the rates of pyrolysis of 
propane in a copper reaction coil at temperatures of 587°-679° C. was carried out 
by March and McClucr,'*'^ who found that the constants were in agreement with 
those required for a homogeneous unimolecular process. The principal reactions 
occurring were found to be dehydrogenation and demethanation, the rates of the 
two reactions being approximately the same. From the experimental results, 
Marek and McCluer calculated the following relationship between the temperature 
(T° Abs.) and the unimolecular reaction coefficient, k, 

log A = 13.44 

Schneider and FroHch carried out work of fundamental importance on the 
pyrolysis of propane and otlicr gases, the object of their experiments being the 

)930:"«.'l262.“’ 

** Ind. ling. CItrm., 1931, 23, 878. 

“/Md. Eng. Chetn., 1931, 23, 1405. 
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elucidation of the mechanism of the primary reactions occurring prior to aroma- 
tization. The method adopted in studying the reaction mechanism was to vary 
the degree of cracking within the range where accurate analysis of the products 
was possible and then to plot the results in such a manner that extrapolation to 



Fig. 2.—Pyrolysis of Propane at 725® C. and 1 Atmosphere. 
(Schneider and Frolich.) 



I'lG. 3.—Pyrolysis of Propane at 725® C. and 1 Atmosphere. 

(Schneider and Frolich.) 

zero per cent cracking distinguishes the primary cracking products from the sec¬ 
ondary ones. Obviously, those compounds whose production curves intersect the 
zero ordinate at a positive value are primary products and the others are secondary. 
The results obtained by subjecting propane to pyrolysis in silica reaction tubes at 
various temperatures and under atmospheric pressure are shown in the accompany- 
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ing graphs (Figs. 2, 3, and 4). It will be seen that at 725° C. and 1 atmosphere 
pressure, at zero per cent cracking propane decomposes to the extent of 48 per 
cent (molar) according to the equation CgHs —> CjH*-f- CH 4 , while 42 per cent is 
converted into propylene and hydrogen according to the equation CjHg —> CgH^ + 
Ho. Ethane also appears to be a primary product though the reaction responsible 
for its initial formation is not quite clear. The curves for butadiene and the 
higher hydrocarbons (Fig. 3) both pass through the origin, showing that these 
are definitely secondary reaction products. The results of cracking experiments 
at 650° C. and 1 atmosphere pressure (Fig. 4) show that about 50 per cent of the 
propane undergoes dehydrogenation to propylene and somewhat less than 40 per 



Fig. 4,—Pyrolysis of Propane at 650® C. and 1 Atmosphere. 
(Schneider and Frolich.) 


cent is demethanated to yield ethylene and methane. Both ethane and butane 
appear to be primary reaction products which may be formed according to the 
equation 2 C 3 H 8 —> CoH^ € 411 ^ 0 . 

Of the two main primary reactions occurring in the pyrolysis of propane, 
the dehydrogenation predominates somewhat at the lower temperature studied 
(650° C.) but at a higher temperature (725° C.) there is a greater tendency for 
the C—C bond to he disrupted with the formation of ethylene and methane. The 
homogeneous and apparently unimolccular character of the cracking reactions 
was confirmed by the work of Schneider and Frolich. 

Rice has represented the decomposition of propane as follows: The principal 
reaction (Pj) produces both free ethyl and methyl radicals: 

(A) CH.ClhCIh —^ CHaCH^ 4-CHa— 

The secondary reactions {S^ S 2 and 5 * 3 ) are as follows: 

iS.) CHaCHa- ->- CHr==CHa + H 

iS.) CHaCHa-+ CHaCHaCH, -GHa + CH,CIIaCHr~ 

-CaH. + CHr=CH, + CHr- 

(5.) CHaCHa-+ CHaCHaCH, ->- CaH. + CHaCH (CH.) — 

—CaHa + CH«CH=CH. + H 

1931 , 53 , 1965 . 
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The two chain reactions (A^ and A 2 ), the relative extents of which depend upon 
whether the carrier group (R h CH 3 — or H in this reaction) reacts with the 
primary (as in S.,) or the secondary (as in S^) hydrogen atom of propane, are as 
follows: 

(Ai) CH,ClhCn, + R —>. + CHaCHaCH^ 

- RH + CHa-=CHa + CHa— 

(A.) CHaCHaCH. + i? —/^H + CHaCH(CHa).- 

—>• RH + CHaCH=-CHa + H 

Rice has found good agreement between the experimental results of Pease and 
Durgan and the values predicted by his theory. 

In the presence of a copper-pumice catalyst®® at 500° C., dehydrogenation to 
propylene is the predominant reaction and only small amounts of ethylene and 
methane are produced. The formation of propylene is favored by short time of 
contact with this catalyst, prolonged contact increasing yields of methane and 
ethylene. 

Butanes 

Pease,®^ conducting a preliminary study of the decomposition of n-butane, con¬ 
cluded that demethanation and dehydrogenation were the two main reactions in¬ 
volved. Hague and Wheeler ®® investigated the thermal decomposition of n-butane 
in the presence of silica and concluded that the primary changes which take place 
at low temperatures (650° to 700° C.) can be represented satisfactorily by the 
equations: 

( 1 ) CHaCHiCHaCH, —>- CH,CH, + CH^CHa 

(2) CHaCHaCHaCHa —>• CH* + CH,CH=CH. 

(3) CHaCHaCHaCHa —^ H. + CH,CHaCH=CH, 

From a careful examination of the products of the reaction it was concluded that 
at 650° C. in the presence of silica or porcelain about 43 per cent of butane de¬ 
composed according to reaction (1), while reactions (2) and (3) accounted for 
36 per cent and 21 per cent, respectively. Liquid products of n-butane appear 
definitely at 700° C. and are still in evidence at 950° C. Between these two tem¬ 
peratures the yields attain maxima, the total oil yield at 850° C. and the ^‘distillate 
up to 170° C.*’ yield at 800° C., with values of 24.61 per cent and 12.9 per cent 
by weight of the butane used, respectively. At temperatures above 750° C. the 
distillate from the liquids obtained was almost all benzene. 

Hurd and Spence ®° conducted a study of the pyrolysis of both n-butane and 
isobutane by passing these gases through pyrex glass tubes at 600° and 700° C. 
With n-butane the two main concurrent reactions at 600° C. are; 

(1) CfLCH^CTIaCH, —^ CH* + CH,CH=CH, 

(2) CHaCH,CH,CH3 —^ CHaCH, + CH,=CH, 

The first of these reactions is slightly favored. Two major reactions also occur 
ill the pyrolysis of isobutane at 600° C., the formation of propylene and methane, 
according to the equations: 

** Loc. cit. 

Matignon, Kling and Florcntin, Compt. rend., 1932, 194, 1040. 

Fuel, 1929, 8, 576. 

^ Loc. cit. 

1929, 51, 3353. 
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CH. CH. 

(1) ■<— \=CH. + H, 

ch/ 

CH, 

(2) \:HCH. —*- CH.CH==CH. + CH. 

CH,'^ 

These reactions are still the major ones of n-butane and isobutane at 700® C., 
but secondary reactions already begin to occur at that temperature. 

Neuhaus and Marek have , made a special study of the primary reaction 
products of the pyrolysis of n-butane at 600® C. and 650® C. in the presence of 
silica reaction surfaces. Their method was the same as that employed by Schneider 
and Frolich, i.e., the experimental data were plotted graphically as moles of each 



PCR CCNT or N-BUTANC RCACTlNC 
Courtesy Industrial and Engineering Chemistry. 

Fig. 5,—Cracking of n-Butane at 
600C. (Neuhaus and Marek.) 

product formed per 1(X) moles of n-butane reacting against the percentage of 
n-butane reacting. On extrapola^^^on to zero per cent cracked, a clear distinction 
between primary and secondary reaction products was obtained, the curves for 
secondary products passing definitely through the origin. The experimental results 
are shown graphically in Figures 5 and 6, from which the distribution of primary 
products per 100 moles of n-butane reacting was calculated as shown in Table 12. 

Table 12.— n-Butane. 

At 600® C At 650® C. 


Methane . 48.5 48.0 

Propylene . 48.5 48.0 

Ethane . 34.5 36.7 

Ethylene . 34.5 38.7 

Hydrogen . 16.0 12.3 

Butylenes . 16.0 12.3 

Propane . 0 1.0(?) 


’• Jnd. Eng. Chem., 1932, 24, 400. 
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Courtesy Industrial and Engineering Chemistry. 

Fici. 6.—Cracking of n-Butane at 650* C. 

(Neuhaus and Marek.) 

The primary reactions, in the order of their importance, are therefore: 

(1) CH.CHaCHaCHa -^ CII4 H" CH,CH=CHa (about 48 per cent) ; 

(2) CH.CH.CHaCHa -f CHr=CHa (about 35 to 38 per cent); 

(3) CHaCHaCHaCM, ->- CH,CH==CHCH, -f Ha (about 12 to 16 per cent).’** 

No butadiene or aromatic hydrocarbons were formed under the conditions studied 
and the reaction was shown to obey the equation for a first-order liomogeneous 
gas reaction. 

Rice has represented the reactions occurring in the decomposition of n-butane 
as follows; 

The principal reactions (P^ and P 2 ) yield either free methyl, ethyl or propyl 
radicals: 

(Pa) CH.CHaCHaCH, -CHa--f CHaCHaCHa- 

(Pa) CHaCHaCHaCHa -2CH,CH,— 

The chain reactions {A^ and A 2 '), in which the carriers (P) are CH 3 —, 
CHgCH^— or H, can then be derived and are: 

(At) CH.CHaCHaCH, + P —PH + CHaCH,CH,CII.— 

CHaCHa— 

—PH + CHa=CH. + CHaCHa— 

CH,==CH, + H 

(^a) CH,CHaCHaCH, + P -PH + CH,CH(CH,CH.O— 

-PH + CH,CH=CHa + CHa— 

Theoretical results predicted from these reactions are in good agreement with those 
obtained by Pease and Durgan.^* 

The butylenes formed appeared to consist of about 20 per cent 1'butene, the remainder being 
2-butene. 

'^J.A.C.S., 1931, 53, 1967. 

^*J.A.C.S., 1930, 52. 1266. 
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If the ratio of reaction (2) to reaction (1) of Neuhaus and Marek (see above) 
.is compared with the values predicted by Rice, the following agreement is calcu¬ 
lated : 

( Reaction (2) GH. + CH,=-CH, 

® Reaction (1) CH 4 + CHaCH-^CH, 

Predicted Found by Neuhaus 


Temp. * C. by Rice and Marek 

600" C. 0.75 0.71 

650" C. 0.79 0.79 



Fig. 7.—Products Formed in the Thermal Decomposition of Isobutanc at 600“ C. 
(Marek and Neuhaus.) 

The thermal decomposition of isobutane at 6 (X)° and 650° C. in silica tubes was 
later studied by Marek and Neuhaus.'^ The results are represented graphically in 
Figures 7 and 8 , and the distribution of primary reaction products per 100 moles 
of isobutane reacting is shown in Table 13. 


Table 13.— Isobutanc, 


At 600" C At 650" C. 

Hydrogen . 63.0 63.0 

Isobutylene . 63.0 63.0 

Methane . 35.0 36.0 

Propylene . 34.0 36.0 

Ethane . 2.5 1.5 

The primary reactions in order of their importance are: 

( 1 ) (CH,)aCH —(CHa)aC=-CH, + H. (63 per cent) 

(2) (CHa)aCH —CH,CH-=CH, + CH, (about 34 to 35 per cent). 


Eng. Chem.. 1933, 25. 516. 
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The agreement of these experimental results with the predictions of Rice^* 
are not a*s good as in the pyrolysis of n-butane. The ratios of the number of moles 
of isobutane reacting to form methane and propylene to the number of moles react¬ 
ing to form hydrogen and isobutylene are as follows : 

„ . (Reaction (2) CH^ -f C,H« 

} Reaction ( 1 ) H, -f C 4 H. 

Predicted 


Temp. ® C. by Rice Determined 

600" C. 0.91 0.55 

650" C. 1.04 . 0.57 



Courtesy Industrial and Engineering Chemistry. 


' Fig. 8. —Products Formed in the Thermal Decomposition of Isobutanc at 650" C. 
(Marek and Neuhaus.) 


A detailed examination of the volatile oils obtained from the pyrolysis of a 
mixture of 89 per cent n-butane and 11 per cent isobutane at 850° C. in silica 
reaction tubes has been made by Frey and Hepp,"® who found the oil to contain 
propylene, butenes (chiefly isobutene), 1,3-butadiene, pentenes, cyclopentadiene, 
hexadienes, methylcyclopentadiene, benzene, toluene, xylenes and styrene. 

From a study of the kinetics of the pyrolysis of the butanes, Pease and Dur- 
gan concluded that the processes involved are fundamentally first order homo¬ 
geneous gas reactions, though the velocity coefficients fall rapidly as pyrolysis 
proceeds. At low pressures the constants are distinctly less than at 1 atmosphere. 
Dilution with nitrogen increases the velocity constants to some extent. 

In the course of a study of the thermal dehydrogenation of gaseous paraffin 
hydrocarbons in the presence of copper and nickel on pumice, Matignon, Kling, 
and Florentin"^ found that at 500° C. with a copper catalyst, the predominant 
reaction is 

C4H,. - 

^*J.A.C.S., 1931, 53. 1959. 

”/nd. Eng. Chem., 1932, 24, 282. 

'•J.A.C.S., 1930, 52. 1262. 

” Compt. rend., 1932, 194, 1040. 


GH* + CH 4 ~ 17 Cals., 






58 CHEMISTRY OF PETROLEUM DERIVATIVES 

while about 20 per cent decomposition occurs according to the equation 
CiHtt —C4H. + H. — 32.7 Cals. 

On the other hand, the reaction 

CH« —C.H, + GH 4 - 16.4 Cals. 

does not occur below 520® C. (using a copper catalyst) but is markedly favored 
by rise in temperature, becoming predominant at 600° C. 

Pentanes 

Norton and Andrews were among the first to investigate the thermal decom¬ 
position of pentane and concluded that, at a “red heat,” ethylene, propylene, 
butadiene and paraffin hydrocarbons were produced but no benzene. A more pre¬ 
cise investigation of the pyrolysis of n-pentane and isopentane at 600° C. was made 
by Calingaert.^® The unsaturated hydrocarbons in the exit gas were examined by 
bromination methods, followed by fractionation of the resulting olefin bromides. 
It was considered that the n-pentane molecule was disrupted at the central carbon 
atom, giving ethyl and propyl groups, one of which was saturated at the expense 
of the other. Of the n-pentane decomposed, Calingaert concluded that about 55 
per cent follows the reaction: 

(1) CH,CH,CH,CH,CH, -CHaCH,-f CHaCH=CH, 

25 per cent decomposes according to the reaction: 

(2) CH,CH,CH,CH,CHa —CHaCHaCHa + CH^CH, 
and most of the remainder decomposes to methane and butylene: 

(3) CHaCHaCHaCHaCH, —CH 4 + CHaCH,CH=CH, 

Calingaert found that at 600° C. the isopentane molecule was disrupted on one 
or the other side of the tertiary carbon atom giving: in the first case, a methyl 
and isobutyl group (which, by saturation of the lighter group, yields methane and 
1 - or 2 -butene) and, in the second case, an ethyl and an isopropyl group, the 
ethyl group always becoming saturated since no ethylene was found. Besides these 
two reactions a small amount of amylene was formed. Thus isopentane yields 
methane and the butylenes by one reaction and ethane and propylene by a second. 

Hague and Wheeler concluded from their work that the important changes 
in the pyrolysis of n-pentane up to 700° C. appear to be demethanation, dehydro¬ 
genation and “de-ethylenation” (a word coined to express the elimination of 
ethylene). The extent to which the olefins are eliminated, and also their char¬ 
acter, was rather uncertain. Contrary to the experience of Calingaert, the gas 
mixture obtained at 600° C. contained methane, ethylene, and higher olefins in pro¬ 
portions decreasing in that order. At higher temperatures aromatic hydrocarbons 
were formed, the best yields being at 850° C., corresponding to a total yield of oil 
of 26.80 per cent by weight of the pentane, of which 11.87 per cent distilled over 
between 80° and 90° C. 

Norris and Thomson have made careful measurements of the effect of tem- 

Amer. Chem. J., 1886, 8, 1. 

^•/.A.C.S., 1923, 45 , 130. 

^FueJ, 1929, 8, 580; 1929, 378. 

y./I.C.S’., 1931, 53 , 3108. 



THERMAL DECOMPOSITION OF HYDROCARBONS 


59 


perature upon the rate of pyrolysis of n- and isopentanes in the region of incipient 
dissociation. The hydrocarbons were heated in the vapor phase for about one hour 
at a definite temperature in a glass apparatus in which the expansion occurring 


under atmospheric pressure could be measured. 
At temperatures below those of decomposition, 
no expansion was evident after the attainment 
of thermal equilibrium. As the temperature was 
raised, step by step, a temperature was reached 
at which a definite expansion due to pyrolysis 
continued throughout the hour. The results ob¬ 
tained with n-pentane are shown in Figure 9, 
from which it will be seen that the initial tem¬ 
perature of pyrolysis is about 391° C. Since 
one definite break in the curve occurs at 423° C. 
and another at 451° C., Norris and Thomson 
believed it likely that one type of decomposition 
takes place in the range 389°-423° C., another 
between 423° and 451° C., and the greatly in¬ 
creased rate above 451° C. indicates more 
profound cracking of still a third kind. Experi¬ 
ments (not reported) were stated to indicate 
that at 10° above the initial cracking tempera¬ 
ture, as observed by the above method, a simple 
tlecomposition takes place as the result of the 
fission of a C—C bond. In the case of isopentane 
the initial cracking temperature was found to be 
383° C. and two breaks, at 423° and 450° C., 
were revealed on the cracking curve. 

Hexane 

Norton and Andrews®- found that no gas 
was evolved from hexane at 550° C., but at 
600° C. decomposition had begun and at 
700° C. a liquid, thought to contain pentene and 
hexene, was obtained. At 700° C. propylene 
and butylenes were noticed in the gas but no 
ethylene. Benzene was formed at a bright red 
heat. Haber reported that at temperatures 
between 600° and 800° C., ndiexane decomposes 
with the elimination of methane according to 
the equation: 



Courtesy Journal of the American 
Chemical Society. 


Fig. 9. —n-Pentane Cracking Rate 
Curve. 1 Scale Division = 0.09 


CH3CH,CH,CH,CH.CH3 

—>- CH 4 + CH,CHaCH,CIl= 


cc. at 40® C. (Norris and 
Thomson.) 


This dissociation he regarded as typical of the paraffin hydrocarbons. 

Ipatiev and Dowgelewitsch obtained ethylene, propylene, possibly isobutylene, 
and paraffin hydrocarbons by decomposing hexane in an iron tube at 650°-700° C. 
At 710° C. the gas contained 50 per cent unsaturated and 41.6 per cent saturated 


** Amer. Chem. 1886» 8, 1. 
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hydrocarbons together with 8.4 per cent hydrogen, and a 75 per cent yield of liquids 
boiling at 37® to 72® C. was also.recovered. 

Hague and Wheeler found that the thermal decomposition of n-hexane was 
appreciable in the presence of silica at 600® C., but a complete mechanism of the 
decomposition could not be advanced owing to difficulties in the estimation of the 
amylenes and butylenes. At temperatures up to 700® C. the important constituents 
of the gaseous products were methane, ethylene, higher olefins, and hydrogen in 
that order. From the high proportion of methane obtained, the principal reaction 
appeared to be: 

CH3CH,CH,CH,CH,CH, —^ CH* 4- CHsCHaCHaCH-CHa 

in agreement with the results of Haber. The general results were similar to those 
obtained from n-pentane, the important changes probably being demethanation and 
de-ethylenation, although dehydrogenation was of far less importance. The pro¬ 
duction of aromatic liquids was at its maximum between 800® and 850° C. The 
total yield of oil at 850® C. was 33.8 per cent of the weight of hexane used and, 
of this, 19.0 per cent represented light fraction. 


Higher Paraffin Hydrocarbons 

Very little woiTc has been carried out apparently on the thermal decomposition 
of paraffin hydrocarbons possessing more than 6 carbon atoms, a fact which can 
be ascribed partly to the difficulty of preparing such hydrocarbons in the pure state 
and partly to difficulties in the analysis of the products of reaction. 

Vohl advanced the view' that the higher paraffins were decomposed initially 
into a paraffin of high molecular weight and an olefin of low molecular weight 
but this theory is now regarded as untenable in the light of more recent work. 

The first work of importance was that of Thorpe and Young,who studied 
the effect of distilling a paraffin wax of melting point 46® C. (containing C, 85.14 
per cent; H, 14.81 per cent) under a pressure of about 2 atmospheres. Besides 
a comparatively small amount of gas the products were liquids, boiling for the 
most part between 100° and 300° C., while only 7 per cent boiled between 18® and 
100° C. It was found that in the lower fractions the liquid consisted of approxi¬ 
mately equal proportions of paraffin and olefin hydrocarbons and that the higher 
fractions had a somewhat lower paraffin content. Thorpe and Young concluded 
that there was a decided tendency for the high molecular weight paraffin to undergo 
a symmetrical scission of its molecule with the production of equal parts of lower 
paraffin and olefin. Assuming, for the sake of simplicity, that this may occur as 
low down the series as butane, it was concluded that the primary decomposition 
was: 

CHaCHr-CIhCH, —CH,CH 3 4-CHr-CH, 

Among the products identified were amylene, pentane, hexene, hexane, heptene, 
heptane, octene, octane, nonene, nonane, undecene, undecane, and possibly capryli- 
dene but no trace of benzene was found. 

Tocher®* studied the thermal decomposition of octane, decane and several 
paraffin distillates from the point of view of determining the value of these mate¬ 
rials for oil-gas manufacture. He concluded that at low temperatures octane and 

•^Fud. 1929, 8. 583; J.C.S., 1929, 378. 

Polytcchn. 1865, 177. 58. 

« Proc. Roy. Soc., 1871, 19, 370; 1872, 20, 488; Ann., 1873, US, 1. 

1894, IS, 231. 
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decane are decomposed into ethylene and higher olefins, methane and hydrogen, 
while at higher temperatures no higher olefins are formed, the gaseous products 
being simply ethylene, methane, and hydrogen. 

It is doubtful whether the primary products of decomposition were actually 
observed by Tocher. Haber*® in 18%, in his work on the pyrolysis of hexane 
already mentioned, reached several other important conclusions which must now 
be considered. The decomposition of a paraffin molecule was believed to give rise 
primarily to a paraffin and an olefin. From hexane, pentene and methane were 
formed, but secondary reactions intervened, obscuring the result, and there may 
have been a condensation of the unsaturated residues to form higher molecular 
weight substances. Haber concluded that there is «a lack of equilibrium in processes 
of this type, this being in agreement with the later conclusion of Cantelo that 
the thermal decomposition of all higher hydrocarbons at temperatures above about 
500° C. ultimately resolves itself into the equilibrium 

CIL C-f2H, 

Wurstall and Burwell examined the decomposition of an impure heptane- 
octane mixture in a Pintsch-gas retort heated externally to about 900® C. With 
the possible exception of some ethane, methane was the only paraffin constituent 
of the gas, while the main products in the compression liquid and tar were unsatu- 
rated and aromatic hydrocarbons. Comment w'as made by these workers on the 
remarkable qualitative similarity of the products obtained by decomposing various 
types of raw hydrocarbon materials under these conditions. 

Work of importance on this subject was contributed by Engler and Spanier,*^ 
who passed fractions of an American kerosene corresponding to paraffin hydro¬ 
carbons of 9 to 16 carbon atoms through a glass tube 80 cm. long, heated to tem¬ 
peratures of 460°-480° C., and found the gas obtained consisted chiefly of gaseous 
paraffins with only relatively small amounts of hydrogen. Some of the results of 
these investigators arc given in Table 14. 


Table 14 .—Pyrolysis of Fractions of American Kerosenes. 


B.P. 


Oil 

Time 






Fraction, 

Approx. 

Used 

of Run 

Temp. 

Gas 

Analysis of Reaction Gas 

"C. 

Formula 

Cc. 

Mins. 

"C, 

Cc. 

Unsat. 

Sat. 

H, 

150^180 

CoIIao 

35 

45 

450-460 

750 

8.0 

91.4 

0.0 


to 

35 

45 

470-480 

850 

17.8 

82.2 

0.0 


CnII« 

35 

45 

480-490 

1100 

19.7 

78.3 

1.9 



35 

45 

490-500 

1100 

39.1 

56.9 

4.0 

200-230 

CnUu 

50 

71 

460-470 

400 

144 

85.6 

0.0 


tQ 

39 

66 

470^80 

600 

30.8 

67.7 

1.5 



28 

40 

480-490 

1100 

46.6 

50.3 

3.0 

250-280 

CuH^ 

50 

65 

450-460 

850 

23.5 

76.4 

0.0 


to 

43 

60 

460-470 

850 

32.6 

67.3 

0.0 


CieHai 

34 

SO 

470-480 

1050 

39.0 

59.3 

1.7 



39 

55 

480-490 

1200 

44.5 

53.0 

2.5 


Experiments carried out with n-heptane and n-octane by these same investiga¬ 
tors gave results as in Table 15. 


»Bcr., 1896, 29, 2691. 

••• Loc. cit. 

^Am. Chem. 1897. 19, 815. 

Dissertation, Karlsruhe, 1910; Engler-Hofer, 


**Das Erdol,” 


S. Hirzel, Leipzig, 1913, 1, 574. 
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Table 15. —Decomposition of n-Heptane attd n-Octane» 




Oil 

Time 

Gas 




Temp. 

Used 

of Run 

Formed 

Analysis of Reaction Gas 

Substance 

°C. 

Cc. 

Mins. 

Cc. 

Unsat. 

Sat. H, 

Heptane .j 

r47(M80 

10 

24 

70 

1.5 

98.5 0.0 

i48(M90 

10 

20 

70 

1.4 

97.7 0.9 


r46(M70 

10 

30 

70 

1.4 

98.6 0.0 

Octane . ' 

47(M80 

10 

30 

70 

1.9 

97.5 0.6 


480-490 

10 

30 

100 

1.7 

97.5 0.8 


When, in another series of experiments, heptane was heated to 480° to 490° C., 
500° to 510° C., and 520° to 530° C., the amounts of hydrogen in the reaction gas 
were 3.6 per cent, 3.9 per cent and 10.2 per cent, respectively. 

This work of Engler and Spanier shows very clearly that the initial course of 
the decomposition of the higher paraffins is such that the lower paraffins are first 
eliminated. The production of appreciable quantities of hydrogen does not take 
place until higher temperatures are attained and presumably as a result of sec¬ 
ondary changes. 

Egloff and Moore examined the thermal decomposition of the following frac¬ 
tions of a Pennsylvania paraffin-base petroleum: (1) up to 150° C, (2) 150° to 
200° C., (3 ) 200° to 250° C., and (4) above 250° C, the last fraction being sepa¬ 
rated into two cuts by distillation in vacuo. Each of these fractions was passed at 
the same rate through a tube-furnace at 700° C. Some of the results are given 
in Table 16. 


Table 16. —Decomposition of Pemuylvanian Petroleum Fractions at TOO"" C. 


Original Oil Liters of Gas 
B.P. Fraction Original Oil Converted to Formed per 

* C. Recovered Gas and Carbon Liter of Oil 

-Per Cent- 

Up to 150 . 2.3 97.7 710.2 

150-200 . 29.3 70.7 560.7 

200-250 . 66.7 33.3 420.4 

150-200/wicfw . 25.0 75.0 476.7 

200-250/wf«^ . 20.0 80.0 514.4 


Egloff and Moore considered that these results demonstrated that the hydro¬ 
carbons boiling between 200° and 250° C, and of the empirical formula to 

CibHrs were more stable thermally than either the higher-boiling or lower-boiling 
fractions of the same petroleum. This conclusion, however, needs more confirma¬ 
tion since there may be another exj^lanation of the above results. Furthermore, 
it is doubtful whether such conclusions could be validly applied generally to the 
paraffin hydrocarbons because the higher fractions of even a paraffin-base petro¬ 
leum undoubtedly contain hydrocarbons of other series. 

Gault and Hessel examined the thermal decomposition of hexadecane at 
various temperatures and in furnaces of various lengths. It was found that in 
the gaseous products, the unsaturated hydrocarbons increased to a maximum at 
about 540° C. and then decreased regularly. The proportion of saturated hydro¬ 
carbons in the gas passed through a minimum at 615° C., while, as usual, the 
hydrogen content increased with rise in temperature. They believed that the 
following reactions took place: 

•* CArm. Met. Eng., 1917, 16, 47. 

•*Compt. rend., 1924, 179, 171; Ann. cktm., 1924, 2, 319; Chem. Abs., 1925, 19, 966. See alto 
Scyer, /. Inst. Pet. Tech., 1933, 19, 779. 
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(a) Hexadecane distilled tindecomposed at 390* C. 

(b) Saturated and unsaturated gaseous and liquid hydrocarbons were obtained at 
470® C., though no hydrogen was formed at this temperature. Reactions at this tem¬ 
perature were represented by: 

(1) RCH;CH,CH.R' —RCH=CH, 4* CH,R' 

(2) CH,(CH0i4CH, —CH.(CH,)«CH=CH. + CH4 

(3) CH.(CH,)i4CH, —CH,(CH,)ttCH.-f GH* 

(c) At 540* C. another reaction occurs in which hydrogen is formed: 

RCH.CHaCHaR' —i?CH=CH, + CHr=CHR'-h H, 

(d) At 685* C. not only hydrogen but also aromatic hydrocarbons were produced. 
The latter are apparently the result of the following transformations: 

Olefins —Cyclohexane —Cyclohexene "■■■ "> ' Cyclohexadiene —>- Benzene 

Some aromatics (benzene) may possibly have been formed by the polymerization of 
acetylene. 

Waterman and his collaborators have done much work on the decomposition 
of Rangoon paraffin wax both under ordinary and increased pressure. Special 
attention was given to the decomposition which occurs at relatively low tempera¬ 
tures (327°-385° C.) under normal pressure. Thus, when 90 grams of Rangoon 
paraffin wax were heated to 385° C. for several hours there was produced a gas 
containing 18.5 cc. of hydrogen, 62.3 cc. of methane, 253.3 cc. of methane homo- 
logues (n in = 2.94) and 167.1 cc. of unsaturated hydrocarbons (n in 

CaH 2 n = 2.68). The production of hydrogen in this initial stage of the decom¬ 
position is worthy of note. 

The primary decomposition reactions of 2,3-dimethyl butane and n-hexane, as 
well as those of n-butane, isobutane, n-pentane, isopentane and 2,2-dimethyl- 
propane in a silica tube at 575° C. were studied by Frey and Hepp.®® Scission 
of the carbon chain resulted in the formation of a molecule of paraffin and a 
molecule of the complementary olefin (i.e., the olefin which results from the split¬ 
ting out of the paraffin) when the paraffin formed was methane. When a higher 
paraffin was produced, part of it appeared as the corresponding olefin and hydro¬ 
gen. n-Pentane and n-hexane, however, did not give equal proportions of 
complementary products, their behavior being in accordance with a chain-reaction 
mechanism postulating the formation and subsequent decomposifion of free alkyl 
radicals. When olefins were produced by splitting of the side-chain, the ethylene 
linkage was in the inner position and not at the end of the chain. The normal 
paraffin yielded only 1-olefins. 2-Butene was found in both isomeric forms 
(trans- and cis-2-butenes). 

Summary of Thermal Reactions of Paraffin Hydrocarbons 

The conclusions to be drawn from the preceding outline of the decomposition 
of the paraffins may be briefly summarized as follows: 

(1) Methane is the most stable of the paraffins and is always an important 
product of the thermal decomposition of all other hydrocarbons. Both from a 
theoretical and practical point of view there is reason to believe that at tempera¬ 
tures above about 500° C. (except perhaps at very high temperature when acety¬ 
lene appears to be stable) the decomposition of all hydrocarbons resolves itself 
into the methane equilibrium CH 4 ?=*C + 2H2. It should be pointed out, how¬ 
ever, that this is an ultimate condition which is attained only after considerable 


Waterman, Pcrquin and van Wcsten, J. Inst. Pet. Tech., 1928, 14, 318; ibid., 1930, 16, 29. 
•*Ind. Eng. Chem., 1933, 25, 441. 
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time in the absence of active catalysts, and is never approached in commercial 
cracking operations. 

(2) The most striking feature of the thermal decomposition of the paraffin 
hydrocarbons up to hexane (and probably also throughout the series), is the 
similarity of their behavior at the higher temperatures. Below approximately 
750® C the primary decompositions are taking place and each hydrocarbon follows 
its own special course, but at higher temperatures similar products are obtained, 
namely ethylene (whose production attains a maximum at about 700°-750° C. 
except in the case of methane), butadiene, and aromatic hydrocarbons as well as 
hydrogen, methane and carbon. 

(3) The work of Hague and Wheeler on the pyrolysis of the paraffins up to 
hexane showed that the primary decomposition of the paraffins results in a rup¬ 
ture of the chain at any position with the production of an olefin and the comple¬ 
mentary lower paraffin, or, in the limit, of hydrogen. As the series is ascended, 
the tendency for hydrogen to be eliminated leaving an olefin with the same number 
of carbon atoms rapidly diminishes. Carbon is never produced in the primary 
stage of the reaction. 

(4) As regards the stability of the higher paraffin hydrocarbons, too little 
work has been carried out for a generalization to be made. From the work of 
Egloff and Moore it appears that paraffins having 12 to 15 carbon atoms are more 
stable than their immediate homologues but this requires confirmation. It is 
certain, however, that the higher solid paraffins are much less stable, their decom¬ 
position occurring at much lower temperatures. Little is known, moreover, of 
the mode of decomposition of the higher paraffins. Burrell has concluded that 
at comparatively low temperatures symmetrical splitting of the molecule takes 
place with the production of approximately equal amounts of paraffin and olefin 
of nearly equal molecular weight, while higher temperatures cause the splitting 
off of lower paraffins (methane and ethane, for example) with the formation of 
high molecular weight olefins. The work of Engler and Spanier is consistent 
with the view that decomposition takes place with the splitting off of the lower 
paraffins, the production of hydrogen being very small. It is true that Waterman 
and his co-workers noted the production of hydrogen from paraffin wax at 
385® C., but much larger amounts of gaseous saturated hydrocarbons were simul¬ 
taneously formed. It is probable also that molecular constitution greatly infiu- 
ences the course of thermal decomposition of the higher paraffins. 

(5) Most of the foregoing conclusions are only valid when the thermal de¬ 
composition takes place in the presence of inactive materials such as silica, 
porcelain, or glass. Substances such as iron and nickel tend greatly to hasten 
the attainment of the ultimate state of equilibrium (as di.stinct from simultaneous, 
or quasi-equilibrium) which, in the case of hydrocarbons above 500° C., can be 
represented by CH 4 C 2 H 2 . Certain catalysts, moreover, have a specific 
action in accelerating some types of reactions and not others. The action of 
aluminum chloride in splitting off gaseous paraffin molecules is noteworthy in this 
respect. (See Chapter 6 ). The time of heating and the area, as well as nature, 
of the heating surface are also factors which must be taken into consideration. 

Thermodynamic Considerations. By using the Nernst Heat Theorem it is 
possible to calculate from thermal data alone the equilibrium constants of all 
possible (and also impossible) reactions at various temperatures. Given the 
necessary thermal data, one can calculate ( 1 ) which of several possible reactions 
leads to the most stable state of a system, ( 2 ) whether a conceivably possible 
reaction can actually occur, (3) the magnitude of the driving force tending to 

•*Ind. Eng. Chem., 1928, 20. 602. 
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cause the reaction to proceed, and (4) the conditions of equilibrium in the system 
for the reaction under consideration. 

It is of importance to note, however, that the laws of thermodynamics tell us 
nothing whatever about the relative velocities with which reactions take place, 
the rate of chemical change depending on a number of factors, notably on the 
presence of catalytic materials. By the aid of thermodynamics, calculations of 
free energies of hydrocarbons and of equilibrium constants of cracking reactions 
have been made by a number of workers and conclusions drawn from them re¬ 
garding the thermal decomposition of the paraffin hydrocarbons. 

Francis,®^ from a calculation of free energies of hydrocarbons at various 
temperatures, arrives at the following conclusions*in regard to the paraffins. 

(1) At low temperatures, paraffins are more stable than olefins with the same number 
of carbon atoms, while at high temperatures the olefins are more stable. 

(2) The direct production of higher hydrocarbons from lower ones, except with 
simultaneous formation of still lower ones in at least equivalent amount, is thermo¬ 
dynamically impossible. 

(3) Dissociation of paraffins to hydrogen and olefins of the same number of carbon 
atoms can occur at higher temperatures but under these conditions (700® C.) more com¬ 
plete disruption of the molecule is favored. 

(4) Of all the hydrocarbons, the paraffins are least stable at higher temperatures. 

Sachanen and Tilicheyev from a calculation of the equilibrium constants of 
various cracking reactions at 477° C. reached the conclusion that the tendency of 
paraffins to break at the middle of the chain (with production of lower paraffin 
and olefin of almost the same molecular weight) increases with increase in the 
molecular weight of the paraffin concerned. The other conclusions of Francis 
were substantiated. 

When the above deductions from thermodynamic laws are compared with the 
results of experiment it will be found that, in the main, there is good agreement. 
It must be pointed out, however, that the deductions from thermodynamic equa¬ 
tions may be nullified merely by taking advantage of the slowness of the decompo¬ 
sition of some compounds, as was done by Fischer and other investigators on the 
production of higher hydrocarbons from methane. 

THERMAL DECOMPOSITION OF OLEFINS 
Ethylene 

Dalton and Henry®® in 1808 observed that when electric sparks were passed 
for some time through ethylene, it was resolved into carbon and two volumes of 
hydrogen. Deiman, van Troostwyk, Bondt and Lauwerenburgh ^®® reported that 
a red heat acted like electricity except that it converted a portion of the gas into 
marsh gas (methane) and an aromatic oil. They noticed that when metals were 
present these were converted into carbides. Sefstrom used heated iron wire, 
and Marchand^®^ employed porcelain fragments, as well as copper, nickel and 
platinum, to effect decomposition. 

Eng. Ckem., 1928, 20, 277. 

” Ber„ 1929. 62. 658. The surname of Dr. A. N. Sachanen is transliterated and written in 
various ways—it occurs as Sahhanov, Sachanout, and Sackanoff in some indices, and that of his 
collaborator. M. D. Tilicheyev. as Tillichiev, Tilischeietu, Tilicejev, and Tiiicheyeff. 

•• See Gmelin, “Handbook of Chemistry,*' Translated by Watts, Cavendish Society, London, 1853, 8, 
165; Phi!. Trans., 1809, M, 446. 

Creirs Annalen, 1795, 2, 195, 310, 430. 

^ Poggen4or^*s Annalen, 1829, 16, 169. 

/. prakt. Cham., 1842, 26, 478. 
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Later, Berthelot found that ethylene passed through a tube heated to dull 
red heat was decomposed to.ethane and acetylene, Marchand and Magnus^®* 
also detected the presence of methane in the product. DeWilde,studying the 
effect of induced electric sparks on ethylene, obtained acetylene and hydrogen and 
later hydrogen and carbon.^*** 

Day circulated ethylene through a heated glass tube and found that decom¬ 
position accompanied by contraction in volume was noticeable at 350°-355® C., 
while polymerization was clearly indicated at 400°-408° C. At the latter tem¬ 
perature ethane and methane, but no hydrogen, were present in the reaction gas. 
In the same year Norton and Noyes passed ethylene through a glass tube 
heated to a red heat and examined the products of reaction carefully. Carbon 
was deposited and benzene, naphthalene, and probably anthracene, were isolated 
from the liquid condensate. Only traces of acetylene were noted but from the 
bromination products of the reaction gas, propylene and butylene dibromide and 
butadiene tetrabromide were isolated. The formation of butadiene was assumed 
to occur according to the reaction: 

2 GH 4 —C4H« 4- H, 

Bone and Coward examined the decomposition of ethylene as well as that 
of other hydrocarbons. They circulated ethylene through a tube heated to 570°- 
580° C. for a period of 2^^ hours and found that acetylene, ethane, methane, 
hydrogen, and aromatic hydrocarbons were produced and only a negligible amount 
of carbon was formed. At higher temperatures, methane, hydrogen, and carbon 
were the main products of reaction. It was concluded that acetylene was a prin¬ 
cipal product of the decomposition of ethylene. With ethylene and ethane it was 
supposed that the primary effect of high temperatures was to cause the elimina¬ 
tion of hydrogen with simultaneous loosening, or dissolution, of the bond between 
the carbon atoms, labile residues such as :CH 2 and I CH being formed. These 
residues, assumed to possess a fugitive existence only, might subsequently either 

(a) form HjC-CHg and HCiCH by encounter between similar residues, or 

(b) break down directly into carbon and hydrogen, or (c) be directly hy¬ 

drogenated to methane in an atmosphere already rich in hydrogen. For ethylene 
the scheme of decomposition is: - 

(a) IL 

H,C:CH, —>- 2(:CH)+H* —^ (b) 2C + 2H, 

(c) -f2H, — 2 CH 4 

Bone and Coward also stated that at comparatively low temperatures acety¬ 
lene exhibits a strong tendency to polymerize to benzene, so that, whenever 
acetylene is a principal primary product of decomposition of another hydrocarbon 
(e.g., ethylene), there is always a marked secondary formation of aromatics at 
relatively low temperatures. Evidently, therefore, acetylene was regarded as an 
intermediate in the formation of aromatic hydrocarbons by pyrolysis. 

Ipatiev found that when ethylene was heated in an iron tube under high 
pressure, polymerization began at 325° C. and was rapid at 380°-400° C. The 
liquid products contained paraffin hydrocarbons from isopentane to nonane and 

/inn. chim. phys., 1866, (M) 9, 442; Ann., 1866, 139, 277. 

^^Ann., 1853, 88. 349. , 

BuU. soc, chim., 1866, (2) 6, 267. Z. fiir Chcmic, 1866, 735. 

‘"See also Losanitsch and Jowitschitsch, Ber., 1897, 30, 138; Jowitschitsch, MonatshefU, 1908, 
29, ij 5. 

Amcr. Chetn. J., 1886. 8, 153; Chem. Soc. Abs., 1886, 50, 781. 

^^Atner. Chetn. J., 1886, 8. 362. 

1908, 93, 1197. 

1911. 44, 2978. 
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cycloparaffins from nonanaphthene to pentadecanaphthene as well as amylene and 
hexylene. The fractions boiling above 250° C. were poorer in hydrogen so that 
evidently polymerization had been followed by other changes such as the splitting 
off of paraffins. Later, Ipatiev and Rutala found that in the presence of 
anhydrous zinc chloride under a pressure of 70 atmospheres ethylene polymerized 
at 275° C. to various higher saturated and unsaturated aliphatic hydrocarbons 
together with various naphthenes. 

Davidson,^as a result of an investigation of the thermal decomposition of 
the ethane-propane mixture of natural gas, assigned an important role to ethylene 
in the production of aromatic hydrocarbons. It was assumed that ethylene yielded 
butadiene, thus: 

CH,-=CH, -f CHt—CH, —>. CH,--CHCH=-CH, + H, 

The condensation of another molecule of ethylene with butadiene would yield 
cyclohexene which probably had no separate existence, but broke down to benzene 
and hydrogen. In 1922 Zanetti, Suydam and Offner studied the effect of tem¬ 
perature on the yield of butadiene. A stream of ethylene was passed through a 
tube (material unstated) at a constant rate of 7.8 liters per hour (heating dura¬ 
tion, 0.8 min.). The proportion of butadiene formed reached a maximum of 0.96 
per cent of the ethylene supplied at 750° C, its formation beginning between 550° 
and 600° C. and dropping off between 850° and 900° C. The falling off in the 
production of butadiene above 750° C. is coincident with the beginning of the 
formation of aromatics. P'rom this it was suggested that the formation of aro¬ 
matic hydrocarbons from ethylene takes place, at least in part, through the inter¬ 
mediate formation of butadiene. Williams-Gardner also recognized that 
ethylene is important in the formation of aromatic hydrocarbons from ethane at 
temperatures above 750° C. 

Walker studied the reactions of ethylene at temperatures between 100° and 
600° C. in the presence of various catalysts. In Jena glass in the absence of a 
catalyst ethylene was stable at temperatures below 600° C. Silica, silica gel plus 
borax, silica plus lime, lime, borax, calcium silicate, and zinc oxide were found 
to be inert towards ethylene up to 600° C. but ethylene reduced ferric oxide 
(FeaOa) completely at 500° C., zinc oxide at 800° to 900° C., and lead oxide at 
600° C. At temperatures from 100° to 550° C. ethylene was partly polymerized 
by metallic sodium to a colorless oil with gradual production of sodium ethylene 
carbide. Nickel and iron promoted the formation of carbon, hydrogen, and 
methane. 

The thermal decomposition of ethylene in the presence of silica was studied 
by Hague and Wheeler.*^® Samples of ethylene were heated at different tempera¬ 
tures in quartz bulbs for three hours and the resultant gases analyzed. Between 
400° and 700° C. the ethylene was found to polymerize, yielding butylene, the 
optimum temperature being 500° C. The results are given in Table 17. 

Several “stream" experiments were carried out at 600°, 650°, and 700° C. and 
the resulting gases brominated yielding butylene dibromide and butadiene tetra- 
bromide. Liquid hydrocarbons, principally aromatic, were obtained at the higher 
temperatures, the optimum temperature for their production being 750°-800° C. 

1913, 46, 1748. 

»»>/. Ind, Eng. Chem., 1918, 10, 901. 

C.5.. 1922, 44, 2036. 

''*Fuel, 1925, 4, 430. 

Phys. Chem.. 1927, 31. 961. 

1929, 390. 
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Table 17 .—Effect of Heating Ethylene in Silica Bulbs for 3 Hours, 


Analysis of Resulting Gas (per cent by volume) 


Temp. 

"C. 

Higher 

Olefins 

CaHa 

Ha 

CH« 

CaM« 

400 

3.5 

96.5 

— 

— 

— 

450 

8.0 

92.0 

— 

— 

— 

500 

13.7 

76.0 

— 

— 

10.3 

550 

7.9 

55.1 

2.9 

12.0 

22.1 

600 

6.0 

30.0 

2.7 

25.4 

35.1 

650 

4.2 

19.0 

11.2 

52,7 

12.9 

700 

1.9 

16.5 

15.4 

57.5 

8.7 

750 

0.7 

8.2 

18.7 

67.0 

5.4 


and the total yield at 800° C. representing 28.9 per cent of the ethylene passed. 
Table 18 shows the results of some stream experiments in silica tubes. 


Table 18. —Decomposition of Ethylene. 


Temp. 

Total 

Benzene 

Higher 

* C. 

Liquids 

Fraction 

Olefins 


-Per Cent- 


700 

13.5 

6.6 

9.2 

750 

25.5 

13.1 

4.4 

800 

28.9 

10.7 

1.4 

850 

15.5 

7.8 

0.4 


Gas Analyses (per cent by volume) 


CaHa* 

CaHa 

Ha 

CHa 

8.2 

55.2 

5.9 

8.7 

4.8 

40.5 

13.1 

28.8 

4.2 

16.1 

27.9 

44.0 

1.1 

6.6 

35.6 

50.0 


• These figures for the acetylene content were too hitth. On passing some of the reaction gas 
through ammoniacal .silver chloride only traces of precipitate were formed. 


From a study of the non-catalytic pyrolysis of ethylene at 450° to 600“ C. at 
ordinary pressure, Pease concluded that butylene is the first product of the 
reaction. The precise nature of the reaction is not clear but it is probable, accord¬ 
ing to Pease, that molecular excitation and chain reactions play important roles. 
Later, he made a study of the kinetics of the polymerization of ethylene at 
2.5, 5, and 10 atmospheres pressure in the temperature range 350° to 500° C. It 
was found that at least 50 per cent of the ethylene may be polymerized to gaseous 
and liquid monolefins without the formation of more than a few per cent of 
hydrogen and saturated hydrocarbons. The polymerization reaction, which is 
probably homogeneous, was found to be approximately bimolecular and to have 
a temperature coefficient of 2.3 per 25° C., which is abnormally low for this type 
of change. 

Some of the data from the previously mentioned work of Schneider and 
Frolich on the cracking of ethylene in silica tubes at a pressure of 0.2 atmos¬ 
phere are shown in Figure 10. These results indicate that at zero reaction there 
are formed for each 100 moles of ethylene reacting about 41 moles of hydrogen, 
36 moles of butadiene, 12 moles of propylene and 3 moles of butylene. They also 
indicate that about 72 per cent of the ethylene reacting forms butadiene and 
hydrogen as initial products: 

2 GH 4 —>- CH,=CH~.CH--CHa + Ha 

Since a positive test for acetylene was always obtained, the excess of 5 moles of 
hydrogen may have come from a reaction producing acetylene. Ethane and 
methane were found to be definitely secondary products but it was observed that 

J.A.C.S., 1930, 52, 1158. ' 

1931, 53. 613; Brit. Chetn. Abs. B, 1931, 436. 

Ind. Eng. Chem., 1931, 23, 1405. 



THERMAL DECOMPOSITION OF HYDROCARBONS 


69 


propylene was a primary pyrolytic product under the experimental conditions. 
This conclusion, though at first sight rather improbable, has been substantiated 
by the work of Lenher,*^® who found that propylene was the most important 
product of the polymerization of ethyl¬ 
ene during the slow oxidation of ethyl¬ 
ene with oxygen at tempera^:ures of 
450° to 520° C. A number of experi¬ 
ments with high ethylene concentrations 
and oxygen concentrations of about 5 
per cent showed that below 520° C. 
propylene and butylene are the only 
hydrocarbons formed in oxygen-acti¬ 
vated polymerizations. Thus, an ex¬ 
periment at 505° C. using a gas 
containing 87.0 per cent of ethylene and 
8.8 per cent of oxygen and a time of 
reaction of 3.0 seconds, a 30.5 per cent 
yield of higher olefins was obtained. 

By careful analytical fractionation 
these were found to consist of 83 per 
cent of propylene and 14.6 per cent of 
butylene. A slow-oxidation experiment 
at 600° C. yielded a hydrocarbon prod¬ 
uct consisting of 59.3 per cent of 
propylene, 2.2 per cent of butylene, and 
28.4 per cent of amylenes. In order to 
account for the formation of propylene 
as an initial product in the activated polymerization process Lenher advances 
three possible mechanisms (a) by intermolecular collision, (b) by the formation 
of an excited intermediate molecule C^H/ (not butylene) which then reacts with 
a further molecule of ethylene thus: 



Courtesy Industrial and Engineering Chemistry. 

Fig. 10.—pyrolysis of Ethylene (in Silica) 
at 725® C. and 0.2 Atmosphere. 
(Schneider and Frolich.) 


2GH4 - GH/ 

GH/-f-GH4 -2GH, 


and (c) the condensation of a free methylene radical with ethylene according to 
the scheme: 

CH,=CH, —2(CH,-=) 

CH,--CH, + (CH,=) —CH,CH-=CH, 


Lenher considers that the last explanation is perhaps more probable than the 
others. 

The production of liquid, mainly aromatic, hydrocarbons by the high tem¬ 
perature pyrolysis of ethylene has been studied by a number of workers includ¬ 
ing Smolenski,^=^^ Waterman and Tulleners,*^^ Mailhe and Renauclie,^--^ and Berl 
and Forst.^2^ The last named employed a porcelain reaction tube at a temperature 
of 800° to 900° C. and obtained up to 43 per cent of liquid products containing 
aromatic hydrocarbons, benzene, naphthalene, and anthracene, as well as cyclo¬ 
pentad iene. 

^••j.A.c.s., 1931, 53, 3;s2. 

^nPrtemysl Chem., 1927. 11. 146; Chem. Abs., 1929, 23. 2929. 

Brennstoff Chem., 1930, 11, 337; Brit. Chem. Abs. B, 1930, 975. Cf. J. Inst. Pet. Tech., 1931, 
17, 506; Chem. Abs., 1932, 26, 308. 

^»Compt. rend., 1930, 191, 265; Chem. Abs., 1930. 24. 5283. 

*** Z, angew. Chem., 1931, 44, 193; Brit. Chem. .4bs. A. 1931, 596. 
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Propylene 

The pyrolysis of propylene in pyrex glass or quartz tubes at temperatures 
above 600® C. (below which temperature no change occurred even when the 
contact time was 50 seconds) was studied by Hurd and Meinert/^® who concluded 
that the reaction was predominantly homogeneous and unimolecular. The prod¬ 
ucts of pyrolysis consisted of hydrogen, methane, ethylene, and paraffin gases 
(chiefly ethane), while in certain experiments 20 to 25 per cent of the propylene 
was converted into a liquid of an aromatic nature. When pyrolyzed in monel 
metal tubes propylene was found to undergo profound decomposition even at tem¬ 
peratures as low as 350® C. and the products consisted largely of carbon and 
hydrogen. The reaction in monel metal tubes was found to be autocatalytic, the 
sooty carbon deposited on the walls of the tube at the beginning of the experiment 
accelerating the reaction so that it proceeded much more rapidly after 20 minutes. 

Wheeler and Wood studied the pyrolysis of propylene in a vertical quartz 
reaction tube at temperatures of 650° to 900° C. and found that liquid hydrocar¬ 
bons could be obtained in yields as high as 40 per cent under certain conditions. 
The results of the experiments of these investigators are shown in Table 19. 


Table 19. — Pyrolysis of Propylene in Quarts Tubes. 


Temp. 650“ C. 

700“ C. 

750“ C. 

800“ C. 850“ C. 

900“ C. 

Contact time, seconds. 58.2 

55 

52.5 

50 

47.7 

45.7 

Yields (per cent by weight of propylene) 



Total liquids . 5.2 

20.3 

35.6 

40.6 

33.8 

11.9 

Distillate up to 170“ C. 3.2 

12.9 

20.4 

19.0 

14.6 

6.8 

Carbon . Nil 

trace 

trace 

1.7 

9.5 

not deter- 






mined 

Analysis of Gaseous Products (per cent by volume) 


H, . 0.5 

7.0 

14.4 

23.6 

36.7 

66,5 

CH. 2.1 

18.9 

49.1 

70.7 

85.9 

86.1 

GH, . 2.5 

7,9 

6.8 

5.4 

4.5 

3.1 

C,H 4 . 7.7 

23.5 

37.0 

28.1 

18.6 

8.0 

C,H« . 86.9 

4S.6 

10.4 

1.5] 



C 4 H, . 4.1 

6.5 

2.0 

0.5 1 

0.5 

0.5 

C 4 H. . 0.2 

0.6 

0.4 

0.3 J 




The lower-boiling liquids obtained from the decomposition at 650° C. were 
mainly monocyclic hydroaromatic hydrocarbons with one double bond in the 
ring, while those produced at 700° C. were mainly benzene and toluene. At 
higher temperatures more complex aromatic hydrocarbons predominated in the 
liquid products. Wheeler and Wood concluded that one of the most important 
primary reactions occurring in the pyrolysis of propylene was its decomposition 
into equal molecular proportions of ethylene and butylene according to the 
equation: 

2GH. —GH. + C«H,. 

The work of Schneider and Frolich has shed much light on the nature of 
the primary reactions occurring in the pyrolysis of propylene in silica reaction 
tubes at 725° C. The experimental results obtained at 0.2 atmosphere pressure 
are shown in Figure 11, from which it will be seen that at zero reaction about 
48 per cent of propylene is converted into ethylene and butylene according to 

1930, 52, 4978. 

1930, 1819. 

Eng. Chem., 1931, 23, 1405. 
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CCMT KCACTINO 

Courtesy Industrial and Engineering Chemistry. 

J'lG. 11.—Pyrolysis of Propylene (in Silica) at 725® C. and 0.2 Atmosphere. 

(Schneider and Frolich.) 

the above reaction, while about 10 per cent goes to form butadiene and ethane 
according to the reaction: 

2C3iro —GHo + CH. 

Hydrogen, methane, and unsaturated hydrocarbons containing five and six carbon 
atoms arc also formed asr primary products, apparently by such reactions as 

2GH,; ->- C.IF+CH 4 and 2G.H.. -GH,.. + Hs 

Tn spite of the fact that the above mechanism would indicate that propylene 
undergoes bimolecular reactions during pyrolysis, Schneider and P'rolicli con¬ 
firm the conclusion of previous workers that the cracking reactions behave 
approximately as first order homogeneous gas reactions. 

The production of lirjuid hydrocarbons by pyrolysis of propylene in the 
presence of silica gel at 650'’ C. and 700’’ C. has been studied by Mailhe and 
Renaudie,'-® \yho found that the liquid condensate contained low-boiling olefins, 
benzene, toluene, and m-xylene, as well as more complicated polynuclear aromatic 
hydrocarbons. 

Groll,^-*’ from a study of the pyrolytic conversion of ethylene, propylene, 
propane, n-butane, isobutane, and 2-butene at about 800® C., observed that 
propylene yielded the highest proportion of aromatic hydrocarbons. Diminished 
pressure and reaction time and lower temperature favor the formation of 
acetylene. 

Butylenes 

The pyrolysis of the two straight-chain isomers, 1-butene and 2-butene, in 
vertical silica reaction tubes and at atmospheric pressure has been studied by 
Wheeler and Wood.^’’'^ The decomposition products of the two isomers were 
similar, though 2-butene was somewhat more stable than 1-butene.Approxi- 

Corner, rend.. 1930, 191, S.Sl; firit. Chem. .-Ihs. A. 19.0, 60. 

Jnd. Eng. Chem., 1933. 25. 7S-4; Miitish Patent 369.35!, 1930; asNisned to Bataafschc Petroleum 
Maatschapnij; Chem. Abs., 1933, 27. 2163. 

19,10, 1819. 

Tn convert l-butene to 2-lMitene. Kuiikc ami Mueller-t'unraOi (U. S. Patent, 1.914,674. June 

1933; assi^Mied to I.G. I'nrbenitulustrie A. G.; Chem. .Ihs., 1933, 27. 4253) projtosed heatinK at 
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mately equal volumes of methane and propylene were produced at 600° C., 
indicating that a probable primary reaction was the rupture of the terminal 
carbon-carbon bond, followed by hydrogenation of the radicals so formed. The 
hydrogen necessary for the latter process was believed to come from the simul¬ 
taneous formation of butadiene according to the equation: 

C*H. —^ C4H,+ H, 

Large quantities of liquid products were formed during the pyrolysis of these 
butenes, oil formation being at a maximum at about 750° C. The liquid products 
formed at lower temperatures (600° C.) contained large proportions of cyclo¬ 
hexene and cyclohexadiene hydrocarbons, particularly the former, but benzene 
and toluene were present in comparatively small amounts. At higher tempera¬ 
tures the liquid products were predominantly aromatic in character. The results 
of Wheeler and Wood on the pyrolysis of 1-butene and 2-butene are summarized 
in Table 20. 


Table 20.— Pyrolysis of 1-Butene and 2-Butene in Silica Tubes. 


Temp. 

. 600" C. 

650" C. 700" C. 

750" C. 800" C. 850" C. 

900" C 

Contact time, 

, seconds_ 61.5 

58.2 55 

52.5 50 

47.7 

45.7 



1-Butene 





Yields (per cent by weight of butene treated) 



Total liquids 

. 12.9 

29.8 35.8 

39.6 39.4 

35.0 

13.9 

Distillate up 

to 170" C. ... 6,5 

20.3 23.6 

22.4 19.9 

16.2 

7.8 

Carbon .... 

. Nil 

Nil trace 

trace 1.0 

4.7 

7.1 


Gas Analysis (per cent by volume of butene treated) 


H, . 

. 0.8 

6.2 11.9 

17.3 27.2 

50.5 

85.2 

CH 4 . 

. 8.1 

37.2 62.1 

78.S 89.0 

95.7 

103.3 

C,H. . 

. 1.9 

7.1 10.6 

9.7 7.6 

6.1 

5.0 

C,H4 . 

. 3.2 

14.2 22.3 

31.4 30.2 

20.6 

9.6 

CsH. . 

. 7.6 

24.5 19.6 

5.6 2.01 



C 4 H, . 

. 54.1 

19,8 2.1 

1 in 

^ 1.0 

0.9 

C4H4 . 

. 0.9 

1.7 1.4 

0.2 ] j 

[ 




2-Butene 





Yields (per cent by weight of butene treated) 



Total liquids 

. 5.2 

27.0 37.0 

39.6 37.9 

31.6 

12.4 

Distillate up 

to 170" C... 1.4 

17.2 25.8 

23.2 18.6 

14.2 

6.1 

Carbon .... 

. Nil 

Nil trace 

trace 1.4 

4.7 

5.4 


Gas Analysis (per cent by volume of butene treated) 


H, . 

. 0.9 

4.9 11.1 

17.6 28.4 

48.4 

83,3 

CHi . 

. 2.8 

31.4 62.0 

76.5 90.0 

96.1 

103.1 

CsH. . 

. 1.2 

7.8 11.8 

9.1 7.9 

5.7 

3.7 

C,H4 . 

. 1.3 

8.9 19.8 

27.9 24.4 

16.9 

8.3 

C.H. . 

. 2.6 

17.8 19.2 

5.3 1.6 1 



C.H. . 

. 65.0 

20.0 2.6 


1.2 

1.6 

C4Ha . 

. 0.8 

1.7 0.9 

0.4 J j 




In the presence of silica gel at 650° to 700° C, 1-butene formed liquid un¬ 
saturated hydrocarbons and benzene, toluene and m-xylene, together with 40 per 
cent (by volume) each of propylene and methane, according to Mailhe and 

550’ C. in an empty quarts tube or at 420* C. in contact with calcium oxide, aluminum phosphate 
on pumice or bauxite. Temperature has been shown to play two roles in this isomerization: it changes 
the rate and permanently changes the power of the catalyst, according to Matignon, Moureu, and 
Dode KCompt. rend., 1933, 196, 973, 1560; Chem. Abs., 1933, 27, 2934, 3910). 
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Renaudie.^®^ 2-Butene at a higher temperature yielded somewhat more benzene 
and toluene in addition to naphthalene and anthracene. . 

A study of the pyrolysis of isobutylene was made by Hurd and Spence,^®* who 
subjected this hydrocarbon to thermal treatment in pyrex glass tubes at 600® to 
700° C. Isobutylene was found to be much more stable thermally than isobutane 
and its decomposition was very slow at 600° C. In other respects, the reactions 
of these two hydrocarbons were also materially different. Isobutane decomposed 
initially into gaseous hydrocarbons of lower molecular weight, but isobutylene, 
on the contrary, gave higher molecular weight hydrocarbons. Thus, nearly half 
of the decomposed isobutylene was converted into liquid hydrocarbons, the re¬ 
mainder appearing as gaseous products. Table 21 gives some of the results of 
Hurd and Spence on isobutylene. 


Table 21.— Decomposition of Isobutylene in Pyrex Glass Tubes. 

Cc. Gaseous Products per Liter Isobutylene Oil Yield 



Contact 

% 

Temp. 

Time 

Decom¬ 

‘’C. 

Sec. 

position 

599 

200 

20 

652 

27 

22.7 

652 

13 

11.1 

700 

12 

30.2 

700 

18 

47.7 


Decomposed 


Iso- 


GHa 

CH 4 

C4HtO 

H, 

305 

590 

270 

175 

172 

286 

176 

150 

144 

135 

198 

54 

218 

586 

133 

242 

228 

655 

61 

260 


CsH, 

GH4+ 

Aro- 

matics 

% Iso¬ 
butylene 
Decom¬ 
posed 

15 

90 

_ 

35 

31 

39.6 

108 

99 

63 

43 

66 

46.6 

59 

69 

63 


It is remarkable that no butadiene was found in the gaseous reaction products. 
An examination of the liquid products obtained at 700° C. showed that these 
consisted chiefly of aromatic hydrocarbons, benzene and toluene having been 
identified and the probable presence of xylene, naphthalene, anthracene, and 
phenanthrene indicated. The fraction boiling up to 76° C. gave evidence of 
containing appreciable amounts of unsaturated hydrocarbons. The decomposition 
of isobutylene was found to be homogeneous and unimolecular. 

Hurd and Spence suggest, as the mechanism of the reaction, that heat may 
rupture the C—C or C—H bonds, and that it may activate the C—C double bond. 
The double bond is considered sufficiently strong to resist complete rupture, 
thereby creating a radical with two free bonds. Three such “activated" olefin 

II 

molecules from isobutylene, that is, (CH 8 ) 2 C— CHg, would, by combination, 
produce a cyclohexane derivative, which, at the elevated temperature of forma¬ 
tion, would be dehydrogenated into benzene derivatives. 

It seems more than likely, however, that at least one of the reactions taking 
place in the thermal decomposition of isobutylene (judging from the production 
of propylene and methane) is the formation of free radicals (one of which is 
the methyl radical) followed by hydrogenation by the hydrogen derived from 
another phase of the process thus: 


CH, 

HaC-C—CHa 


CH, 

I 


HaC-+—C=CH, 


+ Ha 


CH, 

h(!:=ch. + CH. 


^^j4nn. combustibles liquides, 1931, 6, 79; Chem. Zentr., 1931, 2, 1270; Brit. Chem. Abs. A, 
1932. 250. 

J.A.C.S.. 1929, 51, 3561: the pyrolysis of isobutylene was also investigated by Noyes {Mass. 
Inst. Technology Quartcrlv, 1888, 1, 278), Ncf, (.dnn., 1901, 318, 24), Lel)edev and Kobliansky (Ber., 
1930, 63. 103, 1432), Ipatiev {Ber., 1903, 36, 2003), and by Ipatiev and Sdzitovecky {J. Russ. Phys.- 
Chem. Soc., 1907, 39, 897). 
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Pentenes 

Of tlie pentenes studied, trimethylethylene appears to be the most stable and 
isopropylethylene the least so, Norris and Reuter showed that isopropyl- 
ethylene undergoes isomerization to trimethylethylene to the extent of 10 per cent 
when heated in a silica tube containing alumina for 16 seconds at 450® C. With 
a similar heating period, the isomerization was 29 per cent in the presence of 
phosphoric acid at 500® C., and 47 per cent in the presence of aluminum sulphate 
at 425® C. Under similar conditions neither trimethylethylene nor 2-pentcne 
undergo any change. Previously, Ipatiev reported that isopropylethylene is 
isomerized to trimethylethylene to the extent of about 80 per cent by exposure to 
silica at 500® to 505° C. or to alumina at 525° to 535° C. 

The decomposition of 2-pentene in silica tubes at 600° C. was investigated by 
Norris and Reuter,^®® who obtained the following proportions of products in 
percentages by weight: 2-pentene, 33%; hydrocarbons of higher molecular 
weight, 15%; methane, 7.8%; butadiene, 8%; butylene, 8%; propylene, 4%; 
ethylene, 2%. Some carbon was deposited in the reaction tube but no free 
hydrogen was found among the products. In the mixture of hydrocarbons of 
molecular weights lower than 2-pentene, the components were present in the 
following approximate molecular ratio: methane, 100; butadiene, 27;, propylene, 
21 ; ethylene, 15. 

An interpretation of these results is necessarily difficult on account of the 
complexity of the products but it is evident that polymerization, demethanation, 
and dehydrogenation proceed simultaneously. Since the number of molecules of 
methane was approximately equal to the number of molecules of other hydro¬ 
carbons present, loss of a methyl group can be assumed with subsequent hydro¬ 
genation of the unsaturated residues formed thus: 

CH,CH,CH=CHCII. —>- CH,CH,CH=-CH— + CHr- 

CH,CH,CH=CH, + CH* 

The hydrogen necessary for the latter process was presumably produced partly 
from decomposition of hydrocarbons with deposition of carbon and partly from 
the dehydrogenation of butylene to give butadiene thus: 

CH,CH*CH=CH, —CH^CHCH=CH,-f H, 

Pyrolysis of 2-pentene in the presence of silica gel in a quartz tube at 
670° C. was found by Mailhe and Renaudie to yield a gas consisting of 52 
per cent propylene and butylene, 34 per cent methane and 6 per cent hydrogen, 
together with oil and tar. At the same temperature isopropylethylene yielded 47 
per cent ethylene homologues, 38 per cent methane, 7 per cent hydrogen, and oil 
and tar. 

Norris and Reuter examined the pyrolysis of trimethylethylene at a tempera¬ 
ture of 650° C. under conditions similar to those used with 2-pentene. As before, 
no free hydrogen was produced and the products of decomposition consisted of 
one-third higher molecular weight substances and two-thirds of substances of 
lower molecular weight with methane making up about 50 per cent of the gases 

1927. 49, 2624. 

1903, 36, 2003; J. Russ. Phys.-Chcm. Soc., 1902, 34, 839. 

I.oe. cit. 

rend.. 1931, 192, 561; Chcm. Abs., 1931, 25. 2682. 
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formed. Here again, demethanation followed by hydrogenation of the residues 
would suffice to explain part of the decomposition process thus: 

CH, CH, CH, 

I I 4-lla J 

H,C—C=^CHCH, —H,C--C==CH- + —CH. —H,C~-C=CH, + CH. 

No 1,3-butadiene was observed in the reaction gas, which is in agreement 
with the theory since isobutylene could not be dehydrogenated to 1,3-butadiene 
without rearrangement. 

Staudinger, Endle and Herold studied the ^ pyrolysis of trimethylethylene 
at 750° C. at atmospheric pressure and also under reduced pressure. Working 
at 15 mm. pressure, 50 grams of trimethylethylene yielded 8.3 grams of isoprene, 
0.2 gram of butadiene and about 1.1 grams of ethylene together with some 
propylene. An earlier investigation of Haber and Oechelhauser on the pyroly¬ 
sis of this amylene at temperatures from 600° to 1060° C. in porcelain tubes 
showed that at lower temperatures (750°-790° C.) the gaseous products consisted 
mainly of ethylene and methane. At higher temperatures (1050°-1060° C.) the 
gaseous products contained 50 per cent hydrogen, 30 per cent methane, and only 
5 per cent ethylene, heavy aromatic tars being also formed. 

Of considerable scientific interest is the work of Norris and Thomson,^*® who 
made a careful determination of the temperatures at which 1 -pentcne, 2 -pentene, 
and trimethylethylene begin to decompose when heated in a Pyrex glass vessel 
for one hour. The observed initial cracking temperatures of 1-pentene, 2-pentene, 
and trimethylethylene were about 389° C., 400° C., and 433° C., respectively, 
while breaks in the curves at 420° C., 421° C., and 488° C., respectively, indicated 
that a second type of cracking reaction takes place at these temperatures. Above 
a certain temperature the rates of expansion of the heated vapors of each hydro¬ 
carbon either remained constant or decreased as the temperature was raised, 
indicating that both pyrolysis and polymerization reactions were then taking 
place. It was found that a trace of moisture doubled the rate of cracking of 
2 -pentene at temperatures just above the initial cracking temperature, which was 
not, however, altered by such addition of water vapor. 

Higher Olefins 

Hurd and Bollman studied the pyrolysis of diallyl, 4-niethyl- 1 -pentene, 
allylcyclohexane, and 4-phenyl-l-butene. In contrast to propylene and iso- 
butylene,^*^ which require temperatures of 700° C. or above for extensive decom¬ 
position, these olefins decomposed considerably in the range of 425° to 500*' C. 
A predominating proportion of propylene with no allene and only a small pro¬ 
portion of ethylene was formed. In every case high-boiling polymerization 
products were also encountered. Hurd and Bollman explain these facts by assum¬ 
ing that a-olefins undergo a preliminary scission into radicals at the allyl bond: 


. R-C.H. —R-4-C,Hr- 

These radicals then acquire hydrogen atoms from some source, presumably largely 
from the original hydrocarbon, and escape as RH C 3 H 0 . The dehydrogenated 


Ber^ 1913, 46, 2466, 

Casbei., 1896, 39 , 799, 805, 813, 830, Haber, Bcr., 1896, 29 , 2691. 

1931, 53 , 3108. 

J A C S 1933 55 699 

‘“Hurd'and Spence,’1929, 51 . 3561; and Hurd and Meinert, J.A.CS., 1930, 52 , 4978; 
previously mention^ in this chapter. 



76 CHEMISTRY OF PETROLEUM DERIVATIVES 

material may undergo polymerization, in common with the original unsaturatecl 
hydrocarbon. From this work they conclude that simple scission into two com¬ 
pounds (such as that of n-butane into ethane and ethylene or methane and 
propylene) should not be considered the primary effect, even though each of thetn 
may be found in the reaction products. 

Hugel and Szayna studied the pyrolysis of a mixture of straight-chain 
octenes (consisting essentially of 40 per cent 1-octene and 60 per cent 2-octenc) 
in quartz tubes over the temperature range 290° C. to 600° C. The lowest tem¬ 
perature at which any change was detected was about 365° C. where the reaction 
products had a wider boiling range (117° to 130° C.) than the initial material 
(boiling range 121.5° to 124° C.)» though no appreciable evolution of gas 
occurred. This effect was presumed to be due to isomerization of the straight- 
chain octenes to branched-chain isomers of lower boiling points.^^^ Above 
400° C., part of the octene decomposed with production of gas and a low-boiling 
liquid as well as some tar and carbon. The low-boiling liquid produced at 440° C. 
showed indications of the presence of unsaturated cyclic hydrocarbons while that 
obtained by pyrolysis at 540° C. and 600° C. contained benzene. The composition 
of the gaseous products of cracking at various temperatures is summarized in 
Table 22. 

Table 22, —Gaseous Products of Pyrolysis of Octene in Silica Tubes. 

Gas Produced 
in Moles per 

Mole of Octene -Gas Analysis (per cent by volume)- 


Temp. ® C. Decomposed Paraffins Olefins Acetylenes (?) H» 

438«-444« c. 1.01 87 8.5 — 4.5 

480M90" . 1.54 73 17.5 3 6.5 

540‘‘-549" . 2.63 69 19.5 5 6.5 

COO'* . 2.70 67 15 4.5 13.5 


A comprehensive examination of the thermal decomposition of hexadecene at 
atmospheric, and also at superatmospheric pres.sures, has been made by Gault 
and his collaborators.^’*® Hexadecene, prepared by the distillation of cetyj palmi- 
tate under diminished pressure, was subjected to pyrolysis in the absence of 
catalysts at temperatures of 350° to 725° C. The gaseous products of cracking 
contained a maximum of 66 to 68 per cent unsaturated hydrocarbons at 575° to 
600° C, this optimum production of unsaturated gases being coincident with a 
minimum (about 26 per cent) content of saturated gaseous hydrocarbons. As 
the temperature of the decomposition was raised the proportion of saturated 
gaseous hydrocarbons increased, that of unsaturated gases diminished, and the 
yield of hydrogen, which appeared at the beginning of the pyrolysis, increased 
with rising temperature. Ethylene, propylene, butylene, amylene, and butadiene 
were identified in the gaseous products of cracking by means of their bromine 
addition compounds. The proportion of butadiene in the gaseous products varied 
from 4 per cent to 7 per cent and reached a maximum at about 500° C., being 
equal at this temperature to about 1 per cent of the original hexadecene. At 
6()0° C. and over, some carbon was deposited and aromatic hydrocarbons began 
to preponderate in the liquid products. It was considered by these investigators 

Ann. combustibles liquides, 1926, 1, 781. 

Numerous cases of the isomerization of inonolefins under the influence of heat have been 
reported, especially in the presence of catalysts. Among the higher monoleflns, 2,6-dimcthyl7-octene 
has been shown to be completely i.somerized to 2.6-dimethyl-6-octene in the presence of palladized 
asbe.stos at 200** C. in the vapor phase (Zelinsky and Levina, Bcr., 1929, 62, 1861, 

Gault and Altchidjian, Compt. rend., 1924, 178, 2092; Ann, chim., 1924, (10) 2, 209; Gault, 
ITessel and Altchidjian, Compt. rend., 1924, 178, 1562. 
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that the main steps in the pyrolysis of hexadecene at atmospheric pressure con¬ 
sisted in the splitting off of methane from the ends of the hexadecene molecule, 
the olefinic residues thus formed subsequently undergoing further disintegration 
into smaller fragments. Hugel and Goldthorpe showed that, in the presence of 
nickel-impregnated pumice at 350° C., hexadecene undergoes rapid decomposition 
with a copious production of free carbon. A similar result was obtained using 
iron-pumice catalyst at 425° C., although with pumice alone carbon deposition 
was first noticeable at 500° C. 

Pyrolysis of Olefins Under Pressure 

Before leaving the subject of the thermal decomposition of the olefins, ref¬ 
erence must be made to work carried out on the effect of heating olefins under 
pressure. In this connection the work of Ipatiev on the high pressure condensa¬ 
tion of ethylene at temperatures above 325° C. has already been discussed. 

Ipatiev also studied the effect of heating isobutylene in a closed tube at 
380° to 390° C The gaseous products consisted of 10.8 per cent hydrogen, 69.6 
per cent CnH^n hydrocarbons, and 20.1 per cent CnHjn+s hydrocarbons. The oil 
obtained from 500 grams of isobutylene distilled as follows: 


“C. 

Grams 

®C. 

Grams 

23-100 . 

. 70 

215-260 . 

. 82 

100-150 . 

. 105 

260-280 . 

. 55 

150-190 . 

. 55 

Over 280 . 

. 60 

190-215 . 

. 58 




Paraffins and olefins were present in the lower-boiling fractions and cycloparaffins 
as well as olefins and hydrocarbons deficient in hydrogen were found in the 
higher fractions. No aromatic hydrocarbons were identified. It would appear 
that polymerization of the olefin to di- and tri-isobutylene and higher polymers 
occurs first, followed by decomposition and cyclicization of the polymers. The 
first stage of the polymerization reaction may probably be written: 


CH, 

\ 

C 

ch/ 


H 

I 

=CH + 


CH, 

IUh, 

dii. 


CH, 

\ 


CH, 

C=CH—i—CH. 

/ I 

CH, CH. 

Diisobutylene 


Engler and Rutala studied the effect of heating amylene in a sealed tube. 
Heating at 230° C. for eleven days raised the specific gravity from 0.6647 to 
0.6725 and halved the bromine absorption, and heating for twelve days at 300° C. 
raised the specific gravity from 0.6647 to 0.7505. By heating 350 grams of com¬ 
mercial amylene for 32 days at 325° C. ten liters of permanent gas containing 
10 per cent of hydrogen, 1.5 per cent of hydrocarbons having the formula CnHjn, 
and 91.1 per cent of hydrocarbons having the formula were produced 

as well as a liquid having a bluish-green fluorescence and a terpene-like odor. 
The higher-boiling fractions were rich in olefin hydrocarbons, which were re¬ 
moved from the oil by fuming sulphuric acid. The resulting olefin-free oil was 
fractionated, and the following hydrocarbons were shown to be present: pentanes. 


Ann. combustibles liquides, 1928, 3, 613. 
1911, 44, 2978. 

*^Ber., 1909, 42, 4620. 
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hexanes, heptanes, cyclohexane, methylcyclopentane, heptanaphthene, octane, 
octanaphthene, nonanaphthene, decanaphthene, undecanaphthene, dodecanaphthene, 
tetradecanaphthene, pentadecanaphthene, and higher-boilinj? cycloparaffins (as well 
as hydrocarbons more deficient in hydrogen in the highest-boiling fractions). 

Engler and Eberle heated a hexylene (consisting of a mixture of 1-, 2-, 
and 3-hexenes;^'*®* b.p. 67°-68° C; d\^ 0.687) for 14 days in a sealed tube at 
360® to 365® C. The product boiled between 67® C. and 240° C. and had a lower 
bromine absorption (especially in the higher fractions) than.the original hexylene. 
Low-boiling paraffins and cycloparaffins, such as cyclohexane and dodecanaph¬ 
thene, were present and the higher fractions were poorer in hydrogen than a 
substance of the formula CnHon- It was concluded that besides polymerization 
of the hexylene to higher olefins, cyclicization to cycloparaffins and subsequent de¬ 
composition of the higher polymers to substances both richer (i.e., paraffins) and 
poorer in hydrogen had taken place. 

A comprehensive study of the reactions induced by heating hexadecene 
under pressure at a temperature of about 300° C. showed that polymerization to 
higher monolefins, and C 48 H 9 (., was the predominant process especially 

'in the absence of a gaseous phase. As might be expected, the polymerization 
reactions were greatly accelerated by higher pressures and a study of the process 
as a function of time indicated that it was probably an equilibrium dependent upon 
the pressure and temperature. 

The effect of heat and pressure on a vapor phase cracked gasoline has been 
investigated by Payne’ and Lowy.^*' The gasoline was produced by cracking a 
light solar oil at 600® C. under a pressure of 100 pounds per square inch for 10 
minutes. Some of the gasoline distillate so obtained was heated at 300° C. under 
68 atmospheres pressure for 6 hours in a steel bomb. Analyses of the original 
and heat-treated distillates indicated that not only had a decrease in the percentage 
of olefin hydrocarbons been effected, but also an increase in the percentage of 
naphthenes. (See Table 23.) 

Table 23. — Effect oj Heat and Pressure on l^apor Phase Cracked Gasoline. 

Original Distillate Treated Distillate 
to 201.5" C. to 201.5" C. 


-Per Cent- 

Olefins . 35.0 24.5 

Aromatics . 17.0 15.5 

Naphthenes . 25.9 34.2 

Paraffins . 22.1 25.8 


Both the original and heat-treated gasolines were distilled and fractions taken 
approximately every 5.5® C., up to 201.5° C., and the fractions analyzed. It was 
observed that heat treatment had decreased the percentage of unsaturated hydro¬ 
carbons in the various fractions but had increased the percentage of naphthenes. 
Polymerization was thought to be responsible for the larger proportion of the 
distillate boiling above 201.5® C. after the heat treatment as well as for the dis¬ 
appearance of cycloalkenes and the formation of hydrocarbons containing hydro- 

Petroleum, 1907, 2, 915; Z. angetv. Chem., 1908, 2, 1589; Engler and Kutala, Dcr., 1909, 42, 4628. 

Welt, Ber., 1897, 30, 1494; Michael and Hartmann, Bcr., 1906, 39, 2150. 

^ Hugel and Cohn, J. Inst. Pet. Tech., 1929, IS, 744; Chimie et indnstric, Special No., March 
1930, 201; Chem. /tbs., 1930, 24, 5714; Ann. combustibles liquides, 1932, 7, J5; them. Abs., 1932, 
26, 4299; Hugel, 'J'rans. 2nd World Power Conf., (Berlin), 1930, 8, 56; Chem. Abs., 1932, 26, 
2853; J. Jnst. Pet. Tech., 1930, 16. 390A. 

Eftff. Chem., 19.12, 24, 4.12. 
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gen atoms easily replaceable by halogens (as indicated by the Johansen iodine 
substitution value). 

Diolefins 

The thermal behavior of the diolefin hydrocarbons has been but little studied. 
In the past, attention has largely been concentrated on the polymerization of 
conjugated diolefins under the influence of heat, with or without catalysts, to 
liquid, resinous, and rubber-like polymers (see Chapter 26). Cyclic unsaturated 
dimers (polymers of two molecules of the original substance) are principally 
obtained by heating these diolefins alone in sealed tubes at temperatures below 
300° C. Little has been reported on the pyrolysis of non-conjugated diolefins. 
The thermal decomposition of both conjugated and non-con jugated diolefins de¬ 
serves much more attention, since the former, particularly 1,3-butadiene, seem to 
be important in the production of aromatic from aliphatic hydrocarbons. 

Staudinger, Endle and Herold examined the pyrolytic decomposition of 
isoprene, butadiene, and 2,3-dimethyl-l,3-butadienc. It was found that isoprene 
was partly polymerized at 400°-500° C., yielding terpenc-like products together 
with amylene. Between 600° and 700° C. complete decomposition occurred and 
ethylene, propylene, and butadiene were present in the gaseous products. Above 
700° C. aromatic hydrocarbons appeared and at 750° C. and 800° C. aromatic 
hydrocarbons were formed almost exclusively. Thus, at 750° C. isoprene yielded 
44 to 55 per cent of a tar closely resembling coal tar and containing benzene, 
toluene, naphthalene, anthracene, and higher aromatics. The gaseous products 
contained butadiene, hydrogen, methane and ethylene, and carbon was deposited 
in the reaction chamber. 

Butadiene at 750° C. gave a mixture of aromatic hydrocarbons. At 800° C., 
using a quartz tube packed with coke, butadiene produced benzene, saturated liquid 
hydrocarbons, naphthalene, and anthracene. Similarly, 2,3-dinicthylbutadiene at 
800° C. yielded aromatic hydrocarbons. 


Summary of Thermal Reactions of Olefin Hydrocarijons 

Our knowledge of the mechanism of the thermal reactions of the olefin hydro¬ 
carbons is exceedingly scanty and only the simplest member, namely ethylene, has 
been examined in any detail. It appears, however, that the olefins are sharply 
differentiated from the corresponding paraffin hydrocarbons by the fact that, 
whereas the latter decompose initially with the production of substances of low'er 
molecular weight only, the olefins tend to produce, partly at any rate, quantities 
of higher molecular weight hydrocarbons, and at the same time some decompo¬ 
sition to lower molecular weight substances also takes place.'®-® Olefin hydro¬ 
carbons, in general, are more rapidly decomposed than paraffins, this difference 
becoming less, however, with increasing molecular weight of the compounds.'®® 
The synthesis of higher hydrocarbons from olefins by pyrolysis probably 
occurs in the first place by a simple polymerization to produce a higher olefin. 
Thus, eth 3 dene yields butylene, and isobutylene, diisobutylene. The polymerized 
olefin can, however, undergo decomposition in several ways so tliat the reaction 

1913, 46. 2466. 

i5a« jiurd hug. Chem., 1934, 26, 50) reviewed the work on pyrolysis of unsaturated hydro- 

carbon.s and placed the reaction products into the groups: Simple products with lower iMtiling iioints 
than the original substances, isomers and dehydrogenation products in the .same distillation range as 
the original hydrocarbons, and polymers with higher boiling i>oints than the original substance. He 
stated that contact time is more imi>ortant than size of tube or rate of flow of the gas through the tube 
tn pyrolysis, 

Tilich^ev and Feigin, Kept. Conf. Cracking Hydrog. Crosni, 1931, 1, 267; Brit. Chem. Abs. B. 
1932, 456; Chem. Abs., 1932, 26. 1105. 
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products tend to become cckmplex. The polymerization of olefins to produce 
higher olefins is possible thermodynamically up to 500® C. as has been shown 
by Sachanen and Tilicheyev.^®* There is no doubt that this process affords an 
explanation of the production of larger molecules from olefins in thermal decom¬ 
position. The application of pressure tends naturally to favor polymerization, 
as confirmed by the work of Ipatiev and others. 

The polymers so formed might be expected to be monolefins having molecular 
weights which are simple multiples of that of the parent matedal. There is much 
evidence in support of this supposition, particularly in thermal reactions carried 
oiit under pressure and at moderate temperatures, e.g., the thermal treatment 
of hexadecene at 300° C. under pressure yields monolefinic polymers of the type 
(CirtHy.,) Y, where x is a simple whole number. In the high-temperature pyroly¬ 
sis of the simple monolefins such as ethylene, it has usually been assumed that 
thermal polymerization gives rise initially to polymers of this type. Certain 
work, how'ever, particularly that of Schneider and FroHch, and also of Lenher, 
appears to indicate that reactions of the type 

3C,H4 —2GH.. 

e.g., the transformation of ethylene to propylene and not to butylene, can take 
place. The mechanism of such reactions is still very obscure. 

Though polymerization reactions are essentially favored by low temperatures 
and the presence of catalysts, they play an important role in the pyrolysis of 
olefins even at elevated temperatures and in the absence of catalysts. 

Isomerization of olefins to five- and six-membered cycloparaffins is possible 
thermodynamically up to about 500° C., though Sachanen and Tilicheyev consider 
that in commercial cracking operations the velocity of this reaction is too small 
to yield appreciable quantities of cycloparaffins. In the presence of catalysts, 
however, such as aluminum chloride, this isomerization can undoubtedly take 
place. 

Besides polymerization to higher olefins and isomerization to cycloparaffins, 
the olefin can also, in part, undergo decomposition with the production of lower 
hydrocarbons. The exact mode of scission is doubtful but this can probably tiikc 
place in several ways. Thus, an olefin molecule can break down to form two 
lower olefins (a change analogous to depolymerization) or a paraffin hydrocarbon 
can be split off and a diolefin produced. By the first reaction amylene would 
yield ethylene and propylene, while by the second, methane and butadiene would 
result thus: 

(1) CH3CM.CH,CH--CHa —>- CHaCH'-CH, + CH:r ■ C 

(2) CHaCHaCTlaCH-CHa —^ CH.-f CIh--CHCH- C:Ha 

The primary reactions in the thermal decomposition of olefins may then be con¬ 
sidered to be: 

(1) Polymerization to higher olefins. 

(2) Deconuxjsition with the production of lower olefins, paraffins, and diolefins. 

It appears from the work of Schneider and Frolich that some of the primary 
reactions of the olefins are much more complicated than was hitherto believed. 
For example, the most important primary reaction occurring in the non-catalytic 
pyrolysis of ethylene at 725° C. is one in which butadiene and hydrogen are 

19Z9, 62, 658. 
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formed (apparently without the intermediate production of butylene), according 
to the equation: 

2C,H4 —C 4 H. + H, 

It should be pointed out, however, that the formation of butylene as a transitory 
intermediate product in this reaction is not entirely disproved by the work of 
Schneider and Frolich and that at lower temperatures the reaction given above 
may be found to consist of two consecutive reactions; namely, polymerization 
to butylene and subsequent dehydrogenation of the butylene. Certainly it is 
difficult to visualize the exact mechanism of the 9 hange as written in the above 
equation. 

Finally an initial stage in the pyrolysis of olefins may be isomerization to a 
more stable unsaturated hydrocarbon. As the temperature rises the primary 
pyrolytic reactions, whicli are different for individual olefins, are obscured by 
secondary changes which appear to be the same for almost all olefins. These sec¬ 
ondary reactions yield aromatic hydrocarbons and hydrogen. Hague and Wheeler 
and a number of prior workers consider that aromatic hydrocarbons are pro¬ 
duced from olefins through the formation of butadiene. Thus, ethylene by 
polymerization gives butylene which loses hydrogen and is converted into buta¬ 
diene. A continuation of this process suffices to yield hexatriene, which can be 
supposed to yield Ijenzene by loss of hydrogen. 


Thermal Decomposition of Acetylene 

The pyrolysis of acetylene is of importance in the study of the thermal reac¬ 
tions of hydrocarbons especially from the point of view of the importance assigned 
to it as an intermediate product by various workers, more especially by Berthe- 
lot, who regarded acetylene as the fundamental source of all synthetic processes 
during pyrolysis. The great importance assigned to acetylene in the building up 
of larger molecules during pyrolysis has been to some extent discounted by later 
research, which has directed attention to the important functions of the olefins 
and diolefins. Nevertheless, it appears that acetylene is, in some cases, to be 
regarded as a source of the aromatic hydrocarbons formed during pyrolysis, 
especially from the decomposition of methane at very high temperatures. Acety¬ 
lene is of great interest also on account of the fact that its stability at very high 
temperatures is greater than that of any other volatile hydrocarbon. Thermo¬ 
dynamic calculations indicate that acetylene cannot be formed in any amount in 
the pyrolysis of hydrocarbons at temperatures below 850° C. 

Bone and Coward showed that at 500° C. and 600° C. the non-catalytic 
thermal decomposition of acetylene resulted mainly in formation of polymers 
and to a lesser extent in decomposition into its elements. Reactions of less impor¬ 
tance are hydrogenation to ethylene, ethane, and methane. At higher tempera¬ 
tures polymerization occurs to a minor extent and decomposition into carbon 
and hydrogen and production of methane predominates. The most favorable 
temperature range for condensation of acetylene is 600° to 700° C. 

The pyrolysis of acetylene to produce higher hydrocarbons (principally aro¬ 
matic) has been noticed by a large number of investigators, particularly by 
Meyer and his co-workers,^®® who isolated the following hydrocarbons from the 
products of pyrolysis: hexene, benzene, toluene, o-, m-, and p-xylenes, styrene, 
pseudocumene, mesitylene, indenc, hydrindene, naphthalene, hydronaphthalene, 
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1- and 2-methyInaphthalenes, 1,4-dimethylnaphthalene, diphenyl, acenaphthene, 
fluorene, anthracene, phenanthVene, fluoranthrene, pyrene, and chrysene. 

Zelinsky obtained a yield of 76 to 80 per cent of tar calculated on the 
weight of acetylene used by passing acetylene over activated wood charcoal at 
640°-650° C. Benzene was found to be the most important constituent of the 
tar, and toluene and xylene were present in smaller amounts. About 35 per cent 
of the tar was benzene, 4 per cent toluene, 6.7 per cent naphthalene, 1 per cent 
fluorene and anthracene, and 0.4 per cent p-xylene, styrene, and indene. 

The polymerization of acetylene has been investigated by Fischer, Bangert 
and Pichler.'®® They found that on passing acetylene over activated charcoal or 
silica gel at 600°-700° C., hydrogen, methane, and carbon are formed. The 
carbon which was thus deposited acted as a polymerization catalyst, the propor¬ 
tion of liquid hydrocarbons increasing until about 70 per cent of the acetylene 
was converted to light and heavy oils. The light oil (boiling up to 150° C.) 
contained 70 per cent aromatic and 30 per cent unsaturated hydrocarbons. The 
exhausted catalyst could be regenerated by the addition of carbon dioxide to the 
acetylene, this admixture also serving to increase the production of light oil. 
Low pressures did not increase the efficiency of the process. 

According to Pease,in the pyrolysis of acetylene, polymerization is the only 
reaction of importance at temperatures up to 600° C. The reaction is homo¬ 
geneous and biniolecular and is retarded by packing the reaction tube with glass. 
Schlapfer and Brunner concluded that the thermal polymerization of acetylene 
in glass tubes, which begins at 300° C. but does not become rapid until a tem- 
^perature of 450° C. is attained, is homogeneous and probably biniolecular. 
Increased glass surface has little effect on the reaction velocity, but copper 
accelerates and iron powder or carbon retards the rate of polymerization. Fuka- 
gawa found that, in the presence of reduced nickel, the temperature of 
maximum thermal polymerization rises with repeated use of the catalyst and that 
the optimum temperature was below 300° C. 

The polymerization of acetylene to benzene is an exothermic process and the 
reaction is, therefore, likely to become a spontaneously explosive decomposition. 
In order to control the reaction to form aromatic hydrocarbons, Berl and Hoff¬ 
man used carbon dioxide as a diluent for absorbing the heat and obtained a 
98 per cent yield of liquid products using a carbon catalyst at 600°-700° C. Iron, 
silica, and acid or alkaline contact masses (e.g., tin or calcium oxides) were 
unfavorable to the production of liquid products but the yield of the latter was 
improved by charging the gas with water vapor. 

The thermal reactions of acetylene may be summarized as follows: At tempera¬ 
tures up to 700° C. the main reaction is that of condensation to liquid and solid 
hydrocarbons, mostly aromatics, and decomposition into its elements is of second¬ 
ary importance. At higher temperatures the polymerization reaction is suppressed 
and the formation of carbon and hydrogen predominates. At very high tempera¬ 
tures, however, acetylene becomes more stable with respect to decomposition. 

PYROLYSIS OF NON-AROMATIC CYCLIC HYDROCARBONS 

Hydrocarbons possessing a closed ring of carbon atoms but lacking the peculiar 
properties of aromatic compounds are known as cycloparaffins, polymethylenes 

Compt. rend., 1923, 177, ««2. 

Hrcnnstoif-Chem., 1929, 10, 279. 
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and naphthenes. The latter term is loosely used, however, to designate all cyclic 
hydrocarbons (other than aromatics), more particularly those found in various 
petroleum fractions. Various polynuclear naphthenes are known but their modes 
of decomposition on pyrolysis have been little investigated. The term cyclo¬ 
paraffins, which indicates their cyclic saturated character, is perhaps preferable 
and will be used to designate hydrocarbons of this class. 

Calculations of the stability of monocyclic saturated hydrocarbons on the basis 
of the Baeyer strain theory indicate that five- and six-membered carbon ring 
systems (and particularly the former) should be the most stable. In agreement 
with this, it has been found that cyclopentane and cyclohexane derivatives pre¬ 
dominate among the naphthene hydrocarbons ‘of crude petroleum. Chemical 
evidence in the main is in agreement with Baeyer^s theory, thus ring systems 
containing 2, 3, 4, 7 or 9 carbon atoms being rather unstable, and those containing 
5 and 6 carbons are relatively stable. Yet Ruzicka has shown that systems 
containing 10 to 30 carbons are surprisingly stable. Furthermore, the naturally 
occurring compound, civetone (the active odorous principal in civet) is an un¬ 
saturated cyclic ketone with 17 carbon atoms, hydrogenation of which yielded 
dihydrocivetone which proved to be identical with cycloheptadecanone synthesized 
by Ruzicka. 

The tendency of cyclohexane derivatives to lose hydrogen at fairly low tem¬ 
peratures in the presence of catalysts and form principally benzene derivatives 
was first demonstrated by Sabatier and Senderens.^®® Cyclohexane in the presence 
of nickel at 270°-280'^ C. was found to yield benzene but some methane was also 
formed. Substituted cyclohexanes and hydronaphthalenes behaved in a similar 
way. Reduced copper was somewhat less active as a catalyst in promoting this 
change, dehydrogenation of cyclohexane beginning at 300° C. 

Cyclopropane, Cyclobutane and Cyclopentane 

Cycloparaffins with rings of less than 5 carbon atoms appear to isomerize 
partly into the corresponding olefin under the influence of heat. Thus Tanatar 
reported that when trimethylene (cyclopropane) was passed slowly through a 
glass tube heated to a dull red heat, it was converted to propylene. At 100° C. 
in the presence of platinum black a 40 per cent conversion was obtained. 

Ipatiev and Huhn observed very little isomerization of cyclopropane when 
the gas was passed slowly through a heated glass tube without a catalyst. At 
200° C. in the presence of platinum sponge a 5 per cent conversion was noted, 
and at 315° C., 29 per cent conversion was obtained. When an aluminum oxide 

catalyst was used at a temperature of 370°-385° C., a 20 per cent conversion to 

propylene took place. 1,1-Dimethylcyclopropane passed over an aluminum oxide 
catalyst at 340°-345° C. was almost completely converted to trimethylethylene. 

The isomerization of methylcyclopropane to 2-butene and isobutylene has been 
reported by Dojarenko,'®® and that of ethylcyclopropane to methylethylethylene by 
Rozanov.^®^ In both instances aluminum oxide was used as the catalyst. 

»«CAcm. IVeekblad, 1928, 25, 614; Cketn. Abs.. 1929, 23, 1906; Helv. Chtm. Acta, 1926, 9. 230; 
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Trautz and Winkler studied the kinetics of this isomerization and found 
it to be a unimolecular reaction. At high temperatures (700° C.) and with long 
times of contact, however, tlie formation of secondary products, hydrogen and 
methane, from propylene takes place. Methylenecyclopropane is said to yield 
1,3-butadiene when passed over aluminum oxide at 350° C. 

The pyrolysis of cyclobutane apparently has not been recorded, Rozanov, 
however, reported that methylcyclobutane is isomerized by contact with alumina 
at 350°-400° C. yielding a mixture of pentenes and their polymers. 

Fillipov observed the isomerization of methylenecyclobfitane to methyl- 
cyclobutcne in the presence of aluminum oxide at 300° C. At somewhat higher 
temperatures (395° to 430° C.) with this same catalyst, Dojarenko found 
methylenecyclobutene to be converted into p-cyniene, isoprene, hydrocarbons hav¬ 
ing the formula CaHjo,* and gaseous products. 

Cyclopentane is the most stable of the cyclic saturated hydrocarbons, and 
its purely pyrolytic decomposition has not yet been reported. Some of its deriva¬ 
tives, however, have been dehydrogenated in the presence of substances known 
to be specifically dehydrogenating catalysts. For example, cyclohexyl cyclopentane 
when passed at 300° C. over platinum deposited on charcoal yields phenylcyclo- 
pentane.^^® 

Cyclohexane 

Jones conducted an investigation on the thermal decompositions of cyclo¬ 
hexane, methylcyclohexane, and di- and tetra-hydronaphthalenes. The experi¬ 
ments were carried out in a glass bulb filled with broken porcelain and heated to 
520° C. The decomposition of dihydronaphthalene began at 390° C. and that of 
the other three hydrocarbons started at 490° to 510° C. An analysis of the result¬ 
ing gases showed the presence of large proportions of hydrogen, in contrast to 
the behavior of the higher paraffin hydrocarbons on pyrolysis. The gas from 
cyclohexane contained over 40 per cent of hydrogen and also olefins, benzene, 
methane, and ethane, the presence of the latter constituents indicating that, besides 
simple dehydrogenation, scission of a C—C bond had taken place. The liquid 
products from cyclohexane were found to contain benzene. The hydronaphtha¬ 
lenes decomposed with the production of much naphthalene, the gaseous products 
containing over 80 per cent of hydrogen. Jones concluded that the hydrocarbons 
studied tended, in general, to retain their ring structures. 

Frolich, Simard and White,investigating the formation of butadiene by 
the cracking of hydrocarbons, observed that at 654° C. cyclohexane yielded this 
diolefin to the extent of 20.6 per cent based on the cyclohexane decomposed. A 
calcium aluminate catalyst has been used for the decomposition of cyclohexane 
into ethylene and butadiene at 600° 

Ipatiev and Dowgelewitsch studied the reactions of cyclohexane under the 
influence of heat with and without pressure and also in the presence of aluminum 
oxide, and found that this hydrocarbon is considerably more stable than hexane. 
At ordinary pressure and at a temperature of 750° C. the gaseous products from 
the decomposition contained hydrogen, 14.0 per cent; olefins, 44.5 per cent; and 
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saturated hydrocarbons, 42.0 per cent. The liquid products contained unchanged 
cyclohexane, small amounts of olefins, and other hydrocarbons which did not react 
with a nitrating acid mixture nor with potassium permanganate. Under a 
pressure of 100 to 110 atmospheres the reaction was much more violent and at 
510° C. the liquid products contained olefins (5 to 10 per cent), aromatic hydro¬ 
carbons, and cycloparaffins including methylcyclopentane. The isomerization of 
cyclohexane to methylcyclopentane took place under the influence of heat only at 
high pressure. In the presence of various catalysts, however, this isomerization 
takes place at ordinary pressure and at lower temperatures. 

In the presence o'f silica gel, cyclohexane begins to decompose at 600° and 
cyclohexene at about 550° C., according to Mailhe.^^* The products indicated 
that cyclohexane is dehydrogenated to cyclohexene, which is subsequently con¬ 
verted to benzene and to hexene. Further degradation yields a series of olefins 
in which propylene predominates. Above 700° C. pyrolytic condensation to ben¬ 
zene, toluene, xylene, naphthalene, anthracene and more complex hydrocarbons 
occurs. 

The dehydrogenation of cyclohexane in the presence of palladium black was 
found by Zelinsky and his collaborators to be a reversible process. At 100° to 
110° C. benzene was readily hydrogenated in its presence and the dehydrogena¬ 
tion of cyclohexane to benzene began at 170° C., attaining a maximum velocity 
at 300° C. Under similar conditions methylcyclohexane yielded toluene and 
hydrogen. Hexane, cyclopentane and methylcyclopentane were not affected so 
that this might constitute a method for isolating cyclopentane derivatives in the 
presence of cyclohexanes. 

Nickel, palladium and platinum were found by Zelinsky to be dehydrogenating 
catalysts at temperatures of 150° C. to 408° C. Of these three, nickel was the 
poorest. Platinum and palladium black also appear in some cases to exhibit 
selective dehydrogenating action. Thus, when a mixture of cyclohexane and 
methylcyclohexane was passed over the catalyst, only the cyclohexane was con¬ 
verted to hydrogen and benzene while the methylcyclohexane remained unchanged. 
Other cyclohexane derivatives, hexahydrocymene and hexahydroxylene, were de¬ 
hydrogenated by platinum black at 300° to 310° C. to yield the corresponding 
aromatic compounds, cymene and xylene. Zelinsky was of the opinion that in 
the dehydrogenation process all six hydrogen atoms were eliminated simultane¬ 
ously, without the intermediate formation of either the di- or tetra-hydroaromatic 
compounds. 

Methylenecyclohexane remained unaltered when heated with quinoline, but in 
the presence of a mixture of quinoline and quinoline hydriodide at 145° C, it was 
isomerized to 1-methylcyclohcxcne. The same change was brought about at 
150° to 170° C. in the presence of benzoic acid.'®® 

Cyclohexene when passed over palladium black at 92° C. yielded benzene and 
cyclohexane.'®' On heating in a bomb for 24 hours at 400° to 440° C. in the 
presence of aluminum oxide the products were hydrogen, gaseous saturated hydro¬ 
carbon bases, benzene and higher aromatic compounds.'®^* l,4-DimethyI~3-cyclo- 
hexene at 140° C. in the presence of a palladium catalyst yielded principally 
dimethylcyclohexane. Toluene and methylcyclohexane were obtained from 
methylenecyclohexane at 116° to 118° C. in the presence of this same catalyst.'®* 

The pyrolysis of allylcyclohexane, which has been studied by Hurd and 

^'^Chirnie et Industrie, 1933, 29, 759* Chem. Abs„ 1933, 27, 3200. 
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Bollman/**^ yields a predominating proportion of propylene and the liquid prod¬ 
ucts consist of cyclohexane, benzene and cyclohexene, together with tars and high- 
boiling material. 

CvCLOHEPTANE AND HiGIIER CyCLOPARAFFINS 

The purely thermal decomposition of cyclohcptane has not been reported. 
Willstatter and Kainetaka,^*"® however, liave shown that in the presence of nickel 
and hydrogen at 235° C. this hydrocarbon is converted to metlrylcyclohexanc and 
dimethylcyclopentane. Under similar conditions, but at a temperature of 205° to 
210° C., cyclooctane yielded dimethylcyclohexane together with some other hydro¬ 
carbons which were apparently alkylated cyclopcntancs. Zelinsky and Freimann 
reported that at 300° C. in the presence of a platinum catalyst cyclooctane is con¬ 
verted to methylcycloheptane and bicyclo-(0,3,3)-octane, the formula of which is 

CH,CHCHa 

CH. 

\ / 

CH.CHCH. 

Pyrolysis of Petroleum Distillates 

The pyrolysis of petroleum distillates, principally from naphthene-base stocks 
has been reported by several investigators. Ogloblin obtained benzene, toluene, 
naphthalene and other aromatic compounds by a two-stage process. In the first 
stage the naphtha distillate (from Russian petroleum) was passed through an iron 
retort heated to 525° to 550° C., and the product was obtained in three fractions: 
(1) gas, (2) liquid boiling below 200° C, and (3) liquid boiling above 200° C. 
The portion boiling below 200° C. was decomposed at temperatures of from 
700° C. to 1200° C. under 2 atmospheres pressure. The product obtained by 
this second stage was fractionated and the fraction boiling up to 120° C. was 
called “gray benzol.'* This “gray benzol,” amounting to about 12 per cent of 
the petroleum, contained benzene, toluene and xylene. Fraction 3 from the first 
stage, boiling above 200° C., can be used for the production of naphthalene, an¬ 
thracene, and similar hydrocarbons. 

The pyrolysis of naphthenic petroleum hydrocarbons has been reported by 
Engler and Rosner,!**"* by Egloff, Twomey and Moore,and by Leslie.^"^^ The 
most interesting feature of the experiments of Leslie was the production of large 
proportions of unsaturated compounds when a naphthene-base oil was thermally 
treated under conditions which bring about primary chemical change without ex¬ 
tensive secondary reactions. 


Summary of Thermal Reactions of Non-Aromatic Cyclic Hydrocarbons 

Far too little careful experimental work on the pyrolysis of the cycloparaffin 
hydrocarbons has been reported for any far-reaching generalization to be made 

of ^ 699. See iireceding section of this chapter on the thermal decomposition 

1908, 41 , 1480. 

1930, 63, 1485. 

III?.*. u. Textil Chem., 1904, 3, 293; 1904, 23, 931. 

Chem. Rev. d. Fctt, und Harz. Ind., 1906, 13, 144. 

CAem. Met. Eng^ 1916, 15. 387. 

IWS* 285**^”’^ Their Production and Technology,” Chemical Catalog Co., Inc., New York, 
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concerninf^ the mechanism of the process. Undoubtedly, however, cyclopentanc 
and cyclohexane derivatives are the most stable, even more so than the corre-* 
sponding paraffins. Cycloparaffins with less than 5 carbon atoms in their ring 
have a tendency to isomerize to the corresponding olefin when heated. I'he cyclo- 
hexanes tend to isomerize to the corresponding methylcyclopentanes under the 
influence of heat and pressure and this reaction can probably be effected at lower 
temperatures by certain catalysis, such as aluminum chloride. Hydrogen iodide 
has been also used to effect similar isomerizations of cycloheptane. 

In the presence of catalysts such as nickel, platinum and palladium black, 
cyclohexane derivatives tend to dehydrogenate with the production of benzene 
derivatives but cyclopentanes resist dehydrogenation, according to Zelinsky. The 
indications are that cyclohexane derivatives undergo non-catalytic thermal de¬ 
composition at temperatures above 500° C. to yield aromatic hydrocarbons and 
hydrogen, but from cyclohexane itself Jones obtained a notalde production of 
olefin and paraffin hydrocarbons of lower molecular weight. The mechanism of 
this latter process, which would appear to involve a scission of a C —C bond in the 
ring itself, is still very obscure and much more experimental work is needed to 
clarify it. In cycloparaffin derivatives containing one or more alkyl groups sub¬ 
stituted for hydrogen atoms, it is reasonable to suppose that the paraffinic side- 
chains will react analogously to the paraffins but this supposition requires experi¬ 
mental verification. A very careful study of the non-catalytic tliermal decompo¬ 
sition of cyclopentane and its derivatives would be extremely valuable. 

Balandin has developed a theory of dehydrogenation catalysis, based upon 
the same idea underlying the “space theory*' of catalysis advanced by Langmuir, 
.Adkins and Burk, of interest here. Catalytic dehydrogenation occurs, according 
to this theory, when a group of surface atom.s appropriately spaced and of the 
necessary activity absorb the reactant in a definitely oriented position. Because 
simultaneous action on the part of several surface atoms is postulated the theory 
is called the “multiple-hypothesis.” Catalysts such as platinum, palladium, irid¬ 
ium, rhodium, copper, cobalt, nickel, iron, zinc, osmium or ruthenium are active 
because they possess structures fulfilling this condition. 

Other predictions made from this theory are: 

(1) Cyclopentanc and cycloheptane, containing 5- and 7-nieinhered rings, respectively, 
should not be dehydrogenated by metallic catalysts. 

(2) Cyclohexene and cyclohexadicne should not be obtained as partial catalytic 
dehydrogenation products of cyclohexane. 

(3) Di'substituted cydohexanes should not be dehydrogenated when the substituted 
groups are on the same carbon atom. 

The calculations by Sachanen and Tilicheyevof the equilibrium constants 
of a number of hydrocarbon reactions at 477° C. show that the naphthenes tend to 
be dehydrogenated to benzene derivatives and that side chains can split off with 
the formation of olefins. The naphthenes as a class are intermediate between 
paraffins and aromatics as regards their stability to heat. 

Thermal Decomposition of Aromatic Hydrocarbons 

Aromatic hydrocarbons as a class are more stable thermally than all other 
types of hydrocarbons and constitute the main product of the thermal decompo¬ 
sition of all otiier hytlrocarbons at high temperatures, h'or example, aromatic 
hydrocarbons occur largely in the tar produced by the high-temperature carboni- 

phys. Clu m., Ahl. B, 2. 2S‘i; Chem. .tbs., 1929, 23, 2S72. 

Lo'c. l it. 
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zation of bituminous coal and also in the tar produced by the high-temperature 
cracking of liquid, solid, and gaseous hydrocarbons. 

The first important work on the pyrolysis of aromatic hydrocarbons was 
conducted by Berthelot,^®® who passed various hydrocarbons through a porce¬ 
lain tube heated to dull redness. Under these conditions benzene gave diphenyl, 
chrysene, and a resinous substance but no anthracene or naphthalene. Toluene 
yielded benzene, naphthalene, anthracene, and other hydrocarbons. Xylene gave 
toluene as a principal product, also benzene, naphthalene, and anthracene. Cumene 
yielded toluene and xylene in large quantities as well as benzene, naphthalene, 
anthracene, and chrysene. Later, Anschutz concluded that many of the complex 
hydrocarbons produced during pyrolysis are formed by condensation with -elimi¬ 
nation of hydrogen thus: 

2C,H, —^ CuHi. + 3H,. 

Smith and Lewcock^®® studied the decomposition of benzene in an iron tube 
and found that the chief product was diphenyl and that the amount of product 
boiling above 260® C. was small. At 600® C. no diphenyl was formed and 800° C. 
was found too high for optimum yields. Up to 70 per cent yields of diphenyl 
were obtained and it was observed that the presence of easily reduced oxides or 
of coke in the reaction tube favored the production of diphenyl. 

Rittman and his co-workers studied the reactions of benzene, xylene, tolu¬ 
ene,. naphthalene, and anthracene at varipus temperatures and pressures. The 
xylenes gave toluene, benzene, naphthalene, and anthracene. Toluene yielded 
benzene, anthracene, and naphthalene. Benzene yielded only naphthalene and 
anthracene whereas naphthalene formed anthracene but no other aromatic com¬ 
pound. Later, Zanetti and Egloff found that the chief product of the decom¬ 
position of benzene at temperatures of 500® to 800® C. were diphenyl, diphenyl- 
benzenes, carbon, and permanent gas. The formation of diphenyl began at 
500° C. and was at a maximum at 750° C. Contrary to the results of Rittman 
and his collaborators, no naphthalene was formed. The permanent gas consisted 
of hydrogen saturated with benzene vapor and no acetylene was present. The 
formation of diphenyl was not favored by any catalyst but the decomposition of 
benzene into carbon and hydrogen was accelerated by the presence of iron and 
nickel. 

Dufton and Cobb demonstrated that in a stream of nitrogen rich in ben¬ 
zene, decomposition begins at about 550° C., with the production of diphenyl. 
The yield of diphenyl increases with increasing temperature to a maximum but at 
more elevated temperatures further decomposition sets in and a three-ring com¬ 
pound, diphenylbenzene, is formed. Toluene at temperatures of 600® C. and above 
yielded ditolyl together with stilbene, naphthalene, anthracene, and other sub¬ 
stances. Several other investigators have shown that diphenyl can be produced 
from benzene at temperatures between 500® and 1000® C., the optimum tempera¬ 
ture being 750® C., and this material is now being produced on a large scale by 
thermal processes (see Chapter 4). 

The pyrolytic decomposition of benzene, toluene, and xylene, heated separately 
in an atmosphere of hydrogen, at a temperature of 500° C., and at pressures up 
to 270 atmospheres has been reported by Oda.^®® Benzene was the most stable of 

^BulL soc. chim., 1867, (2), 7, 217. 

1878. 11. 1213. 

1912, 101, 1453. 

^ Ind. Eng. Chew., 1915, 7, 1019; Chem. Met. Eng., 1916, 14, 15. 

**» hid. Eng. Chem., 1917, 9, 350. 

1920, ISO, 588. 

Soc. Chem. Jnd., Japan. 1931. 34, 142B; Brit. Chem. Abe. A, 1931, 832. 
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the three, yielding some methane and about 1 to 2 per cent diphenyl. Toluene 
was decomposed more readily, yielding benzene and a mixture of hydrocarbons 
which were probably derivatives of diphenyl. Xylene yielded benzene, toluene 
and a complex mixture of liquid and solid hydrocarbons, the solid ones appearing 
to be anthracene derivatives. 

Hurd and Bollman isolated naphthalene, toluene (and some benzene) to¬ 
gether with propylene from the products of the pyrolysis of 4-phenyl-1-butene. 

The work of Sachanen and Tilicheyev on the decomposition of naphthalene 
and other aromatic hydrocarbons is of great interest. On heating naphthalene 
for 4 hours at 475® C. no carbon was formed and a dinaphthyl was isolated in the 
reaction products. Anthracene, heated to the same temperature for hours, 
yielded gaseous products and changed into a coke-like material, 60 per cent of 
which was insoluble in benzene. 

Since fluorene is produced by passing diphenylmethane through red-hot 
tubes, its presence in tars is probably due to similar pyrogenetic reactions. The 
production of styrene by passing a mixture of benzene and ethylene through red- 
hot tubes is another example of these thermal reactions.-®® By this method Ber- 
thelot was able to produce acenaphthene from naphthalene and ethylene and 
phenanthrene from diphenyl and ethylene, The formation of picene (1,2,7,8-di- 
benzophenanthrene, found in the residues from the distillation of crude petroleum 
by Graebe and Walter and similar hydrocarbons deficient in hydrogen 2 ®® can, 
no doubt, be attributed to pyrolytic reactions. 


Summary of Thermal Decomposition of Aromatic Hydrocarbons 

The aromatic hydrocarbons tend to decompose into benzene or its immediate 
homologues and these then undergo a characteristic reaction, two nuclei coalescing 
to form a substance of higher molecular weight and hydrogen being simulta¬ 
neously liberated. Thus, benzene forms diphenyl and hydrogen by the latter 
process. The polynuclear aromatic hydrocarbons, such as naphthalene, may also 
condense similarly with loss of hydrogen. A repetition of this process many 
times suffices to give coke-like substances of low hydrogen content. In this way, 
aromatics are probably to be regarded as the principal source of coke and 
heavy residuum in cracking reactions. From pure hydrocarbons no tar or coke 
is formed at moderate cracking temperatures or with comparatively short times 
.of cracking. 

Sachanen and Tilicheyev have calculated the equilibrium constants of various 
hydrocarbon reactions at 477® C. from thermal data by the aid of the Nernst 
formula and have arrived at the following conclusions in regard to the pyrolysis 
of aromatic hydrocarbons. Of the substituted aromatic hydrocarbons, the methyl- 
substituted benzenes, and to a lesser extent the ethyl-substituted ones, are the more 
resistant to heat. On the other hand, the benzene homologues with longer side 
chains tend to decompose more readily, the result being a splitting off of the side 
chains with the formation of either olefins or paraffins. Of the latter reactions 
the formation of styrene proceeds most easily. 

100 j^A.C.S,, 1933, 55, 699. See preceding section of this chapter on the thermal dccomiK>sition 
of olefins. 

1929, 62B, 658. 
e.raebe, Ann., 1874, 174. 194. 

Herthelot, Ann., 1867, 142, 257. 

^ Bull. soc. chim., 1867, (2) 7, 283; ibid., 1867, (2) 8, 247; Ann. chtm. et phys., 1867, (4) 12. 
226; Ckem. Zentr., 1867, 714. 

"•fltfr., 1881. 14, 175. 

See Petroleum Coke, in Chapter 7. 
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Some conclusions of Pease and Morton,arrived at in a study of the kinetics 
of dissociation of typical hydrocarbon vapors, are of interest in a broad general 
way. At 600® C. the order of stability of the hydrocarbons investigated was 
o-xylene, toluene, benzene, m-xylene, ethylbenzene, cyclohexane, 2-pentene, ethyl- 
cyclohexane, n-heptane. The dissociations appear to be normal, first-order, homo¬ 
geneous gas reactions. The higher members of a series dissociate somewhat 
more rapidly at lower temperatures than the lower members. A side-chain on the 
benzene ring has nearly the same properties as the paraffin of the same number 
of carbon atoms. The cyclohexane ring is less stable than the benzene ring. On 
reaction, it first probably yields a smaller cycloparaffin ring. 

1933, S5. 3190. 



Chapter 3 

Cracking Processes and Their Products 

In the previous chapter the pyrolytic reactions of a number of individual 
hydrocarbons, representatives of certain chemical types, have been discussed and 
an attempt has been made to distinguish the various stages in the resulting com¬ 
plex series of reactions. In the present chapter a description will be given of the 
salient features of the commercial cracking processes which have for their main 
object the production of an optimum amount of high-grade motor fuel from the 
higher-boiling fractions of petroleum. In a discussion of this character it is not 
necessary to enter into great detail regarding the type of plant used or the 
operating conditions except in so far as they affect the yield and kind of prod¬ 
ucts. From the viewpoint of the chemist, the greatest interest is centered 
around the gaseous and low-boiling liquid products of commercial cracking op¬ 
erations which, on account of their content of lower olefins and other reactive 
hydrocarbons, are rapidly becoming the raw materials of a great organic chemical 
industry. In particular the gaseous products of cracking, though heretofore re¬ 
garded by the refiner as undesirable by-products of value only as gaseous fuels, 
are a potential source of very large quantities of the simple unsaturated hydro¬ 
carbons, especially ethylene and propylene, the ready availability of which is 
already exerting a tremendous influence on the development of industrial aliphatic 
syntheses.^ 

Industrial cracking operations are concerned almost exclusively with the con¬ 
version of petroleum oils of higher boiling range than gasoline into low-boiling 
liquids of the gasoline type. It is true that high temperature pyrolysis was 
utilized during the World War for the production of aromatic hydrocarbons from 
petroleum fractions and at the present time there are indications of developments 
in the pyrolysis of natural gases for the production of the lower olefins and of 
aromatic oils. Compared, however, with the extent and importance of the great 
cracking industry for the production of motor fuels from higher petroleum frac¬ 
tions, all other phases of pyrolysis are at the moment quite negligible from a 
commercial standpoint. 

. The development of the commercial cracking art has been phenomenal, espe¬ 
cially during the last decade. Despite, the continued overproduction of crude oil 
and the decreased production of straight-run gasoline and natural-gas gasoline in 
the United States, cracked gasoline production in this country increased frdm 
394,000 barrels daily in 1929 to 432,000 barrels in 1930, and again in 1931 to 
488,000 barrels.^* JBesides greatly increasing the yield of gasoline obtainable from 
crude petroleum, the cracking operation is capable of furnishing gasolines of 

> Sec for example, Bowen, Oil and Gas 1932, 30 (46), 88, Migey (Refiner, 1932, 11. 547; 
Brit. Chem, Abs. B, 1933, 691) points out that cracking gas is an economical source of ethylene 
.(98 per cent pure and sulphur free) which may be employed in the manufacture of metastyrene. 
Ellis (U. S. Patent 1,935,469. Nov. 14, 1933; assigned to Ellis-Foster Co.) suggests that after the 
removal of olefins the residual cracking gas be converted to hydrogen, which can then be used for 
catalytic hydrogenation operations. Sec also Egloff, Ind. Eng. Chem., 1934, 26, 41. The development 
of the oil cracking art is descrilied by Keith and Montgomery, Itid. Eng. Chem., 1934, 26, 190, 

*■ Kgloff, “Reports on the Progress of Naphthology," /. lust. Pet. Tech., 1932, 18, 282. 
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much better anti*knock value than straight-run products. With an increasing 
demand for gasoline of higher octane number the cracking process has become 
of paramount importance, and its flexibility has been so increased that not only 
kerosene, gas oil, fuel oil, and even crude oils are being cracked to motor fuel, 
but also straight-run gasoline, especially heavy naphtha, is being subjected to a 
certain degree of cracking to improve its anti-knock value.^** The figures in 
Table 24, which show the cracked gasoline production in the United States, ex¬ 
pressed as percentages of the annual total gasoline produced in this country, 
clearly reveal the growth of the cracking industry.^ 


Table 24 .—Percentage of Cracked Gasoline to Total Gasoline in the United States. 


Year 

Per Cent 

Year 

Per Cent 

1904 . 

. 10.3 

1923 . 

. 31.0 

1909 . 

. 10.7 

1924 . 

. 33.0 

1914 . 

. 18.0 

1925 . 

. 34.9 

1917 . 

. 21.5 

1926 . 

. 37.7 

1921 . 

. 27.1 

1927 . 

. 40.0 

1922 . 

. 29.6 

1928 . 

. 41.0 



1930 . 

. 43.0 


Although the cracking of higher petroleum fractions for gasoline has been 
developed almost exclusively in the United States, a notable increase in cracking 
has taken place in certain other countries where the tariff position is such that 
crude oil can be profitably cracked after importation. This is particularly true 
of Italy. 


Chemical Reactions Occurring during Cracking 

The commercial cracking of petroleum hydrocarbons for gasoline is carried 
out at temperatures within the range of 400° to 650° C., and at atmospheric or 
higher pressures, depending upon the type of process employed. So-called vapor 
phase processes are operated at comparatively high temperatures and compara¬ 
tively low pressures (usually atmospheric or slightly above atmospheric pressure), 
while those termed liquid phase processes necessitate the use of pressures up to 
1000 pounds per square inch or higher in conjunction with a somewhat lower 
range of temperature, generally below 500° C. It is naturally impossible to set 
a definite temperature as the limit between liquid and vapor phase cracking 
operations, since this temperature will vary with conditions of pressure and also 
with the charging stock.® The hydrocarbon material to be cracked may be any 
petroleum fraction boiling above a medium gasoline range, though the gas oil 
fraction (the latter being the cut intermediate between the kerosene and lubri¬ 
cating oil fractions) is the usual cracking stock.®^' In some instances “reduced” 

Bataafsche Petroleum Maatschappij, French Patent 746,4SI, 1933; Chetn. Abs., 1933, 27, 4665. 

*Graet 2 . Chim. et. ind.. 1930, 24, ?71. 

• The terms liquid and vapor phase were apparently used in early crackini; developments to 
differentiate those processes operating at temperatures of about 400*-450** C. (7S0°'850* F.) and 
increased pressures from those employing higher temperatures, alwut 540’’ C. (1000* F.) and 
atmospheric or reduced pressures. Sometimes operations in which the charging stock passes into 
or through the cracking zone in the form of a mist or fo^ are erroneously designated vapor phase 
processes. In this connection compare Sachanen and Tilicheyev (“Chemist^ and Technology of 
Cracking,” The Chemical Catalog Co., Inc., 1932, 15), who, referring to McKee and Parker (ind. 
Eng. Chem., 1928, 20, 1169), stated ”it is entirely possible that these heavier components are also 
present in the state of an emulsion or as a fog, and that these non-homogeneous systems may be 
fairly stable.'* 

*• From experiments on cracking Ragusa crude. Mariotti {UInd. Chimica, 1933, 8, 4, 162; Brit. 
Chem. Abs. B, 1933, 338) concluded the best results were obtained with a fraction having a density 
of 0.91 to 0.92, and boiling between 186* and 360* C. Trusty {Refiner, 1932, 11, 335; Brit. Chem. 
Abs. B, 1932, 968) considered the three criteria of a good cracking stock are: distillation range, 
carbon residue or tar number, and aniline point. An ideal cracking stock is a heavy closely frac< 
tionated gas oil, possessing a bw carbon residue, and low aniline point. 
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and ‘‘topped*^ crudes are used.* In the following discussion of the reactions in¬ 
volved in cracking operations attention is concentrated on the temperature range 
of 400° to 650° C, representing the limits of commercial operations at the 
present time. 

The complete cracking process consists of a complex series of chemical reac¬ 
tions involving both decomposition and polymerization, the nature of the ultimate 
products being determined mainly by the character of the charging stock, the 
temperature and pressure of cracking and the time of exposure to cracking con¬ 
ditions.® Although a few of the primary cracking reactions exhibit a quasi¬ 
reversibility (for example, the dehydrogenation of parafRns to olefins and of 
cyclohexanes to benzene hydrocarbons and also, .possibly, the polymerization and 
depolymerization of some olefins), most of the cracking reactions are of an irre¬ 
versible character, the ultimate stable condition being in all probability the well- 
known methane-liydrogen-carbon equilibrium. 

An insight can be gained into the various stages of the sequence of cracking 
reactions by the application of thermodynamics to the problem and also by a study 
of the primary cracking reactions of pure hydrocarbons. A knowledge of the 
free energy relationships of hydrocarbons enables us to predict whether a certain 
type of reaction is at all possible and also which of several competitive processes 
is the most likely to occur under any given conditions. On the other hand, ther¬ 
modynamic calculations can tell us nothing of the rates at which reactions can 
proceed and, unfortunately, the transformations taking place in the cracking of 
petroleum are very largely controlled by the relative reaction rates. In order, 
therefore, to obtain a complete picture of such a complex sequence of processes 
it is necessary to consider not only the relative thermodynamic stabilities of va¬ 
rious hydrocarbon types but also to correlate these with the results of experience 
in practical cracking operations and the experimental evidence obtained in the 
pyrolysis of pure hydrocarbons. 


Thermodynamic Considerations 


The thermodynamics of the thermal decomposition of various hydrocarbon 
types has been investigated theoretically by Francis and Kleinschmidt ® on the 
basis of free energy calculations. Their results are best summarized by the 
graphs shown in Figure 12, in which the free energy per carbon atom of the 
formation of a number of hydrocarbons from their elements has been plotted 
against the temperature. Although, strictly speaking, one should compare the 
changes in free energy when starting with a definite weight of each of the two 
elements involved, a certain simplification is possible because of the fact that the 
carbon-hydrogen weight ratio is little different for various hydrocarbons over a 
considerable range. It will be seen from the curves that the free energies of 
formation (from their elements) of all hydrocarbons with the single exception of 
acetylene (and possibly the higher acetylenes) increase with rising temperature. 
Since the thermodynamic tendency at any temperature is from a higher to a 
lower line in the figure, it is obvious that all hydrocarbons tend to become in- 


* “Reduced crudes*’ refer to crude oils from which the gasoline, kerosene and some gas oil have 

been removed bv distillation. “Topped crudes” are those from which gasoline or gasoline and kerosene 
fractions have Wn taken off. , , . , « , 

* For a review of the theory and mechanism of cracking, sec Berl and Lind, Fetroleum Z., 1930, 26, 

1027, 1057; Mayer, Petroleum Z„ 1930, 26, 1248; Graetz. Chim. ct ind.. 1930, 24, 271. 526 
Petrov and Andreiev, Ber., 1931, 64, 1827; Sachanen and Tilicheyev, Paliva a Topeni, 1929, 11, 94 
Chem. Abs., 1930, 24, 4924; Bourgault, Arts et mitiers, 1933, 169; Chem. Abs., 1933, 27, 3808. 
Pester, Anal. Asoc. Quim. Argentina, 1933, 21, 24; Brit. Chem. Abs. B, 1933. 738; Wilson, Proc. 
Roy. Soc., (London), 1927, 116A, 501; 1929, 124A, 16; 1933, 140A. 1. ^ w 

•Oil and Gas J., 1929, 28, 118; Am. Petroleum Inst., Proc. loth Ann. Meeting 11, 1930. 
Sect. Ill, 93. 
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crcasingly unstable with respect to their elements with rising temperature, with 
the single exception of acetylene, which tends to become more stable at higher 
temperatures. It will be noticed also that the angles of slope of the curves 
for various hydrocarbons vary considerably and accordingly intersect one an¬ 
other. This indicates that the relative stabilities of different types of hydro¬ 
carbons are altered as the temperature rises. Thus, at temperatures below about 
700° C. the ethylene curve lies above that of ethane, indicating that the tendency 
is towards hydrogenation in this lower range of temperatures, while at higher 
temperatures ethylene becomes more stable than ethane, i.e., tbe dehydrogenation 



Fig. 12.—Application of Thermodynamics to Chemical Reactions of Petroleum Products. 
(Francis and Kleinschmidt.) 


reaction is favored. Because of the difference in the slope of the lines for the 
several olefin hydrocarbons they intersect at about 425° C., indicating that there 
is a tendency to polymerize below this temperature and to crack above this tem¬ 
perature. Other important conclusions which may be deduced from this series of 
curves can be summarized as follows: 

(1) With the exception of methane and possibly ethane, all petroleum hydro¬ 
carbons are thermodynamically unstable at temperatures above about 200° C. 

(2) No paraffin hydrocarbons can polymei:ize directly to higher hydrocarbons, 
and at cracking temperatures the paraffins are the least stable of all hydrocarbon 
types. 

(3) Tlie olefins are more resistant to heat than the paraffins and tend to 
polymerize below about 425° C. and to crack above that temperature. The iso- 
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merization of olefins to the corresponding cycloparaffins is a possible reaction at 
temperatures below about 425® C. 

(4) The naphthenes are intermediate in their stability to heat between the 
paraffin and aromatic hydrocarbons. At higher temperatures the dehydrogenation 
of cyclohexanes to benzenoid hydrocarbons is favored, while the reverse cliange 
occurs in the presence of hydrogen at lower temperatures. 

(5) The aromatic hydrocarbons, as a class, are most resistant to heat; par¬ 
ticularly the large class of polynuclear aromatic materials, of which petroleum 
coke probably represents the limiting example. 

The free energy calculations of Francis and Kleinschmidt lead to conclusions 
which are almost identical with those derived by Sachanen and Tilicheyev ^ from 
a calculation of the equilibrium constants of a large number of hydrocarbon 
reactions at 477® C. using the Nernst ‘‘approximation formula.” Such thermo¬ 
dynamic considerations lead to the important conclusion, fully substantiated by 
experimental evidence, that most of the reactions occurring in practical cracking 
operations are of an irreversible character, in particular those involving the rup¬ 
ture of a C—C bond. Possible exceptions to this rule are the polymerization and 
depolymerization of monolefin hydrocarbons which exhibit a certain degree of 
reversibility. Depolymerization is complicated, however, by the occurrence of 
other reactions particularly at temperatures above 500® C. On the other hand, 
dehydrogenation and hydrogenation reactions of hydrocarbons are reversible under 
conditions within the somewhat narrow limits of stability of the hydrocarbons 
concerned. 


Actual Stability of Hydrocarbons® 

Although the thermodynamic tendency for reactions to occur is determined by 
the free energy relationship existing under the conditions employed, experience 
has shown that in the cracking process the extent to which certain reactions 
proceed at the expense of other reactions is mainly dependent upon the relative 
reaction velocities, about which the laws of thermodynamics can tell us but little. 
In the range of temperature commonly used in commercial cracking operations 
of both liquid phase and vapor phase types, namely within the limits 400® to 650® 
C, experience indicates that the various series of hydrocarbons may be listed in 
the following order of decreasing tendency to crack (i.e., of increasing stability 
to thermal decomposition), the comparison being based on compounds of approxi¬ 
mately the same molecular weights: (1) Paraffins; (2) monolefins; (3) diolefins; 
(4) naphthenes, mononuclear and polynuclear; (5) aromatics, mononuclear and 
polynuclear.®*^ 

It should be emphasized that this purely qualitative classification of relative 
cracking tendencies is valid only within the temperature range 400® to 650® C., 
for at higher temperatures the diolefins become more stable than the naphthenes. 

It has been further observed that the stability of the higher members of any 
given series increases with decreasing ratio of hydrogen to carbon in the mole¬ 
cule, i.e., the hydrocarbons most deficient in hydrogen are the most stable. An 
example of this rule is to be found in the polynuclear aromatic hydrocarbons. 
An exception to the rule is the higher naphthenes. In general, side chains in 
hydrocarbons have been found to be more stable to pyrolysis than the ends of 
straight chains. 

^ Bet,. 1929. 62, 658. 

• Frohch iChem. Met. Eng., 1931, 38, 343) gave a review .ind de.scription of the mechanism of 
cracking. 

Cf. Peaoe and Morton, J.A.C.S., 1933, 55, 3190. 
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Some investigators reverse the order of the paraffins and monolefins. For 
example, Tilicheyev and Feigin * concluded from their results on cracking various 
hydrocarbons prepared synthetically or separated from petroleum fractions at 
425® C. that the ethylenic hydrocarbons are more rapidly decomposed than 
paraffin hydrocarbons. This difference became small with increasing molecular 
weight. Thompson reported that saturated branched-chain hydrocarbons are 
less stable than saturated straight-chain hydrocarbons, and that olefinic hydrocar¬ 
bons decompose more readily than saturated hydrocarbons. The stability of olefinic 
hydrocarbons is greater the nearer the double linkage is to the center of the 
chain. McKee and Szayna“ have followed the cracking of several gasoline 
fractions (boiling points 120® to 126® C), and also of a number of hydrocarbons 
(aromatics, olefins and paraffins) at temperatures of 405® to 420® C. by determin¬ 
ing the critical temperatures of the materials at definite time intervals. Olefin 
hydrocarbons appear to be the most rapidly decomposed, saturated hydrocarbons 
less rapidly, and the gasoline fractions decomposed slowest. The aromatics (a 
mixture of toluene and benzene) were apparently unchanged even after being 
heated for several hours. 


Primary and Secondary Reactions in Cracking 


In spite of the fact that, thermodynamically speaking, all liquid hydrocarbons 
are inherently unstable at temperatures above about 200® C., noticeable decompo¬ 
sition usually does not occur until temperatures of 300® C. or over are attained.^® 
Even at these temperatures the reaction velocity is very slow. As may well be 
imagined, the temperature of initial decomposition varies markedly with different 
individual hydrocarbons, and for a complex mixture of hydrocarbons, such as a 
petroleum fraction, it depends principally upon the nature of the more unstable 
hydrocarbons present in the mixture, and also possibly upon the pressure. The 
velocity of cracking of petroleum fractions is generally far too small for prac¬ 
tical purposes at temperatures below 400° C. 

The complexity of the cracking process is attributable not only to the hetero¬ 
geneous character of the hydrocarbon mixtures employed but also to the fact that 
each individual hydrocarbon on pyrolysis undergoes a sequence of cracking re¬ 
actions, the nature and extent of which depend upon a large number of factors. 
It is obviously extremely difficult to investigate the reactions occurring during 
the cracking of such complex mixtures of hydrocarbons. A much clearer insight 
into the mechanism of the reactions concerned can be gained from an experi¬ 
mental study of the pyrolysis of pure hydrocarbons and from the thermodynamic 
considerations previously discussed. By this means it is possible to differentiate 
between the initial or primary reaction products and the secondary changes which 
occur on more prolonged cracking. The primary products invariably undergo a 
further sequence of secondary changes which tend to obscure the course of the 
reactions, particularly under prolonged treatment at cracking temperatures. 

As previously stated, the paraffin hydrocarbons undergo pyrolysis more readily 
than other types of hydrocarbons. The initial cracking reaction of the paraffin 
hydrocarbons is either (1) a dehydrogenation of the paraffin with the production 
of an olefin of the same number of carbon atoms or (2) a rupture of a C—C bond 
with the formation of a lower paraffin and an olefin. The first reaction, notice¬ 
able with the lower paraffins, becomes less and less important as molecular weight 


• Repts, Conf. on Cracking Hydrogenation Grozny, 1931, I, 240; Ckcm. Abs., 1932. 26 llOS 
»Ab». Theses Mass. Inst. Tech., 1931, 7, 51; Brit. Chem. Abs. A, 1931. 596. 

^Ind. Eng. Chem., 1930, 22. 953. q. 

“ Frolich, toe. cit. 



CRACKING PROCESSES AND THEIR PRODUCTS 97 

increases and would appear to be quite unimportant under practical cracking 
conditions. In the second (the principal) primary reaction, the point of fission of 
the C—C bond appears to follow the law of chance, but it has’been stated that the 
influence of pressure is to force the point of cleavage towards the center of the 
paraffin molecule with the production of a lower paraffin and an olehn, both of 
about the same molecular weight. According to some observers the most stable 
paraffins are .those with 12 to 15 carbon atoms, but this needs more experimental 
confirmation. After the primary cracking reactions have taken place, secondary 
changes intervene by which the lower paraffin is further decomposed through 
the fission of a C—C bond and the olefins produced also undergo decomposition. 

The olefin hydrocarbons, which are rarely present in appreciable amounts in 
straight-run petroleum distillates and are to be regarded as the most important 
primary products of cracking, undergo decomposition in several ways. Polymeri¬ 
zation reactions play an important role, particularly with olefins of higher molecu¬ 
lar weights, and yield new compounds with molecular weights and boiling ranges 
higher than those of the original charging stock.^®* Depolymerization can also 
occur with the formation of two olefins of lower molecular weight. And finally, 
simple cracking produces a diolefin and a paraffin hydrocarbon of lower molecular 
weight. The cyclicization of some of the monolefins to naphthenes is not im¬ 
probable under cracking conditions. 

The naphthene hydrocarbons may split and yield olefins at high temperatures 
(450® C. and above) and six-membered ring systems may be dehydrogenated to 
aromatic hydrocarbons. Naphthene hydrocarbons containing long side chains 
readily split off side chains at cracking temperatures. 

The aromatic hydrocarbons, which are themselves formed from paraffin, olefin 
and naphthene hydrocarbons by a sequence of reactions at temperature of 550® C. 
and over, are very stable to heat, particularly the polynuclear members. They 
tend to form condensed ring systems in which the aromatic nuclei remain intact, 
hydrogen being simultaneously liberated. The aromatic hydrocarbons may be 
regarded as important coke-forming substances.^® 

Of the secondary changes taking place in the cracking of oils, polymerization 
of the olefins formed by the primary reactions is of very great importance. The 
high molecular weight material produced by such polymerization undergoes fur¬ 
ther cracking on prolonged exposure to high temperatures with the production of 
new unsaturated materials which can again undergo polymerization. The cumu¬ 
lative effect of this .se(iuence of polymerizations and splitting reactions is the 
simultaneous formation of gaseous and low-boiling hydrocarbons, hydrogen, and 
more and more complex compounds of decreasing hydrogen content. Prolonged 
cracking invariably produces large amounts of petroleum coke which may be 
regarded as a highly polymerized hydrocarbon material of low hydrogen-carbon 
ratio. As previously pointed out, with decreasing hydrogen content the thermal 
stability and resistance to cracking increases markedly. 

The above discussion refers to the cracking reactions predominating in the 
temperature range 400° to 600° C, At higher temperatures dehydrogenation re¬ 
actions become very pronounced with greatly increased formation of aromatic 
hydrocarbons, much permanent gas, and coke. 

The polymerized residues, after the removal of the lower-boiling constituents, may be employed, 
in conjunction with linseed oil, as a paint vehicle; Zilbcrmann, Jakubovitsch, Bolotin and Micheeva. 
J. Chfm. Jnd. Russia, 1933, .No. 4, 16; Chftn. Abs,, 1933, 27, S5S8. 

^ Sacbanen and Tilichcyev, Petroleum, 1927, 23, 521; Brit. Chem. Abs. B, 1927, 576; Per.. 1929, 
62, 658: Neft. Khos., 1929, 16, 223; CkctM. Abs,, 1929, 23, 4807. Singer. Petroleum, 1929. 25. 893: 
Brit. Chem. Abs. B. 1930. 848. 
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Physical Chemistry of the Cracking Process 


A large number of workers have shown that the initial molecular breakdown 
of both pure saturated hydrocarbons and of petroleum fractions follows the law 
for homogeneous unimolecular reactions, and is therefore independent of the 
concentration.^* Thus Geniesse and Reuter studied the cracking of gas oil and 
of several naphthas at atmospheric pressure and showed that their results could 
be well expressed by the unimolecular equation 




ylo?.- 


where a *= initial quantity of hydrocarbon; a — a* = quantity remaining at time t; 
k = reaction velocity coefficient. 

This fits especially well at temperatures below 640® C. under conditions where 
the decomposition was not allowed to proceed too far. As the percentage decom¬ 
position increases the velocity constants decrease on account of the intervention 
of secondary reactions, such as polymerization, and the increasing thermal sta¬ 
bility of the cracking stock through molecular rearrangement. Geniesse and 
Reuter found that the results of other workers on the pyrolysis of various pure 
hydrocarbons as well as their own observations of petroleum fractions can be 
represented by a family of curves of approximately equal slope (Fig. 13) indi¬ 
cating that the activation energies for the decomposition of all these hydrocarbons 
are about the same. In spite of the fact that Schneider and Frolich have shown 
that reactions of the type 

2C,H. — 

2C.H« —GH.-fC4H, 


occur during the pyrolysis of a number of the simple paraffins and olefins, never¬ 
theless these reactions, at first sight bimolecular, behave approximately as first 
order reactions. 

Although all primary cracking reactions proper are thus approximately uni¬ 
molecular, as soon as the secondary reactions become important (i.e., as the 
degree of decomposition is increased), the first order constant declines rather 
rapidly. This is to be ascribed partly to the occurrence of polymerization reac¬ 
tions since polymerization is a bimolecular process.^^ The velocity of polymeriza¬ 
tion reactions increases with rising temperature but much less rapidly than that 
of simple molecular decomposition.^* 

The heat effect of cracking is of considerable importance both from a practical 
and theoretical standpoint. The cracking process consists of a complex sequence 
of reactions, some of which are endothermic and some exothermic, so that the 
final heat effect depends on the character of the charging stock, the cracking 
temperature (which influences to some extent the type of cracking reactions pre¬ 
dominating), and the ejegree of cracking. In general, purely cracking reactions 
such as the splitting of a C—C bond, and dehydrogenation reactions, such as the 
dehydrogenation of cyclohexane to benzene and of ethane to ethylene, are highly 
endothermic. On the other hand, polymerization reactions are usually exo¬ 
thermic. Frey and Hepp^» have shown that during the pyrolysis of the lower 


Kiss, Ind. Eng. Chem., 1930, 22, 10. 

Eng. Chem., 1932, 24. 219. 

*lJnd. Eng. Chem., 1931, 23, 1405. 

of Thi. e«r«. 

" Ind. Eng. Chem., 1932, 24 , 282. ‘ 



CRACKING PROCESSES AND THEIR PRODUCTS 


99 


paraffins to produce aromatic hydrocarbons the rapid initial highly endothermic 
reaction producing olefins (accompanied by a heat absorption of about 450 calories 
per gram) is followed by a slower aromatization reaction which is exothermic to 
the extent of about 190 calories per gram. Evidently, therefore, the conversion 
of olefins into aromatic hydrocarbons occurs as a series of changes, the overall 
heat effect of which is decidedly exothermic. 



Fig. 13. —Variations of Reaction Velocity Constant with Temperature. 
(Geniesse and Reuter.) 


In practical cracking operations for tlie production of gasoline, however, 
endothermic reactions greatly predominate over exothermic reactions and the 
total heat effect is a negative one, being of the order of 500 calories per gram 
of gasoline formed.^® For reasons already stated, the reader will rightly con- 


** Obryadchikov, Repts. Conf. on Cracking Hydrogcnatiot\ Groz%iy, 1931, 1, 67; Chem. /lbs 
1932^ 26, 1104. 

Ihc amount of heat absorbed during the cracking reaction per meter of tube (linear velocity of 
material through the tube being 1 meter per second) is expressed by the equation 


Q ,e.c. = 

^ 100 

in which Gg is the weight of the stock through the tube, Ptao the percentage of cracked gasoline formed 
at 400* C., and t is the temperature of the liquid in this section of the tube (Obryadchikov. Neft. 
Khoz,, 1929, 16, 357; Chem. Abs., 1929, 23, 4808). 

In some instances, however, a figure of 250 calories per gram of 374* F. end point gasoline 
formed is used as the net total beat enect of cracking. 
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dude that the heat effect of cracking is a variable figure depending upon a num» 
ber of factors. 


Fundamental Factors Influencing Cracking 


Of the various factors influencing the extent and character of the thermal 
reactions of hydrocarbons the most important are temperature, duration of heat¬ 
ing, pressure, character of heating surface or presence of catalytic materials, and 
the nature of the hydrocarbons undergoing pyrolys s. •TIu; following is a brief 
discussion of the effect of each of these factors, with special reference to com¬ 
mercial cracking operations. 

Temperature, Temperature not only influences the type of cracking reactions 
which occur but also exerts a striking influence on the reaction velocity. Crack¬ 
ing of liquid petroleum hydrocarbons may begin at temperatures as low as 200° C., 
depending upon the character of the more unstable hydrocarbons present, but it 
is not sufficiently rapid for technical purposes until temperatures above 400° C. 
are attained. On the other hand Ryonosuke Abe concluded, from the heating 
curves of petroleum oils taken at atmospheric pressure, that a temperature of 
300® C. is necessary before cracking became fairly rapid. The velocity of crack¬ 
ing, although closely dependent upon the temperature, varies somewhat at any 
particular temperature for different types of oils. 

As previously noted, the initial cracking reaction has been shown to be 
approximately unimolecular, and the velocity constant k can be represented by 
the equation 



Certain approximations become necessary in applying this formula to petroleum 
distillates, since the quantity of unchanged material cannot be readily determined, 
Geniesse and Reuter ^2 have successfully applied it to the cracking of a Mid- 
Continent gas oil at atmospheric pressure by taking as unchanged material (a — x) 
all the oil in the product after removal by distillation of the gas, gasoline, and 
higher-boiling products, i.e., all material boiling outside the range of the original 
fraction. The effect of temperature upon the velocity constants so obtained with 
the gas oil examined by Geniesse and Reuter could be represented by the formula 


it = 28.8 ^-53.4oo//?r 


For this the activation energy is 53,400 calories per gram molecule. Data for a 
number of other pure hydrocarbons indicated that the activation energies of the 
cracking reaction are approximately the same except for hydrocarbons, such as 
ethylene, undergoing bimolecular polymerization reactions. Unfortunately for 
the above mode of computation, the unimolecular reaction constants tend to 
decline as the cracking proceeds because of secondary changes which are not of 
the first order. 

It has repeatedly been stated that the velocity of cracking is doubled for 
every 10® C. rise in temperature, but this is probably only a very rough approxi- 


*^The fundamental variables in mixed>phase cracking (time, temperature and pressure) and their 
effects on the yields and characteristics of the products are discussed by Sydnor, hid. Eng. Chem., 
1934, 26, 184. 

Uapan), 1929, 32, 152; Chem. Ahs., 1929, 23, 5035. Waterman and te Nuyl 
(Petroleum Z., 1931, 27, 539; Chem. Abs., 1931, 25, 5976) report that with heavy distillates (vaseline 
oil) cracking was slight at 500* C. and became pronounced at temperatures of about 600* C. 

** Ind. Eng. Chem., 1932, 24, 219. 

**For example. Singer. Petroleum Z., 1929, 25, 893; 1930, 26. 482. Humphreys. Rogers and 
Paulus, U. S. Patent 1,553,861, Sept. IS, 1925; assigned to Standard Oil Co. of Indiana; Chem. Abs.. 
1925, 19, 3585. 
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mation and the actual value appears to change somewhat less rapidly with the 
temperature of cracking. The experiments of Geniesse and Reuter indicated that 
the reaction rate of cracking a Mid-Continent gas oil at 1 atmosphere (and 
hence in the vapor phase) doubled for an increment of 14° C. at 450° C. and for 
an increment of 21° C. at 600° C. I^slie and Potthoffreported that in the 
formation of gasoline from gas oil and heavy oil the yield doubled for every 
rise of 12° C; 

At any one temperature the actual velocity of cracking depends definitely on 
the character of the charging stock. An investigation of this factor has been 
carried out by Sachanen and Tilicheyev who studied the cracking of fractions 
of narrow boiling ranges, chiefly of Grozny oH, in a small shell still at final 
pressure of 61 to 100 atmospheres. At one particular temperature the rate of 
cracking was lowest for the lightest fractions and gradually increased for the 
heavier components. For example, under the same conditions of cracking a 
gasoline fraction (boiling 180° to 220° C, specific gravity 0.793) yielded 12 per 
cent of cracked gasoline (boiling up to 180° C., specific gravity 0.728) and an 
engine oil (boiling 250° to 280° C., specific gravity 0.910) gave 22.4 per cent of 
cracked gasoline (boiling up to 200° C, specific gravity 0.735). 

In agreement with the conclusion that in the cracking process there is a 
progressive tendency for the production of hydrocarbons of increasing thermal 



Progrmesion fhrough cracking cd/i 

Courtesy Refiner and Natural Gasoline Manufacturer. 


Fk;, 14.—Degree of Cracking as a Function of Time of Contact. (Frolich.) 

stability, Sachanen and Tilicheyev found that cracked oils decompose at consid¬ 
erably slower rates than straight-run oils of comparable boiling range. Leslie 
and Potthoff observed that cracked residuum is decomposed at 427° C. at about 
luilf the velocity at which heavy fuel oil cracks. On the other hand, (ienies.se and 
Reuter reported that pressure-cracked naphthas crack more easily than straight- 
run crude naphthas. 

Duration of Cracking. As the time of contact of the hydrocarbons in the 
cracking zone is prolonged the primary cracking products undergo a series of 
secondary changes, the final result of which is to produce more and more fixed 
gas and coke. The formation of coke does not occur in the first stages of the 
cracking process and only begins when products of condensation (i.e., polymerized 
oils) in the form of high specific gravity oil have been produced. The velocity of 
coke formation increases with increasing time of cracking. The change of com¬ 
position of the cracked products with increasing time of contact is shown graph¬ 
ically in a* qualitative way in Figure 14.-® 

2*/nrf. Eng. Chem., 1926, 18, 776. 

Inst. Pci. Tech., 1928, 14, 761; Petroleum, 1927. 23. .S21. 

Strout, Refiner, 1929, 8, 64; /1m. Pet. Inst. Proc. lOtli .'Inn. Meeting, 1930, 11 d). Sect. TII, 46* 
Chetn. Abs.. 1930, 24, 1965. 
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It has been shown by a large number of workers that prolongation of the 
cracking period has the same influence on the yield of products as an increase in 
the temperature of cracking, i.e., the results obtained at high temperatures and 
short times of contact can be duplicated approximately by using longer times of 
contact at lower temperatures. The validity of this rule, which is to be regarded 



Fig. 15.-—Time-Temperature Index of Cracking of a Mid-Continent Gas Oil. 
(Geniesse and Reuter.) 

as an approximation only, is restricted to the temperature range of commercial 
cracking reactions, i.e., 400° to 650° C. Geniesse and Reuter found it con¬ 
venient to consider the time and temperature factors together as a time-tempera¬ 
ture index. Taking 480° C. as a standard temperature condition and assuming 
that the velocity of cracking is doubled for a rise of temperature of 17° C., this 
time-temperature index may be expressed as, 

( r - 480 \ 

2 }xt 

where T = cracking temperature in ° C.; and t = time of contact in minutes. 

^Ind. Eng. Chem., 1930, 22, 1274. 
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The influence of varying the time-temperature index on the yields of gasoline 
and on the ratio of gas to gasoline obtained in the cracking of a representative 
Mid-Continent gas oil at temperatures of 430® to 700® C. and at atmospheric 
pressure are shown in the appended series of curves (Fig. 15) by Geniesse and 
Reuter. In plotting these curves the logarithm of the time-temperature index was 
employed rather than its numerical value. From the curves it is seen that as this 
index increases the yield of gasoline increases rapidly until a maximum value is 
reached. From then on the yield decreases slowly as the index increases. The 
curves also indicate that for a given value of the time-temperature index the 
yield of gasoline is higher at the lower cracking temperatures. The ratio of gas 
to gasoline continuously increases with the tinie-tpmperature index, becoming 
very large for values of the index greater than that corresponding to the maxi¬ 
mum yield of gasoline. 

The parallel influence of time of contact and temperature on the degree of 
reaction is not restricted to the cracking of petroleum fractions for gasoline pro¬ 
duction but appears to be a general phenomenon in the pyrolysis of all hydrocar¬ 
bons. For example, Frey and Hepp showed that in the pyrolysis of gaseous 
paraffin hydrocarbons at high temperatures to yield aromatic liquids, variation in 
time or in temperature gave equivalent results with respect to the yield of volatile 
oils over a wide temperature range. It was found that the minimum values of 
contact time required to develop an approximate maximum yield of volatile oils 
at any particular temperature was related to that temperature by the empirical 
formula: 

r = 691 - 100 log { 

where T ~ temperature; and t = time in minutes. 

The influence of the time factor on the yields of gasoline from the cracking 
process is that gasoline production becomes slower and slower as cracking is 
prolonged and the total gasoline yield tends to approach a limit. Recycling ex¬ 
periments carried out by Sachanen and Tilicheyev, with a charging stock of light 
gas oil in a small shell still operating under pressure, showed that the gasoline 
yield was 17.5 per cent in the first pass, and increased to 55 per cent after four 
passes. After repeated runs tlic yield of gasoline seemed to approach a limit of 
about 60 per cent with moderate coke formation or 65 per cent with considerable 
coke production.-®* 

Pressure, In the temperature range (400® to 650® C.) normally used in liquid 
phase processes the more volatile hydrocarbons are above their criticiil tempera¬ 
tures and only the less volatile ones are in the liquid condition under pressure. 
With increasing pressures the more volatile hydrocarbons are dissolved to a 
greater degree in the liquefied heavy ends so that only at very high pressures is 
a true liquid phase (or homogeneous) system obtainable. Moreover, it is doubtful 
whether there is such a thing as a liquid phase process in the usual sense of the 
word. Operating conditions which would constitute a liquid phase for the charg¬ 
ing stock will not continue to exist as the structure of the hydrocarbon molecules 
is broken down to form lower boiling fractions. With increasing conversion to 
lighter hydrocarbons (secured by increasing the time factor under constant 
temperature conditions) the ratio of vapor to liquid increases so that such proc¬ 
esses obviously operate as a heterogeneous gas-liquid system. The influence of 
pressure on the character of the cracked products is closely dependent upon the 
degree to which solution of the cracked products in the liquefied oils takes place. 

“/«d. Bng, Chem., 1932, 24, 282. 

This decrease in gasoline formation cm recycling was also observed by Tarasov and Seledzhiev. 
*Ve//. Kkos., 1932, 23, 177; Ckem, Ahs., 1933, 27, 2022. 
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The great technical advantages of the use of higher pressures are that the best 
conditions for heat transfer, absence of local superheating and economy of fuel 
are thereby attained. The influence of pressure on the velocity of cracking has 
been the subject of a number of somewhat contradictory statements. It seems, 
however, that pressure exerts little influence on the velocity of cracking in the 
initial stages when the temperature and time of reaction are maintained constant. 
As cracking reactions proceed, however, the yield of gasoline undergoes a slight 
decrease probably because of polymerization of the unsaturated hydrocarbons into 
high-boiling compounds.-® The apparent increase in the velocity of cracking with 
increased pressure is probably to be accounted for by the increased time of con¬ 
tact as a result of continued separation of material from the vapor phase to the 
liquid state and to the better heat transfer thus obtained. 

From a theoretical standpoint there is no reason to suppose that increased 
pressure will favor the primary cracking reactions except by facilitating heat 
transfer. On the basis of Le Chatelier’s theorem increased pressure should sup¬ 
press the formation of uncondensible gaseous products. However, pressure un¬ 
doubtedly plays a very important part in determining the course of the .secondary 
changes in cracking operations. Since polymerization (of olefins) is a bimolecular 
reaction, the rate of which is proportional to the square of the pressure, it is to 
be expected that the use of high pressures will favor the polymerization of the 
unsaturated hydrocarbons initially formed in the first stages of the process, a 
phenomenon which has been repeatedly observed in the case of individual olefins. 
This is in accord with the observations made by numerous investigators that an 
increase in the pressure reduces the unsaturated hydrocarbon content of the 
resulting cracked gasoline.®® Sachanen and Tilicheyev found, for example, 
that when paraffin wax (melting point 53® C.) was cracked under 10 atmospheres 
pressure the gasoline produced had an iodine number of 107.8. When cracking 
was carried on under 40 atmospheres pressure the iodine number of the gasoline 
was 58.8. These figures indicate a decrease in the content of unsaturated hydro¬ 
carbons in the cracked gasoline by about one-half. Philippide noted when 
kerosene was cracked at 600® C. in an electrically heated tube that increasing the 
pressure from 1 to 20 atmospheres resulted in a decrease in the percentage of 
unsaturated hydrocarbons in the product. 

This decrease in the proportion of unsaturated hydrocarbons at higher pres¬ 
sures is accompanied by the formation of polymerization products and of naph¬ 
thenes. According to Frolich,®* however, the favorable influence of pressure in 
promoting polymerization reactions is gradually counterbalanced by the increas¬ 
ing segregation of the olefins of high and medium molecular weight (which are 
the ones most readily polymerized) with rising pressure into the liquid phase 
where, by dilution with cracking stock, their rates of polymerization are slowed 
down considerably. The net result of this forcing by pressure of the vaporized 
olefins into the liquid phase is that polymerization and coke formation under 
certain conditions at first increase very rapidly with rising pressure, gradually 
increase more slowly, then pass through a maximum and at higher pressures coke 
formation actually declines. 

In addition to its influence in depressing the content of unsaturated hydro- 

Sachanen and Tilicheyev, Oil aitd Gas 1929, 28, 48. Kato (/. Soc. Chem, Ind. Japan, 1933, 
36, »uppl. binding 226; Chem. Abs., 1933, 27, 3808) retorts that both the cracking rate and yield of 
gasoline decrease with increase of pressure through the pre.s.sure range of 60 to 300 atmospheres. 
wE.g.. Singer, Feirotenm Z., 1929, 25. 893; 1930, 26, 482. 

1929, 62, 658. 

Petroleum Z., 1932, 28 (51), 1; Chem. Abs.. 1933, 27, 1493. See also Kato, /. Soc. Chem. 
Ind. Japan, 1932, 36, suppl. binding 226; Chem. Abs., 1933, 27, 3808. 

**Chem. Met. Eng., 1931, 38, 343. 
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carbons,in cracked benzines (already noted), increase of pressure also decreases 
the yields of gasoline obtained under a given combination of conditions particu¬ 
larly with intensive cracking when secondary changes become important. The 
use of increased pressures will tend to suppress gas formation in cracking, espe¬ 
cially in dehydrogenation reactions in which the rate of dehydrogenation is re¬ 
tarded by raising the pressure. 

In view of the fact that coke formation is mainly dependent upon polymeriza¬ 
tion and rccracking reactions producing high boiling asphaltic residuum oils 
(which are to be regarded as the parent substances of coke), if is to be expected 
that pressure will exert some influence on coke* formation. As previously noted, 
the development of coke, like polymerization reactions, increases with rising 
pressure, rapidly at first, and then more slowly until it ultimately passes through 
a maximum and then declines. This is explained on the basis of the slowing 
down of polymerization velocity as the higher olefins are forced by increasing 
pressure into solution in the liquid phase and consequently diluted. Frolich ” 
stated that polymerization and recracking reactions, the precursors of coke for¬ 
mation, are greatly depressed at ordinary cracking temperatures under 600 to 
1000 pounds pressure as compared with, say, 100 to 200 pounds pressure. On 
the other hand, Graetz found that, contrary to general belief, the formation of 
coke appears to be independent of the pressure applied. In any case, the pressure 
factor is of less importance in coke formation than temperature, duration of 
heating, and character of the charging stock. 


Catalysts in Cracking 

The thermal reactions of hydrocarbons are greatly influenced by the presence 
of certain catalytic materials in the reaction zone. Catalysts tend to promote the 
rapid attainment of an equilibrium condition at any particular temperature but, 
where a large number of intermediate stages are possible as in the thermal reac¬ 
tions of hydrocarbons, selective catalysis may occur and one reaction may be 
accelerated by one particular contact material. 

The fundamental equilibrium to which all systems of hydrocarbons tend to 
revert at temperatures above about 500® C. is the methane-hydrogen-carbon 
equilibrium represented by 

C-f2H, =^=ate CH* 

The attainment of this equilibrium takes a considerable time even in the presence 
of active catalysts and in the absence of catalysts it is approached only at high 
temperatures. 

An investigation of the catalytic effect of a number of substances on thermal 
decomposition of methane was made by Slater.®* He concluded that the chemical 
nature of the catalyst, as well as ‘the area of the surface exposed, is of great 
importance. 

The researches of Schiitzenberger and Jonine,*® Zelinsky,®’^ Mayer and Alt- 
mayer,®* Slater,®® Cantelo,®® Zanetti,®^ and a large number of other workers have 


” Loc. cit. 

Chimie ct Industrie, 1930, 24, 271. 

1916. 109, 160. 

^ Compt. rend., 1880, 91, 823; Chem. Soc. /tbs., 1881, 40, 705; Ber. 1880, 13, 2428. , 

”7. Bttss. PItys. Chem. Soc., \9\5, 47, 1807. Sec Gurwitsch-Moorc, ‘Scientific Principles of 
Petroleum Technology,” D. Van -Nostrand Co., Inc., New York, 1932, 349. 

•• See Mayer, Henseling, AUmayer, and Jacoby, /. Casbel., 1909, 52, 166, 238, 30S; Chem. Abs., 
1910. 4, 2724. 

1916, 109, 160. 

Phvs. Chem., 1924, 28. 1036; 1926, 30, 899, 1641. 

*^lnd. Jinff. Chem., 1916, 8, 674. 
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shown that the elements of the Vlllth Group, iron, nickel, and cobalt, are very 
active catalysts in promoting the decomposition of hydrocarbons into carbon, 
hydrogen, and methane. It is possible that this reaction is affected by the inter¬ 
mediate formation of metallic carbides. On treating the products of carbonization 
taken from the wall of an iron tube used in the pyrolysis of petroleum at 650° C. 
with dilute mineral acid, Zelinsky obtained a gas of the composition methane 12 
per cent, hydrogen 85 per cent, and unsaturated hydrocarbons (Cnlion) 2.2 per 
cent, and an analysis of the original material showed 30 pv cent iron and 70 
per cent carbon. Scheffer, Dokkum and AM* found evidence of the formation 
of an unstable nickel carbide at comparatively low temperatures during the de¬ 
composition of methane in the presence of that metal. 

Numerous statements have been made that the production of gasoline or of 
aromatic hydrocarbons may be promoted by the presence of various catalysts but 
none of these catalysts, with the exception of( aluminum chloride and iron oxide, 
are used industrially to any extent. \ Thus Ostromislensky and Burshanadse 
reported that by using a spiral of iron gauze in the pyrolysis of naphtha at 
700° C. the yield of benzene obtained was increased from 7.75 per cent to 10.9 per 
cent, and that asbestos, pumice, iron oxide and carbon promoted the formation of 
hydrogen and carbon. Zelinsky proposed the use of zinc oxide for increasing the 
yield of aromatic hydrocarbons by high temperature cracking but doubt has been 
thrown on the utility of the substance by the work of Bjerregaard.^* According 
to Snelling,**^ colloidal graphite considerably reduces the pressure necessary for 
the liquid phase cracking of naphtha to produce benzine. Later, Chamberlin and 
Bloom observed that the carbon first formed exerts a catalytic effect on the 
formation of aromatic hydrocarbons in the pyrolysis of natural gas and similar 
results were reported by Fischer and Pichler^^ in the thermal polymerization of 
acetylene. 

The use of activated aluminum as a catalyst with chlorinated petroleum hydro¬ 
carbons has been suggested.^* The petroleum fraction is first chlorinated until a 
65 per cent increase in weight occurs. The chlorinated petroleum, either alone 
or admixed with some of the original fraction, is then passed over activated 
aluminum at temperatures of 150 to 250° C. The aluminum is activated by treat¬ 
ment with the solution of a less electro-positive metal, which is thus deposited 
on the aluminum. This cracking process apparently involves the elimination of 
hydrogen chloride from the chlorinated petroleum, followed by thermal decompo¬ 
sition of the olcfinic hydrocarbons thus formed. 

A number of investigators agree that silica, porcelain, and siliceous materials 
arc not active catalysts for the decomposition of the gaseous paraffins into their 
elements. .Similarly copper and tungsten have little effect on the decomposition 
of hydrocarbons into carbon and hydrogen.^® Copper tubes have been used by 
Chamberlin and Bloom and by Wheeler and Wood for the production of 
aromatic hydrocarbons by the high temperature pyrolysis of gaseous paraffin 
hydrocarbons. Iron and nickel, on the other hand, are active catalysts of the 
formation of carbon and hydrogen from methane. The carbon, resulting from 

Rec. trav. chim.j 1926, 45, 803. 

Russ. Phys.’Chetn. Soc., 1910, 42, 195; Petroleum Z., 1910, 5, 1243; Chem. Abs., 1911, 5, 989. 

**Jud. ling. Chem.. 1915, 7. 573. 

Chem.-Ztg., 1915, 39, 395; Chem. Abs., 1915, 9, 2148; British Patent 18,419, 1914; J.S.C.I., 
1915. 34. 1045. 

"/nrf. Eng. Chem., 1929, 21, 945. 

Drennstoff^Ckem., 1929, 10, 279. 

^ I. (1. Farl)enindustrie A.-G., British Patent 347,727, 1930. 

^ K.g., Stanley and Nash, J.S.C.I., 1929, 48, IT; Chamfierlin and Bloom, Ind. Eng. Chem., 1929, 
21. 945. 

>^Fuel, 1928, 7, 535; Chem. Abs., 1929, 23, 3212. 
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the pyrolysis of natural gas, exhibits a selective activity in the conversion of 
paraffins to aromatics. With the lower molecular weight hydrocarbons decompo¬ 
sition seems to take place through intermediate formation of labile residues,®* 
while, as previously mentioned, the higher molecular weight compounds split 
yielding one saturated and one unsaturated molecule as the primary reaction. 

The action of aluminum chloride, which promotes the cracking of hydro¬ 
carbons even at low temperatures, is unique and warrants a chapter to itself 
(.see Chapter 6). 

'With the exceptions of aluminum chloride and of iron, none of these sub¬ 
stances is used for the production of gasoline by commercial cracking. Most 
cracking tubes are made of iron but their surfaces rapidly become covered with 
a deposit of carbonaceous materials which inhibits any catalytic activity the 
metal might exert. Among the catalytic cracking processes must also be classed 
those in which a mixture of oil and steam is subjected to decomposition in the 
presence of catalysts such as iron, nickel, or aluminum. In the Ramage process, 
for example, a mixture of hydrocarbon vapor and steam is led over a reducible 
metal oxide such as iron oxide.} 

Although it has been repeatedly stated that certain specific catalysts are advan¬ 
tageous in promoting gasoline production and in simultaneously suppressing coke 
formation, the use of such catalysts in commercial cracking operations has been 
almost negligible.®® It has been proposed, for example, to employ molten catalysts 
such as alkali metal cyanides, certain alloys, and other metallic catalysts.®®*- A 
large number of solid contact catalysts have been suggested as applicable in both 
the liquid and vapor phases, including difficultly reducible metallic oxides, certain 
metallic metaphosphates, activated carbonaceous materials, complex carbides such 
as iron-tungsten carbide, and elemental silicon. Volatile catalysts for vapor phase 
operation include mercury vapor and the halogens. Oil-soluble metallic acetyl- 
acetonates, particularly of the elements contained in Groups III to VII of the 
Periodic System, have been proposed as catalysts for liquid phase cracking.®* 


Influence of the Character of the Charging Stock 


The character of the charging stock is of much greater importance in in¬ 
fluencing the yields of products of liquid phase cracking (i.e., under pressure 
below 500° C.) than in cracking at higher temperatures in the true vapor phase. 


Pone and Coward, J.C.S., 1908, 93, 1197, For a discussion of the mechanism of the pyrolytic 
decomposition of paraffin hydrocarbons see also Chapters 2 and 4. 

“ U. S. Patent 1,687,890, Oct. 16, 1928; assigned to Gyro Process Corp. See also U. S. Patents 
1.403,194, Jan. 10, 1922; 1,409,404, Mar. 14, 1922; 1,752,692, Apr. 1, 1930; and British Patents 
338,904 and 338,905, 1929. 

“ I'or a review of a number of such patents, see EgloflF, Lowry and Scfaaad, /. Inst, Pet, Tech., 


1930, 16. 133-246. 

ivanysa (Petroleum Z„ 1933, 29 (20). 1; Brit, Chem. Abs. B, 1933, 612) employed iron, tin, 
aluminum and nickel together with some chlorides, e.g., calcium, magnesium zinc or ferric chloride. 
.Muminuni chloride was found to be a better catalyst than any of the metals. Titanium, tantalum or 
t.'uitalum alloys have also been suggested (Mittasch, Stern and Galle, U. S. Patent 1,922,491, 
Aug. 15, 1933; assigned to I. G. Farbenindustrie A.*G.; Chem, Abs., 1933, 27, 5181) as well as steel 
alloys containing 5 to 8 per cent of chromium and small amounts of aluminum, silicon, molybdenum, 
vanadium, titanium, beryllium or copper (Vereingte Stahlwerke A.-G., British Patents 382.355 and 
384,016, 1932; Chem. Abs., 1933, 27, 4387). Ansolvo acids have been proposed also (Galle, Rosinskv 
and Hofmann, U. S. Patent 1,923,571, Aug. 22, 1933; Chrm. Abs,, 1933, 27, 5181). Ugarte (French 
Patent 665,604, 1928; Chem. Abs., 1930. 24, 954; Australian Patent 18.020, 1929; Chem. Abs., 1930, 
24, 3897) cracked heavy hydrocarbons by mixing them with basic, acid or neutral nitrates and sub¬ 
jecting the mixture to a temperature not exceeding 390* C. Another metho«l is passing the hydro¬ 
carbons through a bath of a molten metal in which silicon carbide is the catalyst (Scelig, German 
Patent 546,124, 1929; Chem. Abs., 1932, 26. 3369; German Patent 573,455, 1931 ; Chem. Abs., 1933, 
27, 3068). 

For descriptions of apparatus in which catalysts arc employed, see Sinclair Refining Co., German 
Patent 475,836, 1925; Chem. Abs., 1929, 23, 3804; and German Patent 497,428, 1926; Chem. Abs., 
1930, 24, 3637; Seigle, U. S. Patent 1,913,061, June 6, 1933; Chem. Abs., 1933, 27, 4378; I. G. 
Farbenindustrie A.-G.. French Patent 681,404, 1929; Chem. Abs., 1930, 24, 4385. 

•♦I. G. Farbenindustrie A.-G.. British Patent 337,046, 1929; Brit. Chem. Abs. B, 1931. 54. 
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In the latter, variations in the character of the charging stock exert but little 
influence on the yield and n^iture of the products, particularly gas, gasoline* and 
tar, under comparable conditions.®®^ 

In a discussion of the influence of the charging stock on cracking operations 
it is necessary to repeat many of the items previously mentioned. Such a repe¬ 
tition, however, will serve as a brief summary of the fundamental features of 
cracking. 

In low-temperature cracking the character of the charging stock greatly 
influences, first, the velocity of cracking. On the basis of hydrocarbons of 
approximately equal molecular weights, the relative ease of cracking of the 
various series is in the order: paraffins, naphthenes, and aromatics (most diffi¬ 
cult). Again, at a given temperature the higher boiling petroleum fractions 
crack more rapidly than do the lower fractions, and cracked products undergo 
re-cracking much more slowly than the original materials. Second, other factors 
being the same, it may be expected that the type of charging stock will influence 
the chemical composition of tlie gasoline produced. For example, a highly naph¬ 
thenic distillate might be expected to yield a gasoline containing an abnormally 
large proportion of naphthenic and aromatic hydrocarbons. The constitution of 
the gasoline depends also to a large degree upon other factors, the most important 
of which are the temperature and duration of heating. Third, experience has 
shown that the yield of gasoline from different charging stocks (high-boiling 
petroleum distillates and heavy crude oils) varies somewhat with oils from dif¬ 
ferent sources. Fourth, the rate of coke-formation, according to Singer,®® depends 
upon the chemical composition of the charging stock, paraffinic stocks producing 
less coke than paraffin-free or asphaltic oils under similar conditions of cracking. 
He stated that kerosene yields practically no coke, solar and spindle oils, very 
little, and machine and cylinder oils, large quantities, while tars greatly increase 
the formation of coke. The yield of coke appears to be of greater importance in 
determining the details of a cracking operation than are the yields of cracked 
gasoline (which are the same for a given temperature and cracking time from 
heavy crude oils and mazout).®^ 

As already noted, oils containing a relatively large proportion of higher aro¬ 
matic hydrocarbons tend to form larger quantities of coke. 


Commercial Cracking Processes 

As has been mentioned previously, it is neither necessary nor desirable to enter 
into a detailed description of the various types of cracking plants now employed 
for the production of motor fuels from higher-boiling petroleum fractions or from 
topped or reduced crudes. The technical literature on the subject is voluminous 
and the number of processes is great and increasing rapidly.®® To the petroleum 
chemist interested in the manufacture of organic chemicals, the principal interest 
in cracking is associated with the by-products of the process, and particularly with 
the gaseous by-products, which are valuable sources of large quantities of the 
lower olefins. In the following brief description of commercial cracking special 

“ E.g., Rittman, Ind. Eng. Chem., 191S, 7, 945; Osterstrom and Wagner, Proc. Amer. Pet. Inst., 
1930, n. 1. 

••Petroleum Z., 1929, 25, 893; 1930, 2^ 482; Brit. Chem. Abs. B, 1930, 848. 

Mazout is the residual fuel oil from Russian petroleum. 

*• For a detailed description of commercial processes, sec Leslie, “Motor Fuels,” The Chemical 
Catalog Co., Inc., New York, 1923; Brownlee. Chem. Met. Eng., 1924, 31. 737, 812, 848; ElHs .nnd 
Meigs. “Gasoline and Other Motor Fuels,” D. V’'an Nostrand Co.. New York, 1925; Dunstan and 
Pitkethly, Trans. Fuel Conference^ World Power Conference, London, 1928, 1929, 1, 693; Sachanen, 
and Tilicheyev, “The Chemistry and Technology of Cracking.” The Chemical Catalog Co., Inc., New 
York, 1932; Egloff and Nelson, Nat. Pet. News, 1930, 22 (3), 30. 
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attention is given to modern tendencies in vapor and liquid phase cracking 
operations. 

Liquid Phase Processes, One of the first important developments in liquid 
phase cracking for gasoline production was that of Burton, subsequently improved 
by Clark. In this process gasoline w^is formed by a simple pressure distillation 
(under about 5 atmospheres pressure) in a steel shell supplied with tubes as 
heating surfaces. Thus, on heating 200 barrels of gas oil, or similar distillate, in 
a Burton still of 250 barrels capacity, under a pressure of 75 to 80 pounds per 
square inch, cracking began at about 340° C. Slow distillation for a period of 
40 to 45 hours with a gradual rise in temperature to about 430° C. yielded a 
pressure distillate equivalent to about 60 to 6^ per cent of the volume of the 
charging stock and about one-half of this pressure distillate was obtained as 
gasoline of 440° F. end point (“unsaturation” to sulphuric acid, about 10 to 12 
per cent). The overall yield of gasoline v/as therefore of the order of 30 per 
cent. The method of pressure distillation employed in the Burton process pos¬ 
sessed the disadvantages of very low capacity and undue coke-formation through 
local overheating. For this reason, the pressure distillation method has been 
almost entirely superseded by the continuous tube furnace which has the advan¬ 
tages of high capacity, reduced coke-formation, increased fuel efficiency, and, 
most important, ability to operate under very high pressures. Two well-known 
liquid-phase processes are those of Dubbs, using pressures of 150 to 400 pounds 
per square inch, and of Cross, operating at much higher pressures, 800 to KXK) 
pounds per square inch. Other liquid phase processes are associated with the 
names, Holmes-Manley, Fleming, Jenkins, and Ellis. 

uln modern liquid phase operation, as exemplified by the processes of Dubbs 
and Cross, the charging stock is preheated in a series of tubes (“cracking coils”) 
through which the oil passes at a high velocity. The period of contact of the oil 
in the cracking coils is maintained sufficiently low to prevent any substantial 
decomposition of the oil at this stage.®® The oil thus preheated to the tempera¬ 
ture of incipient cracking is passed into a larger chamber (called the “soaker”) 
where its velocity is arrested and cracking is allowed to continue to the desired 
point. Thus, while the initial heating of the oil takes place in the tubes in which 
little or no coke is deposited, the actual cracking occurs in the soaking drums, 
which are so designed as to hold a considerable amount of coke before cleaning 
out is necessary. In the Cross process the average time of reaction in the soaking 
drum is about 20 minutes, but this may vary according to the mode of operation. 
On leaving the soaking drum the products of reaction pass to a low pressure 
separator, where tar residue separates, and thence to a bubble tower which yields 
an overhead distillate of gasoline and a higher boiling residue (intermediate in 
boiling range between the distillate and the separated tarry residue), the latter 
being recycled. 

In the “tube and tank” process developed by Ellis, the oil is first heated to a 
temperature of about 450° to 540° C. (850° to 10(X)° F.) by being passed through 
about one hundred small (4 to 4^4 inch) tubes set in a furnace. From these 
tubes, the oil is discharged into an insulated reaction chamber built outside the 
furnace. A pressure of 250 to 1000 pounds is maintained on the reaction cham¬ 
ber. The more volatile products of the reaction leave the chamber through a 
pressure relief valve located at the end of the chamber opposite to that at which 
the oil enters. After leaving the reaction chamber the volatile products pass 

••This condition is general with respect to the later types of cracking processes. In many of the 
older types a iJortion of the cracking coil also served as a soaking zone. 
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through a tar-separator, and thus to a bubble tower in which the lighter and 
heavier components are separated. 

/^The products of liquid phase cracking consist of gas, gasoline, residual oil 
an^ coke. The yields of gasoline depend very largely upon the degree of crack¬ 
ing (or the extent of recycling), the nature of the charging stock, and the oper¬ 
ating conditions. In general, larger quantities of gasoline arc obtainable from 
lower-boiling petroleum distillates such as kerosene and gas oil, than from heavy 
oils such as fuel oils. By excessive cracking, yields of cracked gasoline as high 
as 70 per cent, based on the charging stock, have been obtafned but only at the 
expense of forming much gas and coke together with a low quality residuum oil. 
Milder cracking conditions with production of less gas and coke and a higher 
quality residual oil yield from about 30 per cent to 55 per cent of gasoline, 
depending upon the character of charging stock, t The residual oil from cracking 
operations can be further separated by distillation into such products as furnace 
oil, fuel oil, and Diesel oil. 

According to Singer the liquid phase cracking of Grozny and Surakhani 
mazouts and heavy crudes is carried out in Russia in two ways, namely (1) under 
mild conditions producing principally gasoline and fuel oil, and (2) by prolonged 
cracking to yield gasoline, coke and gas. The first method gives about 1 per cent 
of coke and 35 per cent of cracked gasoline, the coke formation being constant 
for equal gasoline yields, and the second, 57 per cent of motor spirits and 15 
per cent of coke. 

The formation of coke or carbon during cracking processes is said to be 
largely eliminated by cracking with superheated steam at 1500 pounds pressure 
at 425° C. (815° F,). This same effect is secured by cracking liquid hydro¬ 
carbons (at 426° to 565° C. and 1000 to 5000 pounds pressure) in the presence 
of hydrogen, the proportion of the latter and the rate at which the reaction 
products are cooled precluding appreciable hydrogenation.®^* 

(The gasoline obtained by liquid phase processes, i.e., cracking under pressure, 
differs in important respects from that produced by vapor phase, high tempera¬ 
ture cracking. Liquid phase cracked gasoline possesses a lower unsaturated 
hydrocarbon content and much less tendency to gumming (on account of its 
lower content of diolefinic and similar reactive hydrocarbon types) than the 
vapor phase product. On the other hand, its anti-knock value is usually distinctly 
less than that of vapor phase gasoline and this fact is already exerting consid¬ 
erable influence on the cracking art.) The increasing demand for motor fuels of 
high octane number (far higher, possibly, than is often necessary for most com¬ 
mercial motor engines) is a factor calculated to favor the development of high 
temperature cracking. However, at the present time liquid phase processes pro¬ 
duce the major portion of the world's cracked gasoline supply and vapor phase 
operation is only in its preliminary stage of development. In order to improve 
the anti-knock quality of the cracked motor fuel, there is a tendency in liquid 
pha.se processes towards operation at higher temperatures. 

Vapor Phase Cracking 

Vapor phase processes, operating at temperatures in the range 500° to 600° C. 
at atmospheric or only slightly superatmospheric pressure, possess the disadvan¬ 
tages of high fuel consumption, large production of gases and coke, and heavy 

^Petroleum, 1929, 25, 893; 1930, 26, 482; Brit, Chem. Abs. B, 1930, 848. 

Hancock and Boyle, U. S. Patent 1,576,742, March 16, 1926. 

Ayres, British Patent 388,225, 1932; assigned to Gulf Refining Co.; Brit, Chem. Abe. B, 
1933, 340. 



CRACKING PROCESSES AND THEIR PRODUCTS 


ni 


up-keep and operating costs. On the other hand, they yield gasolines of high 
anti-knock value, and on this account, vapor phase operation is likely to undergo 
considerable expansion and development. The large production of gases rich in 
reactive unsaturated hydrocarbons by vapor phase processes, though a disadvan¬ 
tage to the refiner, is of profound interest to the chemist.®^^ 

Of the older vapor phase processes those of Greenstreet, Rittmann, Hall and 
Parker were operated under pressures of 60 to 150 pounds per square inch at 
temperatures above 550° C., while the Alexander and Ramage processes were 
worked at atmospheric or only slightly superatmospheric pressure.®* 

The Ramage process has been considerably improved and, under the name 
of the Gyro process, bids fair to attain a measure of popularity. The vapor of 
the hydrocarbons to be cracked, admixed with steam, is passed over a reducible 
metallic oxide, in particular ferrous oxide, at temperatures of 550° to 600° C. 
The proportions of steam and hydrocarbon apor are such as to avoid oxidation 
of ferrous oxide to ferric oxide as far as possible, and its reduction to metallic 
iron. The following reactions are used by Ramage to illustrate the process: 


(1) CnH,„ + , + Fc,0, 

(2) a,H3a-f 2CH„ 

(3) GH4 4-2Fe,03 ■ 

(4) C + Fe,0, — > 

(5) HaO-f2FeO — 


—CH,n f 2FcO -f H,0 
4C4H.-f8GH4 
2C + 4FeO + 2H,0 
2FeO + CO (550* C ) 

■ FcOa + H. (500" to 600" C.) 


The hydrogen evolved according to reaction 5 is assumed to combine with the 
unsaturated hydrocarbons formed in reactions 1 and 2. On a commercial scale a 
positive pressure of a few pounds per square inch was employed and it was 
necessary to blow the iron oxide with air for a few minutes at the end of every 
24-hours working operation. In a later development of this process described by 
Ramage,®^ heavy oils are passed with 1 to 2 per cent of steam over ferric oxide 
at 420° to 540° C., the resulting (largely olefinic) vapors with 10 to 20 per cent 
of steam are again passed over finely divided iron at 620° C. and with a further 
20 to 40 per cent of steam the operation is repeated at 700° C. or over. An aro¬ 
matic motor fuel together with gaseous products (e.g., hydrogen, carbon monox¬ 
ide, methane and ethane) is obtained. 

Recent developments of the older Ramage process in the form of the Gyro 
process have been described by Wagner.®® In this process the oil is vaporized, 
mixed with superheated steam in quantity not exceeding 3 per cent by weight of 
the vapors and the mixture raised almost instantaneously to the cracking tempera¬ 
ture of about 535° C. Reaction is allowed to take place in a converter of parallel 
tubes which in the past have sometimes been fitted with a catalytic core. The 
conversion is said to be complete in 2 seconds and the pressure on the system is 
about 15 to 25 pounds per square inch.®® Wagner®^ stated that by careful tem- 


Mb Wagner (Ind. Eng. Chem., 1934, 26, 188) discussed two types of vapor-phase cracking opera¬ 
tions: (1) at high pressure at 950** to 1050** F. (exemplified by the de Flores process) and (2) at higher 
temperatures and low pressure (Gyro process). 

•* The various stages in the development of vapor-phase processes have been described by Auld, 
Petroleum Times, 1929, 21. 99, 158. 

«U. S. Patents 1,403,194, jan. 1, 1922; and 1,409.404, Mar. 14, 1922. 

MU. S. Patent 1,752,692, Jan. 4, 1930; British Patent 338,904, 1929. See also British Patent 
338,905, 1929. 

w Oi/ and Gas 1929, 27 (49), 46; Chem. Abs., 1929, 23, 4052; Nat. Petroleum News, l>929. 
April 24, 40; /. Inst. Pet. Tech^ 1929, IS, 484; Chem. Abs., 1929, 23, 5564; Refiner, 1929. 8 (11), 80: 
Chem. Abs., 1930, 24, 2281; Ramage, U. S. Patent 1,900,997, Mar. 14, 1933; Chem. Abs., 1933. 
27, 3064. 

MOsterstrom and Wagner, British Patent 317,507, 1929; Australian Patent 13,623, 1928; French 
Patent 654,282, 1928. „ „ 

/. Inst. Pet. Tech., 1929, IS, 484; Nat. Pet. News. 1929, 29 (17), 40-a. 
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perature control the formation of carbon or coke and excessive amounts of gas 
can be minimized. A variation of 5° F. in the reaction temperature, other con¬ 
ditions being constant, is said to cause v^ride fluctuation in the proportion betAveen 
fixed gas and motor spirit. Changes in the character of the charging stock exert 
less influence than the factors of heat transfer and flow and temperature control, 
and have much less effect than in liquid phase cracking. The yields of products 
obtained from the Gyro process vary, as might be expected, but the fixed gas 
yields are always high (at least twice as great as that obtained in ordinary liquid 
phase operation). By cracking gas oil yields of motor fuel of about 60 per cent 
and of dry gas of 30 per cent were obtained. The gas produced may be partly 
converted by pyrolysis into a gasoline of high anti-knock value so that the gaso¬ 
line yield may be increased to about 75 per cent by this subsequent treatment of 
the gas. Wagner has given some results obtained in a small plant operating with 
a wide variety of charging stocks. Distillates ranging from 46.5® to 54.8° A.P.I. 
gravity with end points within the U. S. motor gasoline limit were obtained in 
yields of 43 to 64 per cent. The gasoline, obtained from the Gyro process con¬ 
tains 40 to 45 per cent of unsaturated hydrocarbons and about an equal propor¬ 
tion of aromatics, the balance being naphthenes with possibly traces of paraffins. 

The deFlorez process, which operates in the vapor phase at temperatures 
of 565® to 590® C. (1050® to 1100® F.) under a pressure of 80 pounds per square 
inch, is of interest. Although it is known that the use of increased pressure 
results in the formation of gasoline of lower unsaturation and diminishing gum¬ 
forming properties, deFlorez found that the effect becomes well marked even at 
pressures of the order of 50 to 60 pounds per square inch and at the temperatures 
indicated above. Furthermore the anti-knock quality of the gasoline is not appre¬ 
ciably depressed as a result of the reduced unsaturated content. The yields in 
Table 25 are reported by deFlorez for three typical oils cracked at 1050® to 
1100° F. and 80 pounds pressure. 

Table 25.--}'iclds of Three Typical Oils Cracked at 1050’' to 1100’' P. 
and 80 Pounds Pressure. 

-Oil- 


Yields (percent) Pa. Gas Oil Calif. Gas Oil Venezuela Crude 

Gasoline distillate . 61.4 53.9 36.4 

Residuum . 7.9 18.7 56.0 

Gas . 29.2 27.0 6.1 


Gasoline obtained by this process is said to possess excellent anti-knock 
qualities. 

The deFlorez furnace has been successfully used for “reforming’’ straight-run 
paraffinic gasoline to incre;ise its anti-knock property, using a temperature of 
925® F. and pressures as high as 1000 pounds per square inch. The recovery of 
cracked gasoline was as high as 86 to 88 per cent,®® 

A vapor phase cracking process developed by Stockman uses steam or an 
inert gas to vaporize the oil feed. The oil vapors pass to a reaction chamber 
where they are cracked by heat from gases heated in a battery of stoves.Ac¬ 
cording to Sachs the principles upon which such a vapor phase process is based 

•DeFlorez, Nat. Pet. Nexvs, 1929, 29 (17), 75; ibid., 1929, 29 (49), 33; Oil and Gas J., 1929, 
27 (50), 154; Proc. Amer. Pet. Inst., 1930, 9, 111; »ec also Truesdell, Nat. Pet. News, 1929, 
29 (18), 69. 

• Itrooks, 3. Inst. Pet. Tech., 1932, 18, 260. 

•OiV and Gas J., 1929, July 11. 138, 

^ Balmer, Brtlish Patent 317,508, 1928; assigned to Petroleum Conversion Corporation; Ckem. Abs., 
1930, 24. 2283. 

nRiiner, 1930, 9, (1), 70. 
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are: the complete vaporization of the oil prior to passing to the cracking zone, 
heating the dry vapors by commingling them with hot inert gases and exposure 
of this hot mixture of gases to ceramic materials only. The reaction chamber is 
designed to allow time for optimum conversion per single passage at about 
638® C. (1000° F.) and pressure is necessary only to overcome friction to ensure 
good circulation or to limit gaseous volume. In this process the yields of high 
anti-knock quality motor fuel vary according to the nature of the charging stock. 
With gas oil as charging stock, yields of cracked gasoline up to 80 per cent are 
said to be obtained.^® 

Silicates either alone or impregnated with about 1 per cent of nickel or 
cobalt,or chromium or nickel alloys containing small proportions of silicon, 
zinc, iron, aluminum, molybdenum or titanium have been suggested as catalysts 
for the cracking of petroleum oils in the presence of steam. 

Other vapor phase processes are those developed by Pratt and by Leamon.^® 

On account of their high content of unsaturated hydrocarbons, particularly 
those of the diolefinic type, cracked gasolines from high temperature vapor phase 
operations are difficult to refine and have .strong tendencies to gumming. Vapor 
phase refining with fuller’s earth at 600^ to 650** T. and 1000 pounds per square 
inch pressure has been used in the treatment of gasolines from the Gyro process.^®* 

Gaseous Products of Cracking 

While practically all cracking processes form quantities of permanent gas (or 
cracking gas), the yield and composition of the gas so produced depends upon a 
number of factors, such as the type of plant and its operating conditions, but more 
particularly upon the temperature and duration of heating. The nature of the 
charging stock docs not appear to influence greatly either the yield or the compo¬ 
sition of the permanent gas. Particularly is this true in high temperature, or vapor 
phase, cracking where the gases produced by cracking such widely different charg¬ 
ing stocks as I’ennsylvania gas oil and crude shale oil have been found to have 
similar compositions. 

Vapor phase cracking normally yields over 1000 cubic feet of gas per barrel 
of oil cracked. In contrast, the gas yield from liquid phase cracking varies from 
100 to 450 cubic feet per barrel. Normal vapor phase cracking produces roughly 
the same weight of gas as of motor fuel, but if the temperature of cracking is 
raised to 700°, or higher, the yield of gas is greatly increased. High temperature 
cracking, especially of comparatively low grade hydrocarbon materials, for the 
production of large quantities of gas rich in olefin hydrocarbons, might easily be of 
economic significance. 

The quantities of gas available from cracking operations are very large, and 
Egloff has estimated that the volume of gas produced by cracking processes in 
1927 was of the order of 200,000,000,000 cubic feet. Wagner stated that in a 
Gyro plant a throughput of 4000 barrels of gas oil produced 5,000,000 cubic feet 
of gas containing olefin gases to the extent of 1,350,000 cubic feet of ethylene, 
800,000 cubic feet of propylene, and 450,000 cubic feet of butylenes. As the crack¬ 
ing process is extended to meet the demands for motor fuel the available supply 

” on and Gas J.. 1929, Sept. 19, 46. 

Houdry, British Patent 388,189, 1933; assigned to Houdry Process Corp.; Ckem, Abs., 1933, 
27, 4664. 

”>» Goldsbrough, British Patent 371,042. 1930; Chem. Abs., 1933, 27, 2563. 

^Krase, Chem. Met. Eng., 1930, 37, 624. Pratt, U. S. Patent 1,752,264, March 25, 1930; British 
Patent 293,829, 1928. 

"Staley, Petr. Eng., 1931, (1), 3, 40. 

Holland, Jfeyiner, 1932, 11, 26. 

"y. Inst. Pet. Tech., 1929, 15, 484. 
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of these valuable olefin gases will be further increased. Moreover, it appears prob¬ 
able that the cracking process will be ultimately applied to such substances as low 
temperature coal tar, shale oil, and other low grade hydrocarbon materials. 

It is obvious that vapor phase high temperature cracking processes supply a 
gas valuable from the point of view of the synthesis of chemical products, since 
gaseous olefins are its principal constituent. As previously noted, the production 
of large quantities of gaseous olefins by vapor phase cracking is a fact of prime 
importance to the chemical industry, since these olefins can be converted into a 
variety of chemical substances of great industrial value. 


Composition of Cracking Gas 


The composition of cracking gas depends chiefly upon the temperature of crack¬ 
ing. Liquid phase cracking at temperatures of 450® to 480® C. yields a gas con¬ 
taining large proportions of gaseous paraffin hydrocarbons, comparatively small 
amounts of gaseous olefins, and only a little hydrogen. Propylene appears to be its 
principal olefinic constituent, ethylene occurring to a less extent, and practically no 
cliolefins are present. On the other hand, vapor phase cracking gas is relatively 
rich in olefins (up to 60 per cent of the total), ethylene being the predominating 
constituent. Moreover, diolefins, chiefly butadiene, are present to the extent of 
2 per cent, as well as paraffin hydrocarbons, chiefly methane and ethane, and hydro¬ 
gen (up to 10 per cent). 

Brooks and his co-wofkers have recorded some analyses of gases taken at 
intervals during the pressure distillation of Jennings (La.) reduced oil boiling 
above 265° C, and of paraffin. (See Table 26.) The temperature of the still was, 
of course, rising throughout. 

Table 26.—Analysis of Gases Evolved During Pressure Distillation of Jennings Crude 
and of PaYalfin, under 100 Pounds Pressure. 

-^Jennings Reduced Crude- -Paraffins- 

I II III I II III 

Temp, of still " C. .. 340 415 422 417 432 437 


CO, . 1.2 0.5 0.0 0.0 0.0 0.0 

CO . 1.2 0,5 1.3 0.0 0.0 0.0 

CnH,n . 15.4 15,3 13.0 25.4 37.0 33.5 

H.. 0.0 4.0 4.4 0.3 0.9 3.0 

GiH».+ , . 81.5 79.7 81.3 74.3 62.1 63.5 


Egloff recorded the analyses of some gases obtained from liquid phase crack¬ 
ing (Dubbs process). The majority of these analyses indicate a rather high 
proportion of paraffin hydrocarbons (about 73 to 88 per cent). Ethylene, propylene 
and butylene appear to be the principal olefins in such gases and some hydrogen is 
also present. 

A typical analysis of a vapor phase cracking gas from the Gyro process made 
by Wagner is given in Table 27. 


Table 27.—Analysis of a Vapor Phase Cracking Gas from the Gyro Process. 
Constituent Per Cent Constituent Per Cent 

COa + HaS . 0.25 Propylene . 16.00 

0.15 Butylenes . 9.00 


CO 

Ha . 7.00 

Ethylene . 27.00 


Butadiene. 1.00 

Saturated hydrocarbons ... 39.00 


. 180. 

an Noatrand Co., New York, 


** Brooks, Bacon, Padgett, and Humphrey, Jitd. Bng. Chem., 1915, 7, 

"See Kogera, ''Manual of Induatrial Chemiatry,” 5th Edition, D. Va 
1931, 878. 

"Lor. cU. These results obtained with a Pennsylvania gas oil. The hydrogen sulphide content 
of the gas will vary with the sulphur content of the charging stock. 
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Wagner, in a later contribution,®® gave the analyses of typical gases from the 
vapor phase (Gyro) and liquid phase (Cross) processes as shown in Table 28. 

Table 28. —Amlyscs of Gases front the Gyro and Cross Processes, 

Cross Process Gyro Process 
-Per Cent- 


Methane 4* hydrogen. 

. 46.3 

35.4 

Ethylene . 

. 1.2 

22.9 

Ethane . 

. 16.6 

13.3 

Propylene . 

. 5.3 

18.1 

Propane . 

.. 16.2 

0.0 

Butenes and butadiene. 

. 4.3 

5.5 

Butanes . 

. 6.1 

1.4 

C» and heavier. 

. 3.7 

3.4 


There thus appears to he little or no propane in the gases from the Gyro 
process, but there is some doubt as to the accuracy of this determination. It is 
believed possible that there may be cycloparaffins (cyclobutane) present, a point 
not settled definitely. Isobutene and butadiene are also present as well as 1-butene 
and 2-butene, but the quantitative relationships existing between these compounds 
are not yet known. Wagner further stated that, contrary to previous reports on 
the subject, it is now known that some effect upon ga.s composition is caused by 
changing the charging stock. 

Dunstan*' quoted the followitig figures for the unsatunited hydrocarbon con¬ 
tent (amounting to 55 per cent of the total gas) in a vapor phase cracking gas: 


Constituent Per Cent 

lilthylene . 54.0 

Propylene . 28,0 

Butylenes . 9.0 


Constituent Per Cent 

Amylencs . 1.7 

Higher olefins . 6.1 

Butadiene . 1.2 


Markovich and Pigulevski divided the gases from the vapor phase cracking 
at 580° to 620° C. of a Russian crude oil into 3 fractions, viz.: (I) a light 
fraction consisting of fixed gases and representing 20 per cent by weight of the 
total gaseous material; (II) a wet gas condensate representing 76.5 per cent of 
the total; and (III) gases remaining dissolved in the gasoline fraction and rep¬ 
resenting about 3.5 per cent of the total. The compositions by weight of these 
three fractions are given in Table 29. 

Romoli-Venturi reported that by compressing the gases formed during the 
cracking of petroleum residues (mazout, fuel oil, and other fractions) liquid hydro¬ 
carbons, amounting to 5 to 10 per cent of the original material, are obtained. 
These hydrocarbons, as indicated by the analysis of their bromine and hypochlorous 
acid reaction products, consist almost entirely of hydrocarbons of the diolefin and 
diacetylene series. 

Thus vapor phase cracking gas is invariably a complex mixture containing 
paraffins, olefins, diolefins, hydrogen, and probably a little acetylene as well as 
sulphuretted hydrogen and carbon monoxide. It has been stated that of the buty¬ 
lenes present in vapor phase cracking gas, isobutylene predominates over its 
isomers. 

••Refiner, 1930, 10 (6), 70. 

«/. Roy, Soe, Arts, 1928, 76, 922, 945, 985, 1001; Chem. 4bs., 1928, 22, 4235, 4781. 

•••Refiner, 1932, 11, 348; Chem, Abs.. 1932, 26. 4456. 

••Ann, ekim, appL, 1930, 20, 18; Bnl. Chem. Abs. B, 1930, 357; Chem, Abs., 1930, 24, 287a 
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Table 29.— Composition of Components ol Vapor Phase Cracking Gas, 



" Per Cent by Weight 

I 

II 

III 

Gases 

Dissolved 

Component 

Fixed Gas 

Wet Gas 

in Gasoline 

H, . 

. 2.4 

0.2 

■— 

Oa, COi, Na. 

. 3.5 

0.4 

— 

Saturated hydrocarbons . 

. 49.0 

29.6 

3 

Average mol. wt. of saturated hydro- 

• 

50 

carbons . 

. 18.2 

21.0 

Ethylene . 

. 25.2 

17.1 

— 

Propylene . 

. 12.0 

24.3 

4 

n-Butylene . 

. 2.9 

9.0 

35 

Butadiene . 

. 2.0 

6.6 

18 

Isobutylene . 

. 3.0 

10.3 

40 

Amylenes and higher 
hydrocarbons . 

unsaturated 

2.5 

— 


Lewis-Dale has isolated a monoalkylacetylene (probably ethyl- or isopropyl- 
acetylene), aniylenes, benzene and toluene from the liquid hydrocarbons obtained 
in the compression of oil gas, i.e., illuminating gas made by the high temperature 
(about 1500° to 1700° F.) cracking of gas oils. Other unsaturated hydrocarbons 
were present, but as they readily polymerized their identification was impossible. 
This polymerization, resulting in the formation of a gummy, resin-like residue, 
renders difficult the production of a satisfactory motor fuel from the compression 
liquid. 

Cracked Gasoline 

The aim of commercially operated cracking processes is the production of lower 
boiling liquid hydrocarbons, usually those boiling within the gasoline range. ’ The 
most important difference in composition between the synthetic cracked gasolines, 
produced by thermal degradation, and ordinary straight-run gasolines is the pres¬ 
ence of considerable proportions of unsaturated hydrocarbons in the former and 
of traces only in the latter. The chemical composition of cracked gasoline de¬ 
pends upon a number of factors, most important of which are operating conditions 
(temperature, pressure, and duration of cracking) and the character of the charg¬ 
ing stock.*®* In a general way, the effect of increasing the temperature of 
cracking is to increase the percentage of unsaturated hydrocarbons in the cracked 
product. With increasing temperature of cracking, diolefins are produced in in¬ 
creasing proportions, and at still higher temperatures aromatic hydrocarbons are 
formed preponderating!y at the expense of the unsaturated hydrocarbons. Naph¬ 
thenes (cyclopentane and cyclohexane derivatives) are present in considerable 
amount in most cracked gasolines made at lower temperatures, but at higher tem¬ 
peratures these largely undergo decomposition into aromatics. Relatively large 
proportions of paraffins are usually present in gasolines produced by cracking at 
low temperatures but at higher temperatures these are greatly reduced in quantity 
and vapor phase cracked gasolines generally contain smaller proportions of paraffin 
hydrocarbons. As might be expected, the character of the charging stock exerts 
considerable influence on the composition of the gasoline produced at low tenipera- 


•»y.5.C./., 1925, 44. 189T. 

Analyses of gasolines obtained on cracking various petroleum oils are given by: lonescti. 
Bui. chim. soc, romane chim., 1930, 33, 37; Chem. Abi., 1932, 26, 5407; Korovatzkii. Nefi. KhoM., 

1932, 22, 217; C/iem. Abs., 1932, 26. 4456; Sager, Petroleum, 1933, 29 (15), 1; Br^them Abs i, 

1933, 452; Figuzov, Acta Univ. Asiae Mediae iTaekkent), 1932, Ser. VI, No. 5; Chem, Abs., 1933, 
27, 4383. 
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tures (i.e., in liquid phase operations) but at higher temperatures this effect is 
minimized by the occurrence of overwhelming secondary changes.) 

The influence of increased pressure is to reduce the unsaturated hydrocarbon 
content of the cracked gasoline, probably by speeding up polymerization. How¬ 
ever, this effect is reversed at still higher pressures, according to Frolich.®* The 
pressure factor never exerts’ such a marked influence on the unsaturated content of 
the gasoline as does the temperature factor. 

A large number of analyses of cracked gasolines produced from various charg¬ 
ing stocks under various conditions have been published but it would be of little 
value to reproduce such analyses since in most, cases the fundamental cracking 
conditions have been incompletely specified and the analytical methods employed 
are capable of yielding results only approximately accurate. Egloff gave figures 
for the composition of various cracked gasolines from the Dubbs process showing 
that the unsaturated hydrocarbon content vaties from 10 per cent to about 30 per 
cent and averages about 20 to 25 per cent. The proportions of the other three 
principal types of hydrocarbons appear to vary with the character of the charging 
stock, but the paraffins average 30 to 40 per cent and the aromatics about 20 per 
cent, although there may be vdde deviations from these figures. According to 
Egloff,®® the gasoline obtained by cracking a Californian kerosene under 14 to 21 
atmospheres below 500° C. contained 17.3 per cent of olefins, 18.4 per cent of 
aromatics, 20 per cent of naphthenes, and 44.3 per cent of paraffin hydrocarbons. 
Garner gave the composition for various liquid phase cracked gasolines shown 
in Table 30. 


Table 30 .—Composition of Liquid Phase Cracked Gasolines. 


Source Olefins Aroniatic.s Naphthenes Paraffins 

-Per Cent- 

High-pressure cracking of naphthene- 

base kerosene . 24 9 35 32 

Light gas oil ♦ . 30 8.5 15 46.5 

Heavy gas oil ♦ . 41 6.5 9 43.5 

Residue * . 45 6 8 41 


* From mixed base crude and cracked at 150 lbs. per .sq. in. 


The gasolines producetl by high temperature vapor phase cracking are charac¬ 
terized by a higher content of unsaturated hydrocarbons (up to about 50 per cent) 
and aromatics, with only small amounts of paraffin hydrocarbons. For gasoline 
produced by vapor phase cracking in a Gyro unit, Wagner gave the composition, 
45 to 50 per cent of olefins and diolefins and 40 to 45 per cent of aromatics, with 
the remainder naphthenes and only a trace of paraffins. The percentage of unsatu¬ 
rated hydrocarbons in vapor phase cracked gasolines does not usually exceed about 
50 per cent, but distillates of such gasolines may have a higher unsaturated con¬ 
tent.®® A vapor phase cracked gasoline obtained by cracking light solar oil at a 
maximum temperature of 600° C. and a pressure of 100 pounds per square inch 
(contact time, 10 minutes) in a full-sized cracking still was found by Payne and 
Lowy ®‘^ to possess the approximate composition: 35 per cent olefins, 17, per cent 
aromatics, 26 per cent naphthenes, and 22 per cent paraffins. The percentage of 


Met. littff.. 19.11. 38. 343. 

Trans. Fuel Conference, World F(r:ver Conference. London, 1928, 1929, 1, 763; Chem. Abs,, 
1929 23 4808 

"^'Petroleum. 1930, 26, 1263; Brit. Chem. Abs. B, 1931, 187. 

«/. Inst. Pet. Tech., 1928, 14, 710. . 

"*Thus Garner iJ. ln.a. Pet. Tech., 1928, 14. 731 ) stated that a light aviation spirit, produced by 
the Lodge-Tinker vaixir phase process, was found by him to have an olefin content of over 85%. 

•• Ind. ling. Chem., 1932, 24, 432. 
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olefins was highest (over 40 per cent) in the fractions of this gasoline boiling 
below 100® C. and declined Vapidly with rising boiling point. 

Very little work has been reported on the identification of pure saturated and 
unsaturated hydrocarbons in cracked gasolines. It is to be expected that the 
monolefins present in cracked products are principally of the branched-chain type, 
which are known to be more stable thermally than’the corresponding straight- 
chain compounds. The diolefins in cracked gasolines made at higher temperatures 
appear to be conjugated unsaturated hydrocarbons both acyclic and cyclic, such as 
butadiene and its homologiies, and cyclopentadiene. The naphthenes are mainly 
cyclopentane and cyclohexane derivatives (with a possible preponderance of the 
former type) but the presence of cyclobutane hydrocarbons is not improbable. 

Brame and Hunter conducted a very careful examination of the light frac¬ 
tion (boiling up to 120® C.) of a gasoline produced by cracking a Russian kerosene 
in a Cross cracking plant. The specific gravity of this fraction was reported as 
0.751, and it contained 27.20 per cent unsaturated hydrocarbons, 4.97 per cent 
aromatic hydrocarbons, and 67.83 per cent (by difference) of saturated hydro¬ 
carbons. It was fractionated into eleven different fractions which were found to 
have the approximate compositions shown in Table 31. 


Table 31 .—Composition of Fractions of Gasoline from a Russian Kerosene 
(Cross Process). 


Fraction 

*C. 

2r-45* . 

Un saturates 

Benzene 

Toluene 

Naphthenes 

Paraffins 

. 36 





45*-57* . 

. 18 

— 

— 

28.7 

53.3 

57*-68* . 

. 25 

3.0 

— 

15.8 

56.2 

68*-76* . 

. 24 

2.7 

— 

25.5 

47.8 

76*-8S° . 

. 20 

2.7 

— 

33.1 

44.2 

8S“-94‘ . 

. 16 

3.3 

— 

42.9 

37.8 

94*-99* . 

. 14 

4.3* 

— 

41.0 

40.7 

99*-104* . 

. 20 

2.1* 

— 

54.6 

23.3 

104"-110* . 

. 18 

— 

7.5 

39.2 

35.3 

110*-112* . 

. 6 

— 

12.8 

38.8 

42.4 

112*-120* . 

. 14 

_ 

6.2 

32.8 

47.0 


* As benzene and toluene. 


By very careful fractionations and separation of the olefins as bromides, Brame 
and Hunter were able to obtain a sufficiently satisfactory separation of a number 
of hydrocarbons and identification of the following substances was regarded as 
being established: 

Paraffins. Both paraffins and iso-paraffins were present including hexane, heptane, 
and the isohexanes, trimethylcthylmethanc and diisopropyl, with indications of pentane, 
isopentane, and isoheptanes. 

Naphthenes. These occurred with the paraffins, being present in nearly equal amounts. 
Mcthylcyclopentane, cyclohexane, dimethylcyclopentanc, and methylcyclohexane were 
isolated. 

Olefins, These were the predominating unsaturated hydrocarbons in the lower-boiling 
fractions, and the presence of 3-, and 2-mcthylpentenes and of 4-, and 5-mcthylhexenes 
was probable. Olefins of the type RCH=CH* appeared to be absent. Cyclic olefins 
predominated in the unsaturated compounds in the higher-boiling fractions. Indications 
of the presence of diolefins were obtained in the first fractions with definite evidence of 
piperylene (l-methylbutadicne). Cyclic olefins (e.g., methylcyclopentene) predominated 
in the unsaturates boiling from 90* to 120* C, 

Aromatics, Small percentages of aromatics, considered as benzene and toluene, were 
present in the gasoline investigated. 

Jmt. Pet, Tech,, 1927, 13, 794. 
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Ivanov®®* analyzed a cracked gasoline, boiling between 20® and 150® C. He 
found that 25 per cent of the fraction boiling from 60® to 70® C. and 40 per cent 
of the fraction boiling at 120° to 125® C. consisted of unsaturated n- and iso¬ 
hydrocarbons. About 30 per cent of the gasoline was naphthenes. He was also 
able to show that 3-hexene, 1- and 2-heptene, 3-octene, benzene, toluene and xylenes 
were present. 

It is interesting to note that Payne and Lowy inferred the probable presence 
of methylcyclobutane in a fraction, boiling at 29.4® to 35.0° C., of a vapor phase 
cracked gasoline. The variation in the unsaturated hydrocarboA content of this 
cracked gasoline with the boiling point of its various fractions before and after 
a second heat treatment (at 300® C. and 68 atmospheres for 6 hours in a steel 
bomb) was shown. 

Birch and Scott®® recorded the results of an investigation of the conjugated 
diolefins present in a vapor phase cracked gasoline, making use of the reaction of 
such hydrocarbons with maleic anhydride to form, in many instances, crystalline 
derivatives of the type, 


V 

/\ 

-C CH—CO 

-I c1h_co>^ 

V 

/\ 


Butadiene, pipcrylene, isoprene and cyclopentadiene were all present in the lower 
boiling fractions of this gasoline and could be readily separated and identified. 
Attempts to isolate the corresponding derivatives from the dimethylbutadiene frac¬ 
tion of the gasoline were unsuccessful, probably on account of the complex nature 
of the fractions examined. 

Markovich described the results of a careful rectificatiyn of the lower-boiling 
liquid and volatile products from cracking crude oil in the vapor phase at high 
temperatures (*‘blau’* gas cracking). The compression product consisted of 2 per 
cent of propylene, 19 per cent of butylenes, 28 per cent of C, hydrocarbons (up 
to 90 per cent unsaturates), 22 per cent of Q hydrocarbons (up to 85 per cent 
unsaturates), 17 per cent of benzene, 12 per cent of higher hydrocarbons, and 
some butadiene and butane. 


•••/. /ippl. Chem., Russ., 1933, 6, 257; Brit. Client. Abs. B, 1933, 691. 

•Wnrf. fing. Chem.. 1932. 24. 432. 

M/«</. Eng. Chem., 1932, 24, 49. 

**• The formation of these crystalline condensation products was described by Diels and Alder 
1928, 460, 98; 1929, 470, 101; 1929, 476. 102); see also Farmer and Warren, J.C.S., 1929, 
897; 1. G. Farbenindiistrie A.-G., British Patent 352.164, 1931; see Chapter 27. 

Khos., 1929, 16. 67; Brit. Chem. Abs. B, 1930, 130. 



Chapter 4 

Production of Unsaturated Hydroc'arbons by 
Pyrolysis—Olefins, Acetylene and Diolefins 

The action of heat on various saturated hydrocarbons frequently yields unsatu- 
rated compounds and in certain instances leads to rcarraiif^ements within the 
molecules. The mechanism of these reactions has not been definitely established. 
Nevertheless, Dunstan, Hague and Wheeler ^ have concluded, from a consideration 
of their work on paraffin hydrocarbons ranging from ethane to hexane, that the 
primary decompositions arc represented by the rupture of the chain at any point, 
with the simultaneous production of an olefin and the complementary lower paraffin, 
or (as a limiting case) hydrogen. The tendency to eliminate hydrogen, they 
found, decreases as the size of the molecule increases. They also stated that the 
main primary reactions common to ethylene, propylene and the butylenes involve 
the formation of olefins of either two or four carbon atoms or both. Ebrey and 
Engelder,- from their investigations of the pyrolysis of propane, have also shown 
that a carbon-to-carbon linkage breaks more readily than a carbon-to-hydrogen 
linkage. From his work on the cracking of Rangoon paraffin in the vapor phase, 
Heynians ® concluded that cracking occurs at the end of the hydrocarbon chain 
and then proceeds from point to point along the chain. These primary decompo¬ 
sition reactions are followed genei*ally by purely synthetic reactions occurring 
under the action of heat and resulting in the formation of hydrocarbons of in¬ 
creased molecular weights, such as those of the aromatic series. 

From these considerations it is seen that maximum yields of olefins and diolefins 
require careful regulation of the conditions of cracking to prevent change or degra¬ 
dation of the unsaturated hydrocarbons first formed. The following account will 
discuss first the formation of the individual olefins from various raw materials, 
and later the pyrolytic production of acetylene and the diolefins. The latter are 
important as possible starting materials for the synthesis of rubber substitutes, an 
account of which will follow in Chapter 26. 

Ethylene 

Ethylene is an important product of the cracking of hydrocarbons, even of 
methane. It occurs in the gases produced in the commercial cracking of petroleum 
oils. Low temperature cracking (in the liquid phase) at about 480° C. yields a 
gas comparatively poor in olefins. Of the olefins thus formed propylene seems to 
be the most important constituent. Generally, the ethylene content of liquid phase 
cracking gas does not exceed 5 per cent. On the other hand, high temperature 
vapor phase cracking yields a gas relatively rich in olefin hydrocarbons, of which 
ethylene is predominant. High temperature cracking at about 600° to 650° C. 
normally yields a gas containing 50 per cent or more of unsaturated hydrocarbons 

^J.S.C.L, 1931, 50, 313T. 

* Jnd. Eu 0 . Che^n., 1931, 31, 1033. 

*J. Jtut. Pet. Tech., 1930, 16, 661; Chem. .-lbs., 1931, 25, 1066. 

120 



PRODUCTION OF UNSATURATED HYDROCARBONS 


121 


of which about 25 per cent is ethylene. Large quantities of ethylene will become 
available with the wider adoption of vapor phase cracking for the manufacture of 
motor fuels with high antiknock value. 

Ethylene may be obtained also by the controlled pyrolysis of the paraffin hydro¬ 
carbons of natural gas and light gasoline. The researches of numerous workers 
in this field have shown that the lower paraffin hydrocarbons containing from 2 
to 5 carbon atoms are especially suitable for the pyrolytic preparation of ethylene. 
At the high temperatures necessary for the pyrolysis of methane (1000° C. and 
higher), ethylene is largely converted into aromatic hydrocarbons and other sub¬ 
stances. Thus, Stanley and Nash ^ reported that only 1 to 2 per cent of ethylene 
and 2 to 3 per cent of acetylene were obtained *by the pyrolysis of methane at 
1100° to 1150° C. The yield of acetylene increased with rising temperatures of 
pyrolysis but lower temperatures appeared necessary for larger production of 
ethylene. Probably the best temperature for the conversion of methane into 
ethylene is in the range of 1050° to 1100° C. 

According to de Rudder and Biedermann.® the maximum yield of ethylene 
from methane, namely 4 per cent of the gaseous products, is obtained by 
pyrolysis at 1200° C. under 100 mm. pressure. The gas obtained under these 
conditions also contains 2.5 per cent acetylene. The results of Frolich, White and 
Dayton ® on the pyrolysis of methane under reduced pressure in silica tubes at 
temperatures above 1000° C. showed that the percentage of ethylene in the reac¬ 
tion gases is at a maximum of almost 2 per cent at about 1100° C. under 33 to 
102 mm. pressure, and that the pressure or time of contact exerts little influence 
on this value. Padovani and Magaldi ^ reported that in the pyrolysis of methane 
at 1000° to 1250° C. in silica tubes, dilution with hydrogen increases the forma¬ 
tion of ethylene and acetylene at lower rates of flow, although the effect is re¬ 
versed at higher rates. On the other hand, Smith, Grandone and Rail ® found 
that the percentage of ethylene and acetylene in the gaseous reaction products 
was increased by dilution of the methane with either hydrogen or nitrogen. 
Warren® investigated the influence of pressures higher than atmospheric on the 
percentage of total unsaturated hydrocarbons in the gaseous products when 
pyrolysis was,conducted in silica tubes. Temperatures of 902° to 1122° C. and 
pressures as high as 104 atmospheres were employed. The yield of unsaturated 
hydrocarbons was found to diminish with increasing pressure. Storch ex¬ 
amined the pyrolysis of methane with carbon filaments at 1457° to 2000° C. in 
bulbs cooled by liquid nitrogen and at —183°, —78°, and 0° C. A 95 per cent yield 
of ethane is found with liquid nitrogen, at —183° C. ethylene and acetylene are 
produced, and at higher temperatures the products are carbon and hydrogen. 

It appears, therefore, that only relatively small yields of ethylene may be 
obtained by the pyrolysis of methane with short heating periods in the temperature 
range of 1050° to 1200° C. Under these conditions acetylene and other products 
are formed at the same time. At higher temperatures, acetylene predominates. 
Inactive heating surfaces (consisting of materials such as silica, porcelain or 
copper, which do not accelerate the decomposition of methane into its elements) 
are essential for optimum yields of unsaturated hydrocarbons. The use of 
gaseous diluents also seems to be advantageous. In view of the high temperatures 


^JS.C.L, 1929, 48. IT. 

^ Compt. rend., 1930, 190, 1194; Bull, soc. chim., 1930, (4) 47, 704; Ckcm. Abs., 1930, 24, 4255; 
Brit. Chem. Abs. A, 1930, 887, 1268. 

•Jnd. Enp. Chem., 1930, 22. 20. . ' . ^ 

III congresso nas. chim. pura applicata, 1930, 730; Chem. Abs., 1931, 25, 3309; Brti. Chem. 
Abs. A, 1931, 1030. 

* t/. .S. Bureau Mines Repts. Investigations, 3143, 1931; Chem. Abs., 1932, 26, 279. 

* Canadian Dept. Mines, Mines Branch Kept., 725-1, 1932, 15; Chem. Abs., 1932, 26, 5399, 
'•J.A.C.S., 1932, 54, 4188. 
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necessary and the relatively poor conversions obtainable, methane is not a promis¬ 
ing material for the production of ethylene. 

Ethane is an almost ideal raw material for the pyrolytic production of ethyl¬ 
ene. The decomposition of ethane at 675° C. to ethylene and hydrogen was 
observed by Bone and Coward.^ The reaction involved, namely, 

C,H. CJL + H* 

was studied by Pease and Durgan at temperatures of 600° to 700° C. and 
shown to be reversible and complicated to some extent by other reactions, such 
as the formation of methane. They obtained values of the equilibrium constant, 
AT, at 600°, 650° and 700° C. 

^ [GH.] 

Frey and Huppke measured the same equilibrium at temperatures of 400° to 
500° C, using air-dried chromic-oxide gel as a catalyst. The values of K ob¬ 
tained by the latter investigators, as well as those by Pease and Durgan, are 
given below: 

Temp.°C. 400" 450“ 500" 600" 650" 700" 

K 0.00015 0.00076 0.0032 0.031 0.082 0.20 

Cambron passed ethane over an electrically heated carbon rod at 989° C. and 
found that 50.5 per cent of tlie entering gas was converted to ethylene atui 90 
per cent of the ethane decomposing did so according to the above equation. 

Elworthy reported that a commercial process has been developed for con¬ 
verting ethane (separated from natural gas by fractionation) into ethylene by 
cracking in copper, earthenware, or porcelain tubes at about 600° C. The tem¬ 
peratures might possibly be raised at sufficiently high gas velocities (i.e., short 
heating periods). The occurrence of undesirable side reactions becomes more 
marked as tlie temperature is increased. Hague and Wheeler reported, however, 
that even at 700° C. in the presence of silica heating surfaces about 90 per cent 
of the decomposed ethane was dehydrogenated to form ethylene, and that the 
reaction gas contained 21.3 per cent of ethylene and only 2.7 per cent of methane. 
The ethylene content of the gaseous products of the pyrolysis of ethane was at 
a maximum of 24.3 per cent in an experiment at 750° C., but the gas also con¬ 
tained 13.3 per cent of methane and 4.7 per cent of higher olefins. This indicated 
that the efficiency of ethylene production from ethane was lower at 750° C. than 
at 700° C. In order to limit other reactions, such as the formation of methane, 
it appears necessary to employ short heating periods at temperatures not above 
800° C., dehydrogenating in one passage. 

The usual metallic dehydrogenating cataly.sts (finely divided copper or nickel) 
might be expected to assist in the conversion of paraffins to olefins. Indications 
are, however, that although these materials greatly reduce the temperature re¬ 
quired for the reaction, they simultaneously catalyze the formation of methane, 
carbon and hydrogen. Thus, the efficiency of olefin formation is reduced and 

1908, 93, 1197. 

'^J.A.C.S., 1929, SO, 2715. 

**■ Ind. Eng» Client., 1933, 25, 54. 

»*Cfln. J. Research, 1932, 7, 646; Client. Ah.r., 1933. 27, 1483. 

Industrial Chemist, 1928, 4, 275. Ttit» is .stated tu l>c the prucess ilevelupcd liy the Caiittde and 
Carbon Chemicals Corp. 

1929, 378. 
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little advantage apparently accrues from their use. Elworthy^® found, for ex¬ 
ample, that when a gas containing 80 per cent of methane and 7 per cent of 
ethane was passed through tubes containing a catalyst composed of copper oxide, 
pumice and carbon, the proportion of olefin in the gaseous products was very 
low. He concluded that the olefin was formed only from ethane. The best tem¬ 
perature for the reaction was about 800° C. The dehydrogenation of ethane 
was accelerated by the presence of reduced copper, and a molybdenum trioxide 
coating on copper bronze was also active.^’ 

Matignon, Kling and Florentine® observed that the dehydrogenation of the 
lower paraffins in the presence of catalysts of i>umice impregnated with copper 
and nickel is favored by low reaction temperatures and short periods of contact. 
Thus, the exposure of ethane to the action of a nickel-pumice catalyst at 600° C, 
yielded reaction gases of the following compositions; 


Analysis of R?action Gas 

Contact Time -Per Cent by Volume- 

Secs. GH 4 C.H. CH« 

42 . 14.2 22.0 Sl.O 12.8 

396 . 127 407 0.0 49.9 


As the molecular weight of the paraffin hydrocarbon increases, there is a 
greater tendency to pyrolysis into olefins and paraffins of lower molecular weight 
and the simple dehydrogenation reaction, forming an olefin of the same number 
of carbon atoms as the original paraffin, is increasingly obscured. Thus, propane 
undergoes pyrolysis in contact with silica to form methane, ethylene, propylene 
and hydrogen. According to Schneider and Frolich,^® in the pyrolysis of propane 
at 725° C. under atmospheric pressure with short periods of heating (so that 
20 to 40 per cent of the propane is decomposed per passage), about 50 per cent 
of the hydrocarbon decomposed is converted into methane and ethylene according 
to the reaction 

GH, —CH 4 + GH 4 , 

and about 40 per cent is dehydrogenated to propylene. Using n-butane, Hague 
and Wheeler observed that at 650° C. in the presence of silica about 43 per 
cent of the hydrocarbon decomposed follows the reaction. 


CH,CH,CH 2 CH, —CH.CH, -f CH,=CH,, 


36 per cent forms methane and propylene, and 21 per cent is converted to hydro¬ 
gen and butylene. 

In the pyrolysis of these paraffin hydrocarbons considerable ethylene is formed 
together with propylene and its homologues. The cracking of butane and iso¬ 
butane is now carried out on a commercial scale for producing a mixture of 
ethylene and propylene, used in the manufacture of glycols.*^ 

Von Piotrowski and Winkler made a special study of the optimum condi¬ 
tions of pyrolysis to olefins of a propane-butane mixture and of a stripped 
Boryslaw (Poland) natural gas. From the propane-butane mixture (39 per cent 
propane, 50 per cent butane, and 11 per cent pentane), the yield of olefins with 


« Trans. Royal Soc. Canada, 1922, 16, III, 105; Chem. Ahs., 192.1, 17, 2042. 

” Cambron, Con. J. Research, 1932, 7, 646; Chem. Abs., 1933, 27, 1483. 

** Compt. rend.. 1932, 194, 1040; Brit. Chem. Abs. A, 1932, 495. 

»Ind. Bng. Chem., 1931, 23, 1405. 

•• Loc. cit. 

** l‘'or the manufacture of glycols, see Chapter 22. 

**Preemyst Chem., 1930, 14, 49, 83; Petroleum Z., 1930, 26. 763; Chem. Abs., 1930. 24, 4924; 
Brit. Chem. Abs. B. 1930, 309, 850. 
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more than two carbon atoms was highest at 730® C., and that of the ethylene 
reached a maximum at about ^00° C. Tlie heating period was about 8 seconds, 
and the conversion to olefins amounted to 70 per cent or more. 

According to Smolenski,-® the pyrolysis of crude naphtha at 600® C. yielded 
15 cubic meters of gaseous olefins per 100 kilograms of naphtha, their concen¬ 
tration in the crude cracking gas being 35 to 37 per cent. At 700® C. the olefins 
formed (mainly ethylene) corresponded to 15 kilograms per 100 kilograms of 
naphtha (concentration in the gas being 20 to 22 per cent). 

Large scale experiments on the production of both aromatic hydrocarbons 
and ethylene by the pyrolysis of various gaseous mixtures of paraffins (mainly 
propane and butanes) have been described by Podbielniak.^* His results clearly 
show the practicability of using these gaseous hydrocarbons as raw materials for 
the manufacture of ethylene. Pyrolysis was effected in a plant capable of 
handling about 25,000 cu. ft. of gas per day. In the treatment of hydrocarbon 
gases rich in propane and butanes, e.g., stabilizer gas, the optimum temperature 
for the production of aromatic hydrocarbons was 1650® to 1700® F. (900° to 
925® C.), and the maximum yield of ethylene was obtained at 1500® to 1550® F. 
(815® to 845® C). By careful control of operating conditions, special alloy metal 
reaction tubes could be used for either reaction. The results of two large scale 
tests on the manufacture of ethylene from gaseous paraffins are summarized 
below: 

_ . . . _ _ Expansion Per Cent 

Composition of Raw Gas Outlet Temp. Ratio of CaH 4 in 

-Per Cent by Volume-of Cracked Cracked to Cracked 

CH 4 CjH<i CsHa C 4 H 10 Gas, “ F. Raw Gas Gas 

1.7 9.5 76.2 10.0 1,550® 1.709 26.8 

2.2 10.2 — 87.6 1,525® 1.520 26.0 

For maximum yields of ethylene, recycling the reaction products after the 
removal of the ethylene is particularly advantageous. On the assumption that 
ethylene is removed after each stage of pyrolysis and that propylene and heavier 
hydrocarbons are recycled through the furnace, Podbielniak calculated from the 
data of the second experiment in the preceding table that the total volume of 
ethylene obtainable from 1000 cu. ft. of gas in five successive passages through 
the furnace is about 636.6 cu. ft., made up as follows: 

Cu. Ft. of Ethylene 
from 1000 Cu. Ft. 
of Raw Gas 


First Passage . 395 

Second Passage . 152 

Third Passage . 58.5 

Fourth Passage . 22.5 

Fifth Passage . 8.6 

Total. 636.6 


In the course of an investigation of the effect of time and temperature upon 
the cracking of a representative Mid-Continent gas oil, Geniessc and Reuter 
determined the yields of ethylene and other unsaturated gaseous hydrocarbons 
produced at various temperatures and at different periods of contact. The gas oil 
was pyrolyzed in the vapor phase in reaction chambers of pyrex glass. Some of 
the results of these investigators are given in Table 32. 

^ Prscmysl Chem., 1927, 11, M6; Chem. Ahs., 1929, 23, 2929. 

»*0// and Gas J., 1931, 29 (52). 22. 

^ Ind. Eny. Chem., 1930, 22, 1274. 
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Table ZZ^liffcct of Temperature and Time of Contact on the Yield of Ethylene and 
Other Gaseous Unsaturated Hydrocarbons. 

Temperature * C. 600* 625® 640® 640® 640® 640® 640® 640® 700® 700® 


Cracking 

Conditions: 


(a) Time of con¬ 
tact, min. .. 

0.125 

0.102 

0,013 

0.022 

0.051 

0.063 

0.081 

0.39 

0.023 

0.065 

(b) Time-tempera¬ 
ture index*. 

16.5 

40 

8.6 

IS 

35 

44 

56 

270 

185 

560 

Yield of Gas: 

% by weight of oil 
cracked . 

22.5 

39.3 

11 

18 

29.3 

37.5 

43 

59 

65.5 

66.6 

Gas: 

(a) Density . 

1.06 

1.03 

1.03 

1.01 

1.08 

1.04 

1.10 

1.02 


1,10 

(b) Hydrogen, % 
by volume.. 

6.1 

7.0 

5.1 

7.5 

6.0' 

12.1 

7.1 

7.9 

8.5 

9.9 

(c) Ethylene, % 
by volume .. 

23 

24 

27 

26 

25 

23 

24 

20 

28 

25 

(d)‘ Total unsatu¬ 
rated hydro¬ 
carbons, % 
by volume .. 

56 

55 

57 

57 

59 

59 

58 

50 

58 

54 

* The time-lemperaturc index is defined by the expression V2 


X t, in which T is the cracking 

temperature in "C. and t the time in minutes. 

(See also Chapter 3.) 






It will be seen from the table that the greatest ethylene production was ob¬ 
tained at 700® C., the highest temperature reported. With a contact period of 
0.023 minute at 700^* C., gas oil yielded 65.5 per cent by weight of gaseous 
products containing 28 per cent by volume of ethylene, corresponding to an 
overall conversion of gas oil into ethylene, of about 17 per cent by weight per 
passage. 

To transform saturated hydrocarbons and petroleum distillates into ethylene, 
higher temperatures are required than when propylene and the butylenes are the 
desired products. A review of pyrolytic processes for making olefins indicates 
that the raw materials generally employed are gaseous paraffin hydrocarbons 
(e.g., coke-oven gas or natural gas) or the higher boiling petroleum fractions. 

In the products from cracking paraffin oils, Tichy found both unsaturated 
and aromatic hydrocarbons. With the aid of metallic oxide and chloride catalysts 
(the best being aluminum chloride and stannic oxide), the decomposition time 
was decreased by one-half and the yields of low boiling fractions were increased. 

Unsaturated aliphatic hydrocarbons, such as ethylene and acetylene, may be 
produced from paraffin hydrocarbons, especially from methane, by passing the 
latter over catalysts, e.g., salts or hydroxides of the alkaline earth metals, mag¬ 
nesium, or beryllium, compounds of selenium, tellurium, or thallium, or activated 
carbon or silica, at temperatures of 700® to 1000° C. A sufficiently rapid rate of 
flow should be used to preclude further condensation of the initial products to 
aromatic hydrocarbons.^^ If the gaseous products are quickly removed from the 
reaction zone, acetylene is said to be the principal product at very high tempera¬ 
tures and ethylene at somewhat lower ones. By arranging the materials in the 
reaction chamber to form straight channels of uniform cross-sections, irregu¬ 
larities in gas velocity, which result in carbon deposition, are avoided.*^^ 

**Paliva a Topoii. 1929, H, 85, 100; Chem. Abs., 1930, 24, 4925. 

”1, G. Farbenindustrie A.-G., Uritish Patent 264,827, 1927; Brit. Chem. Abs. B, 1928, 327. 

I. G. Farbenindustrie A.-G., British Patent 366,549, 1930; Chem. Abs., 1933, 27, 1889. 
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Folliet*® converted methane into ethylene and other olefins to the extent o£ 
80 per cent by heating a thin stream of the gas (to secure uniform temperature) 
to 950® C followed by sudden cooling to atmospheric temperature. The pressure 
in the apparatus was maintained at 20 mm. 

Ethane fractionated from natural gas was used by Haynes and Curme as 
the raw material for the production of ethylene by pyrolysis at temperatures 
above 500° C. Haynes and Curme*® later extended this process to the making 
of other olefins. The individual gaseous paraffins are prepared in a state of 
substantial purity by fractional condensation and rectification of natural gas, 
and are subjected separately to heat treatment under the optimum conditions for 
conversion to olefins. The products of thermal decomposition are combined, and 
from this mixture at least one o-f the paraffins originally treated, e.g., ethane or 
propane, is isolated by fractionation for reuse in a subsequent heat-treatment. 

The separation of ethylene from ethane in the gases from coal distillation can 
be effected by absorbing ethylene in sulphuric acid.*^ The residual ethane is 
subjected to pyrolysis to yield ethylene and hydrogen, the ethylene being recovered 
by solution in the acid. 

An unusual method for making ethylene from methane is described by 
Agnus,** who passed carbon disulphide and methane over heated pumice or acti¬ 
vated carbon and substances which combine with sulphur, such as copper or zinc. 

According to van Peski,** propane may be converted into a mixture of ethylene 
and methane by passing it over granulated calcium, iron or tungsten carbide at 
600° to 800° C. The catalyst remained active for several days. Molybdenum 
mixed with pumice catalyzes the decomposition of propane to methane and 
ethylene still more rapidly. Evidently carbides and molybdenum on pumice exert 
a selective catalytic influence on the reaction. 


GH, —GH^-fCH. 

which is merely one of the several modes of decomposition of propane by heat 
treatment. A gas oil, boiling at 220° to 340° C., when treated in this manner 
yielded a gas containing a large proportion of unsaturated hydrocarbons and a 
liquid condensate boiling between 60° and 180° C. 

The pyrolysis of cracked petroleum fractions solely by superheated steam 
under pressure has been proposed by Fenton.®* Subjecting tar oils, having a 
boiling point of 250° C. and higher, to destructive distillation at temperatures 
between 800° and 900° C. in the presence of steam produces gases of high olefin 
content (40 to 50 per cent).*® The predominating olefinic constituent is ethylene, 
of which 88 to 90 per cent can be recovered by passing the gases once through 
activated charcoal. Suida ®® described a similar process in which gases rich in 
olefins are obtained by the destructive distillation of crude tar in the presence of 
steam. 


British Patent 261,267, 1926; assigned to Petrolc synthdtique soc. anon.; Brit. Chem. Abs. B, 
1927, 100. 

*U. S. Patent 1,460,545, July 3, 1923; assigned to Linde Air Products Co.; Chem. Abs., 1923, 
17, 2886. 

** U. S. Patent 1,524,355, Jan. 27, 1925; assigned to Carbide and Carbon Chemicals Corn.; Chem. 
Abs.. 1925, 19, 991. Cf. Canadian Patent 245.154, 1924; Cksm. Abs., 1925, 19, 657. 

Compamie de Bethune, British Patent 303,176, 1928; Brit. Chem. Abs. B, 1930, 358. Absorption 
of ethylene in sulphuric acid to produce ethyl alcohol and other substances is discussed in Chapter 12. 

French Patent 648,340. 1927; Chem. Abs., 1929, 23, 2989. 

"British Patent 315,193, 1928; Brit. Chem. Abs, B, 1929, 770. German Patent 572,203, 1928, 
Chem. Abs., 1933, 27, 2960. 

"U. S. Patent 1,394,481, Oct. 18, 1921; Chem. Abs., 1922, 16, 488. See also U. S. Patent 
1,396.174. Nov. 8, 1921; Chem. Abs., 1922, 16, 642. 

"Chem. Fabrik vorm. Weiler-ter Meer, British Patent 237,415, 1924; J.S.C.I., 1925, 46, 748B. 

"British Patent 225,546, 1924; J.S.C.I., 1925, 46, 491B. 
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Propylene 

The gases from commercial cracking operations contain appreciable propor¬ 
tions of propylene, which is being utilized for the manufacture of isopropyl 
alcohol and other products.®^ In the gases from low temperature (liquid phase) 
cracking, propylene appears to be the main olehnic constituent, although the 
actual percentage is not normally very high (maximum about 10 per cent). In 
high temperature (vapor phase) cracking the actual percentage of propylene is 
somewhat increased, but this gas is associated with a much greater proportion 
of ethylene. According to Wagner,®® a typical liquid phase cracking gas (Cross 
process) contains 5.3 per cent of propylene and, the gas from a vapor phase 
cracking (Gyro) process has a propylene content of 18.1 per cent. 

Although propylene is an important product of the pyrolysis of many petror 
leum distillates and higher hydrocarbons, temperatures somewhat lower than those 
used in making ethylene are required for its manufacture, on account of the 
greater tendency of propylene to undergo decomposition with the formation of, 
among other substances, ethylene itself. No precise information on this matter 
appears to be available but temperatures of about 600® C. seem to be the most 
favorable for the pyrolysis of petroleum oils to propylene. Thus, according to 
Dobryanski, Arkhangelski and Stepanyan,*® who investigated the pyrolysis of 
various petroleum fractions in a copper tube at 550® to 750® C., the highest yields 
of propylene were obtained from solar oil at temperatures of 600® to 650° C. 
Above this range there was a tendency for the propylene to undergo decompo¬ 
sition. Moreover, the yield of propylene was not increased by using either 
nickel or iron as catalysts. Under the best conditions 100 grams of solar oil 
(initial boiling point, 305® C.) gave about 13 grams of propylene. 

The obvious starting material for making propylene is propane, but Hague 
and Wheeler and others have shown that this hydrocarbon can decompose 
during pyrolysis in at least two ways: 


(1) CH.CH,CH, —CH 4 + CH,=CH, (demethanation) 

(2) CH,CH,CH, —^ CH,CH=CH, + H, (dehydrogenation) 


The first reaction, yielding methane and ethylene, was found by Hague and 
Wheeler to occur to the extent of about 60 per cent (calculated on the propane 
decomposed) at 700® C. in silica tubes and the second, forming propylene and 
hydrogen, to the extent of nearly 40 per cent. At temperatures above 700° C. 
secondary changes begin to intervene. 

Ebrey and Engelder*^ observed that the pyrolysis of propane in silica tubes 
gives varying proportions of hydrogen, methane, ethane, ethylene and propylene 
and that the proportion of hydrogen increases with rising temperature. Unsatu¬ 
rated hydrocarbon formation reached a maximum at 770® C. Catalysts containing 
nickel, cobalt, chromium, or iron increased the proportion of hydrogen and 
methane formed. 

It has been shown further by Schneider and Frolich that the relative extents 
to which dehydrogenation and demethanation reactions proceed during the pyroly¬ 
sis of propane (at 725® C. under atmospheric pressure in silica tubes) are prac¬ 
tically the same for all degrees of propane decomposition from zero to about 40 


For the preparation of isopropyl alcohol see Chapter 14. 
-Refinfir, 1930, 9 (6), 70; Chem. Abs., 1930, 24, 5142. 

^ Neft. Khos., 1928, 15, 46; Ckcm, Abs,, 1929. 23. 3800. 
J.C.S., 1929, 378. 

« Ind, Eng, Chem,, 1931, 23, 1033. 

Ind, Eng, Chem., 1931, 23, 1405. 
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per cent. In the non-catalytic pyrolysis of propane, ethylene is always produced 
in amounts in excess of propylene even at short times of contact when only a 
small quantity of the propane is decomposed. 

The possibility of selectively accelerating dehydrogenation at the expense of 
demethanation is indicated by the wqrk of Boeckler.*® He observed that the 
production of propylene was greatly increased by using a catalyst consisting of 
78.5 molar per cent zinc and 21.5 molar per cent chromium. With this catalyst 
a larger yield of propylene was obtained at 655° C. than without it at 730° C., 
even though the rate of flow of gas at the latter temperature w%s one-fourth< that 
at 655° C. At temperatures as low as 520° C., propane diluted with 67 per cent 
of nitrogen yielded 11 per cent propylene. Matignon, Kling and Florentine* 
reported that in the presence of a catalyst of pumice impregnated with copper 
the decomposition of propane at 500° C. yields only a negligible proportion of 
ethylene. The formation of propylene is favored at all temperatures by short 
times of contact with the heated catalyst. With prolonged periods of contact, 
methane and ethylene become the main reaction products. 

The results of von Piotrowski and Winkler on the pyrolysis of a stripped 
Boryslaw natural gas containing propane and methane in the volume proportions 
of 22 to 78 appear to indicate that almost quantitative conversion of propane into 
propylene can be achieved at about 780° C. with a contact period of 11 seconds 
in the presence of an excess of methane as a diluent. It is to be expected, from 
purely theoretical considerations, that dilution of propane with excess methane 
should favor the formation of propylene, since such dilution would tend to 
suppress the demethanation reaction. 

In most thermal decompositions the propylene formed is mixed with other 
olefinic gases. The yield of this olefin increases with rising temperature up to a 
certain point, above wliich it falls off and ethylene becomes the predominant olefin 
in the cracking gas. 

Haynes and Curme ** subjected propane, which has been separated in sub¬ 
stantially pure form from a gaseous mixture containing it, to pyrolysis under 
optimum conditions for dehydrogenation to propylene. Propane and propylene 
are isolated from the reaction products, and the propane returned to the pyrolysis 
cycle. 

Heinemann has described a method for the manufacture of propylene by 
the direct combination of methane with acetylene, according to the reaction, 

GH. + CH* —C%H« 


The process involves the passage of equal volumes of methane and acetylene 
through tul>es containing such contact materials as copper wool, copper gauze, 
aluminum or magnesium turnings coated with a metal like platinum, or a copper- 
platinum-pumice catalyst. The temperature ranged from 100° to 200° C., depend¬ 
ing upon the catalyst employed. The use of inert gaseous diluents, as for example 
carbon dioxide or nitrogen, is advantageous. The yield of propylene is said to 
be approximately 78 per cent. 

According to Ellis,** fractions of casinghead gasoline consisting principally 


••Thesis, Mass. Inst. Tech., 1929; mentioned by Egloff, Schaad and Lowry, J. Fhys. Chem., 1930, 
34, 1685, * * ’ 

** Compt. rend., 1932, 194, 1040; Brit. Chem. Abs. A. 1932, 495 

' Z., 1930. 26, 763; Brit. Chem. .4hs. B, 1930, 
309, 8d0; Chem. Abs., 1930, 24, 4924. 

••Canadian Patent 245,154, 1924; Chem. Abs., 1925, 19, 657. 

«U. S. Patent 1.13*4.677, Apr. 6, 1915; Chem. Abs., 1915. 9. 1369. 

1,594,823, Aug. 3, 1926; assigned to S. B. Hunt, Trustee; Brit. Chem. Abs. B, 

1920t o9o« 
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of pentane may be cracked to yield gaseous olefins, advantageously in the presence 
of catalysts of nickel, copper, or brass. At about 720® C., a pressure of about 
0.5 atmosphere, and a gas velocity of 3 to 40 cu. ft. per hour per sq. in. of cross- 
sectional area of the cracking tube, a 32.8 per cent yield of olefins, chiefly propy¬ 
lene, was obtained. Ethylene was formed to the extent of 9.6 per cent. 

Propylene was made by the pyrolysis of butane or isobutane in the presence 
of a catalyst, such as copper, at 700® C. by Gerstmyer and Clayton.^® Best 
results were secured when the rale of gas flow was such that the expansion ratio 
of the inlet to exit gases was about 1 to 1.29. 

Butylenes and Higher Olefins 

• 

Butylenes are produced to a considerable extent in commercial cracking. Low 
temperature cracking yields a gas containing,about 4 per cent of butylenes and 
the butylene content of vapor phase cracking gas varies from 5 to 9 per cent. 
It is known that all three butylenes are present in cracking gas but the relative 
proportions of these isomers apparently has not been determined. According to 
Wagner large quantities of isobutylene and somewhat smaller amounts of 
butadiene are produced by vapor phase processes. 

The direct thermal dehydrogenation of n-butane to 1-butene is apparently not 
a satisfactory method for the manufacture of this olefin. Hague and Wheeler 
and Hurd and Spence have found that dehydrogenation takes place to a small 
degree, but that reactions involving the splitting of the molecule predominate. 
According to Hurd and Spence, the thermal dehydrogenation of isobutane to iso¬ 
butylene is an important reaction in the region of 600® to 700® C., at which 
temperatures methane and propylene are formed simultaneously. 

Production of Mixtures of Gaseous Olefins 

The increasing value of the lower olefins in organic synthesis has stimulated 
interest in their production and much activity has been displayed in their utiliza¬ 
tion.®® Bowen discussed their importance in the manufacture of such products 
as ethyl, isopropyl, secondary and tertiary butyl and amyl alcohols; ethylene 
glycol; ethers, esters and ketones derived from these alcohols; triethanolamine; 
and synthetic lubricating oils. The methods of making these compounds and 
their uses are discussed in succeeding chapters. 

As raw materials for the pyrolytic preparation of olefins and olefin mixtures, 
bituminous coal, gaseous paraffin Iiydrocarbons, and petroleum distillates have 
been investigated. The use of lower paraffin hydrocarbon gases, or mixtures 
which contain them, has attracted attention because of their abundance and rela¬ 
tive cheapness. Large quantities of propane and butanes, obtained as by-products 
from the stabilization of natural-gas gasoline, are available and would appear 
to be ideal starting materials for making olefins, particularly ethylene and 
propylene. 

In this connection the investigations of von Piotrowski and Winkler ®® on 
the pyrolysis of saturated gaseous hydrocarbons is of interest. The furnace 

^ U. S. Patent 1,871,786, Aug. 16, 1932; assigned to Columbia Engineering and Management Cotp.; 
Chem, Abs., 1932, 26, 5971. 

^ ReHncr, 1930, 9 (6), 70; Chew. Abs., 1932, 26, 5142. 

*»y.C..S., 1929, 386. 

^'J.A.C.S., 1929, 51, 3355. 

See Chew. Met. Eng., 1929, 36, 399. 

« Oil and Gas 1932, 30 (46), 88, 166; Chem. Abs., 1932, 26. 6106. 

•*Przcmysl Chew., 1930, 14, 49, 83; Petroleum Z., 1930, 26, 763; Brit. Chem. Abs. B, 1930. 309. 
850; Chem. Abs., 1930, 24, 4924. 
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employed in their work consisted of a double reaction tube heated in a bath of 
molten lead, the ingoing ga&es being preheated in the inner reaction tube and 
cracked in the outer one. From a mixture of propane (39 per cent), butanes 
(50 pec cent) and pentanes (11 per cent) at an optimum contact time of about 8 
seconds, the yield of unsaturated gaseous hydrocarbons having more than two 
carbon atoms was a maximum at 730® C. The optimum temperature for ethylene 
formation was 800° C. Temperatures of 700® to 760® C. gave the highest total 
yields of unsaturated gaseous hydrocarbons. 

Frey and Hepp cracked butane, isobutane, pentane, isopentane, 2,2-dimethyl- 
propane, hexane and 2,3-dimethylbutane at 400® to 575® C. The primary products 
of decomposition are methane and an olefin, or a paraffin and an olefin, or two 
olefins and hydrogen. 

The work of Podbielniak on cracking gaseous paraffins, such as propane- 
butane mixtures, has been previously noted. It need only be mentioned again 
that, in cracking for maximum yields of olefins, Podbielniak stressed the advan¬ 
tages of recycling the gases after removing the olefins formed during each 
cycle. For example, when ethylene is the desired product, best results were 
obtained by operating a continuous recovery and recycling process in which the 
ethylene is extracted after each cycle and the residual heavier hydrocarbons 
(propane, propylene, and others) are mixed with the fresh charging stock. 

Cambron and Bayley investigated the pyrolysis of ethane, propane and 
other hydrocarbons under conditions of streamline and turbulent flow in exter¬ 
nally heated quartz tubes. With turbulent flow, higher rates of conversion to 
olefins were found. 

The pyrolysis of liquid hydrocarbons and petroleum distillates to gaseous olefins 
has been the subject of a number of investigations. Although commercial crack¬ 
ing operations, particularly those at higher temperatures in the vapor phase, 
always yield considerable proportions of gaseous products containing as high as 
50 per cent by volume of unsaturated hydrocarbons, their main object is to 
produce liquid hydrocarbons boiling in the gasoline range (i.e., up to about 
200® C). For this reason gas formation is generally minimized as far as pos¬ 
sible. However, cracking as a means of producing gaseous olefins presents 
possibilities and might be economically feasible in countries where large supplies 
of such olefins are not otherwise available. 

A study of the optimum conditions for producing gaseous olefins from a 
Pennsylvania straight-run gasoline (end point, 210° C.) by vapor phase pyrolysis 
at atmospheric pressure was made by Cassar.®^ The reaction vessel used by him 
consisted of a 3-foot length of 1-inch iron pipe packed with pumice and heated 
over a length of 30 inches. At a constant rate of feed, corresponding to a time 
of contact (of the liquid) of 5.66 hours, the total gas formation increased linearly 
with the temperature. The following empirical relation was found to exist: 

G = 2.38 (T-480) 

where G = volume of gas evolved per unit (liquid) volume of charge and T — 
temperature in ®C. The proportion of olefins in the gas reached a maximum of 
47 per cent by volume at about 600® C., and diminished at both higher and lower 
temperatures. At the above rate of feed, 135 volumes of gaseous olefins per unit 
(liquid) volume of feed were obtained at 600® C., corresponding to an optimum 

Ind. Eng, Cketn., 1933, 25, 441. 

MOii and Gas 7., 1931, 29 (52). 22. 

Canadian J. Research, 1933, 9, 175; Chem, Abs., 1933, 27. 5172. 

» Ind. Eng. Chem., 1932, 24, 802. 
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concentration of olefins (45 per cent) in the gas* Maximum gas production, 
namely 650 volumes per unit (liquid) volume of feed, was obtained at 700° C. 
This gas, however, contained a low^er proportion of olefins than that obtained 
at 600° C 

Cassar also determined the effect of varying the contact time on the yield 
of products at a constant temperature of 600° C. He found the relation between 
gas production and contact time to be 

loge = 0.0758 H-f 5.18 

in which G = volume of gas per unit (liquid) volume of feed, and H = time of 
contact (of liquid) in hours. This logarithmic* relation indicates that the gas 
formed per unit of time is proportional to the quantity of gas already formed. 
This apparently means that a partly gasified (cracked) stock should gasify more 
readily than an uncracked stock. 

It is interesting to note that the results of Gault and Hessel on the cracking 
of hexadecane (in quartz tubes at various temperatures up to 815° C.) indicate 
that the volume of gaseous products formed at a constant rate of flow is directly 
proportional to the cracking temperature. A few experimental results of these 
investigators, showing the gas yields obtained under different conditions, are given 
in Table 33. 


Table 33. — Cracking of Hexadecane in Quarts Tubes. 




Rate of Feed, 

Liters of Gas 

Unsaturated 


Length of 

Cc. of Hexadecane 

per 100 Cc. 

Hydrcxrarbons 

Temp. ® C. 

Furnace, Cm. 

per Minute 

Hexadecane 

in Gas 



Per Cent 


Experiments at Constant Rate of Feed 

(i cc. per min.) 


o 

O 

64 

1 

0.18 

28 

540* 

64 

1 

3.74 

56 

615* 

64 

1 

13.60 

47 

685* 

64 

1 

39.95 

42 

750* 

64 

1 

46.60 

35 

815* 

64 

1 

51.80 

26 


Experiments at Varying Rates 

of Feed 


615* 

32 

0.33 

17.75 

56 

615* 

32 

1 

4.95 

64 

615* 

32 

2 

2.70 

73 

685* 

16 

1 

5.85 

66 

685* 

32 

2 

5.70 

68 

685* 

32 

1 

16.82 

60 

685* 

48 

1 

25.70 

51 

685* 

32 

0.33 

26.50 

48 

685* 

64 

1 

39.95 

42 


Little information appears to be available with regard to the conditions neces¬ 
sary for the maximum yields of unsaturated gaseous hydrocarbons from the 
pyrolysis of petroleum distillates boiling above the gasoline range. Although the 
complete gasification of certain petroleum distillates to yield fuel gases (the 
so-called Blau gas and Pintsch gas being examples) has been practiced for many 
years, such processes are usually operated under conditions which permit the 
unsaturated hydrocarbon gases formed to undergo further changes. Optimum 
yields of unsaturated hydrocarbons are therefore not to be expected. 

•^Ann. chim., 1924, (10) 2, 209. 319; Compt. rend., 1924. 179, 171; Chcm. Abs., 1925. 19, 966. 
See also Gault and Altchidjian, Mat. grasses, 1924, 16. 7006; 1925, 17. 7039; Chcm. Abs., 1925, 
19. 1695; J.S.C.I., 1925, 44. 61B; 1924, 43, 700n. 
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Some information on the gas yields obtained by the pyrolysis of a representa¬ 
tive Mid-Continent gas oil in pyrex reaction tubes has been supplied by Geniesse 
and Reuter.*® The results oi some single-pass experiments at 640° to 700° C., 
in so far as they relate to gas production, are given in Table 34. 

Table 34 .—Gas Production in the Cracking of Mid-Continent Gas Oil. 

Composition of Gas, % by volume 

Gaseous Total 



Contact 

Time-tem¬ 

Gas Yields, 



Unsaturated 

Temp. 

Time, in 
Minutes * 

perature 

% by Weight 


• 

Hydro¬ 

“ C. 

Index 

of Oil 

Hydrogen 

Ethylene 

carbons 

625“ 

0.102 

40 

39.3 

7.0 

24 

55 

640“ 

0.013 

8.6 

11 

5.1 

27 

57 

640“ 

0.022 

IS 

18 

7.5 

26 

57 

640“ 

0.051 

35 

29.3 

6.0 

25 

59 

640“ 

0.063 

44 

37.5 

12.1 

23 

59 

640“ 

0.081 

56 

43 

7.1 

24 

58 

640“ 

0.39 

270 

59(a) 

7.9 

20 

50 

660“ 

0.085 

135 

52.4 

— 

— 

56 

700“ 

0.023 

185 

65.5 

8.5 

28 

58 

700“ 

0.065 

560 

66.6(b) 

9.9 

25 

54 


* Times of contact calculated, assuming the gas laws, from the mean velocity of oil vapor entering 
tube and that of gases leaving furnace, (a) = 1.9% by weight of coke formed; (h) = 1.5% of coke. 


The above results, all of which refer to a single treatment of the oil vapors 
in the cracking zone, show that the gas yields increase rapidly with rising tem¬ 
perature and attain a maximum of 65 to 66 per cent by weight at 700° C. Tlic 
influence of the ti'me-temperature index on the gas yields and the olefin content 
of the gases is shown graphically in Figure 15 in Chapter 3. If 480° C. is taken 
as a standard condition the time-temperature index of cracking may be calculated 
r— 4«o 

from the expression 2 /, in which T = cracking temperature in °C., and 

t = contact time in minutes. 

Geniesse and Reuter also reported the results of a series of recycling experi¬ 
ments with a gas oil, from a Seminole crude, in which the products of pyrolysis 
were fractionated after each cycle and the fraction corresponding to the original 
gas oil (boiling point 225° to 260° C.) was subjected to further pyrolysis. 
Liquid fractions boiling below the gas oil range were counted as gasoline and 
higher-boiling residues were taken arbitrarily as tar. Residues remaining in the 


Table 35.— Recycling Experiments with Gas Oil. 


(Vapor-phase cracking at 600‘ 

' C. and 

vapor contact time of 0.083 minute. 

) 


1st 

2d 

3d 

4th 

5th 

Stage of Cracking Original 

Recycle 

Recycle 

Recycle 

Recycle 

Recycle 

Yields: 

Gasoline, % by volume.. 16.5 

16.0 

16.0 

10.7 

9.5 

8.5 

Gas, % by weight. 13.9 

11.9 

11.1 

7.9 

6.9 

5.4 

Tar, % by volume. 2.5 

2.9 

4.3 

5.5 

9.3 


Coke, % by weight. 0.054 

0.097 

0.12 

0.19 

0.17 

0.26 

Gas: 

Density . 1.01 

1.00 

0.98 

0.96 

0.97 

_ 

Hydrogen, % by volume. 8.0 

— 

9.4 

— 

— 

19.7 

Ethylene, % by volume.. 24 

— 

22 

— 

— 

17 

Total unsaturated hydro¬ 
carbons, % by volume. 52 

_ 

50 

_ 

_ 

37 


^Ind. Eng. Chtm., 1930, 22, 1274. 
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cracking apparatus were designated as coke. Recycling was repeated until the 
quantity of gas oil remaining was too small for further experiments. Cracking 
conditions were maintained constant in each stage of pyrolysis at a temperature 
of 600° C. and a vapor-contact time of 0.083 minute. The results of these experi¬ 
ments are summarized in Table 35. All yields are expressed as percentages 
of the charge actually fed at each separate stage of cracking. 

Contrary to the experience of Cassar®® with gasoline, Geniesse and Reuter 
found that yields of gaseous products from partially cracked gas oil diminish 
on continued cycling. Furthermore, the hydrogen content of the gas increases, 
partly as a result of increased coke formation. 

Technical Processes 

By subjecting the volatile products from the distillation of solid fuel, such as 
raw lignite, to the lowest temperature at whicii pyrolytic decomposition will occur, 
gaseous and liquid olefins are obtained without the formation of appreciable pro¬ 
portions of aromatics.®^ For example, the distillates from crude lignite when 
treated at 300° C. yield a gas containing 60 per cent carbon dioxide and 5 to 6 
per cent olefins. • 

A method for obtaining gases rich in olefins by pa.ssing powdered or granular 
bituminous coal (either mechanically or by means of a carrier such as super¬ 
heated steam) through a reaction zone heated to about 800° C.'. has been de¬ 
veloped.®- This process was extended later to include substances such as tar 
oils, mineral oils and their distillation residues, asphalts, or the residues obtained 
by the destructive hydrogenation of coal, tar, or mineral oils.®® Granular mate¬ 
rials, such as pumice, or slag, are impregnated with these substances and then 
treated at red heat in the same manner as pulverized coal. The rate of decompo¬ 
sition may be controlled by varying the size of the granules. Afterward the 
granules may be re-impregnated and used again. When necessary, the carbon 
deposited on them can be gasified in a producer. 

In another process the raw materials (bituminous coal, tars, or mineral oils) 
are subjected to the action of an electrically heated zone in which granular con¬ 
ductive materials are kept in a state of agitation by gases or hydrocarbon vapors 
blown through them.®* Carbonaceous or other non-conductive substances ren¬ 
dered conductive by impregnation with electrolytes may be employed. If the 
granular material is non-bituminous, the agitation must be accomplished with 
hydrocarbon vapors. The reaction products are gaseous and low-boiling olefins 
and diolefins. 

Ethylene, propylene, butylene, and amylene may be manufactured by cracking 
mineral oils and tars at 600° to 800° C. in the presence of gases or vapors, such 
as water vapor.®® Metals, alloys, or silicates, on which difficultly reducible 
oxides have been deposited, can be used as catalysts. The resulting gases contain 
20 to 34 per cent of ethylene, 4 to 12 per cent of propylene and 1 to 5 per cent 
of butylene and amylene. Curiiie ®® suggested an alloy catalyst, predominantly of 

“ Loc. cit. 

Cheni. Fabr. Kalk G in.b.H., German Patent 397,860, 1919; JS.C.I., 1924, 43, 821B. 

•*1. <1. Farbenindustrie A.-G., British Patent 301,775, 1927; Brit. Chetn. B, 1929 120. 

French Patent 043,413, 1929; Chetn. Abs.. 1929, 23, 1415. See also Davis, “Ethylene from Trent 
Amalgams as a Source of Alcohols,” Chrm. Met. Eng., 1922, 27, 1087. 

“*1. G. Farbenindustrie A.-G., British Patent 320,211, 1928; addition to British Patent 301 775 
1927; Brit. Chetn. /lbs. B, 1929, 1041. 

•* I. G. Farbenindustrie A.-G., British Patent 313,756, 1928; addition to British Patent 268.599 
1927; Brit, Chem. Abs. B, 1929, 634. 

** I. Cl. Farbenindustrie A.-G., British Patent 315,895, 1928; Brit. Chem. Abs. B, 1929 844 

••IT. S. Patent 1,646,349, Oct. 18, 1927. Canadian Patent 268,569, 1927; Chem. Abs., 1927, 
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chromium and iron, for the thermal decomposition of hydrocarbons without the 
aid of steam. 

Eldred and Mersereau obtained gases rich in olefins by exposing the vapors 
of petroleum distillates (particularly the fraction boiling between 150*^ and 
200® C.) for a short time to a temperature of about 700® C. and then quickly 
cooling. Davis and Murray®* proposed subjecting the vapors of gas oil to a 
temperature of 600® to 650® C. In still another process mineral oils are conducted 
through a bath of fused material (e.g., lead) maintained at a temperature of 
600® C. or higher. The products can be freed of undecom^osed oil, gasoline, 
and diolefins by cooling and compression, or by absorption, and consist of methane, 
ethylene, propylene and butylene. The carbon, which separates, collects on the 
surface of the bath.®* 

Hydrocarbons containing more than four carbon atoms per molecule can be 
converted at 600® C. into a mixture of olefins and diolefins by passage over 
catalysts consisting of difficultly reducible oxides. Cyclohexane led over calcium 
aluminate at this temperature is converted principally into ethylene and buta¬ 
diene.^® 

An apparatus has been proposed for the production of gaseous or very volatile 
olefins, in which the catalyst is kept at a constant temperature* by being placed 
in thin layers on a good heat conductor through which a cooling fluid may be 
circulated.^^ The hot portions of the furnace are built of metals which do not 
promote carbon deposition (chromium, vanadium, manganese or steel alloys con¬ 
taining considerable proportions of the metals of the iron group, chromium, 
molybdenum, tungsten, vanadium, or manganese).^* For example, V2A steel, or 
iron faced with a copper-manganese bronze and lined with calcium oxide and 
fragments of chromium, or iron coated with a thin layer of a paste made of 
potassium hydroxide, potassium silicate, kieselguhr and water and silicon car¬ 
bide,^* have been suggested. It has been pointed out by Hauber that elemental 
silicon can be used for the conversion of low-boiling olefins to high-boiling olefins 
by heat. 


Activated charcoal, made by passing steam over brown-coal coke at 800® to 
900® C., has been suggested as a catalyst for the conversion of paraffins (espe¬ 
cially those boiling below octane) into the corresponding olefins.*® Other pro¬ 
posed catalysts are the metaphosphates of the metals in Group VI,and oxides, 
such as calcium oxide, which are not easily reduced.'^ ^ 

Light hydrocarbons, such as propane or butane, are converted at compara¬ 
tively low temperature into olefins when heated in the presence of halogens or 


/ r 1,234,886, July 31, 1917; Chcm. Abs., 1917, 11, 2609. The thermal decomposition 

of low-boihng petrolrani fractions to yield propylene and but>lcne was noted as early as 1873 by 
*^*’«*?*f*'/ 1873, (2) 19, 109; Chcm. Soc. Abs., 1873, 26, 487). 


British Patent 264,8457 1927; CW 

”1. G. l arbenindustrie A.-G., British Patent 307,945, 1927; Chem Abs 1930 24 127 French 
Patent 653,6^. 1928. Cf. British Patents 317,303 and 317,359, 1928; Brit. Chem. Abs! B 1929 886' 
also British Patent 297,398, 1927; Chem. Abs., 1929, 23, 2722. ' * ' 

French Patent 694,350, 1930: Chcm. Abs., 1931, 25, 1838. 
,..,5 assigned to I. G. Farbenindustric A. G.; Chcm. Abs., 1932, 26, 

Patent 717,056, 1931; Chem. Abs., 1932, 26, 2747. Cf. British Patent 339 274 
1929; 1931, 2556; British Patent 336,234, 1929; Chcm. Abs., 1931, 25, 1839. ’ 

u s-urP: British Patent 301,402. 1927; Brif. Chem. Abs. B. 1929. 122 

Paten? Baum, Canadian 

0?t n T 'r* w ??’ Muller Cunradi. U. S. Patent 1,881,692. 

t>ct. 11. 1932, assigned to I. G. Farl^mndustrie A.-G., Chem. Abs., 1933, 27, 512. 

TT LP* A..G., British Patent 316,637. 1928; Brit. Chem. Abs. B. 1929, 843. 

^Niemann, U. S. Patent 1.732,381. Oct. 22, 1929; assigned to I. G. 

^ ’’30, 24, 127. Cf. British Patent 317.303. 1928; c2rm .4hi 

1930, 24, 2139; French Patent 653,600. 1928; Chem. Abs., 1929, 23, 3715. 
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halogen-containing substances.*'^ Hydrogen chloride or organic halides may be 
used and, in addition, metals or metallic salts as activators. Thus, by using a 
few hundredths of one per cent by volume of iodine with propane at 575® C, 
unsaturated hydrocarbons, mainly ethylene, are formed to the extent of 15.5 per 
cent. At 650® C., 35.3 per cent of unsaturates is obtained. Butane in the pres¬ 
ence of carbon tetrachloride at 600® C. yields butylene (6 per cent), propylene 
(14.3 per cent), and ethylene (21.9 per cent). 

Van Peskiprepared unsaturated hydrocarbons by the decomposition of 
saturated hydrocarbons of higher molecular weight at comparatively low tem¬ 
peratures in the presence of sulphur, arsenic or antimony or mixtures of these 
elements and their compounds. Iodine or other ‘halogens or halogen-containing 
compounds may be added if desired. For example, propane at 550® C, in the 
presence of tellurium on pumice and a small proportion of iodine, was found to 
yield a mixture of gases consisting largely of ethylene. 

During the pyrolysis of paraffin hydrocarbons the olefins initially formed often 
undergo decomposition to yield methane. However, methane formation can be 
materially reduced by diluting the gaseous oi vaporized hydrocarbons, prior to 
heating, with from 1 to 9 volumes of methane.®® The process is best carried out 
at 600° to 700° C. and at atmospheric, somewhat reduced, or in some instances, 
elevated pressures. Catalysts include the oxides of zinc, magnesium, calcium, 
uranium, or silver on porous substances, pumice or artificial zeolite. Thus, mix¬ 
tures of ethylene, propylene and isobutylene are obtained on passing mixtures 
of ethane, isobutane, methane and nitrogen at 650® C. through tubes of quartz 
or V2A steel containing pumice mixed with zinc oxide. 

Wulff®^ proposed to manufacture gaseous unsaturated hydrocarbons, includ¬ 
ing acetylene, ethylene and allylene, by pyrolysis of paraffins (ethane, casinghead 
gasoline, gas oil or other petroleum fractions) at temperatures above 815® C. 
and under a partial pressure of 75 mm. or less. Low partial pressure is attained 
by mixing the vaporized raw material with a diluent such as steam, mercury 
vapor, or nitrogen. The duration of heating should be from 0.002 to 5 seconds, 
after which the reaction gases are immediately cooled. Reaction is carried out 
in non-ferrous refractory vessels, for example, carborundum tubes containing 
pieces of quartz, carborundum or sillimanite. Free oxygen should be excluded. 

Baths of molten salts have been suggested as heating media for the cracking 
of hydrocarbons.®* Thus, butane at 750° C. passed through an equimolecular 
mixture of barium and calcium chlorides (which melts at 500° C.) yields a 
product containing 18.5 per cent propylene arid 18.7 per cent ethylene. Other 
salt mixtures, whose melting points range from 426° to 663° C., may be employed. 
Molten tellurium, in aluminum-lined steel vessels, is stated to catalyze such dehy¬ 
drogenation reactions. 

Catalysts consisting of the heavy metals of Groups I and VIII of the Periodic 
Table, e.g., copper, nickel, cobalt or platinum, have been recommended.®* When 
such are used the temperature range for pyrolysis is 450° to 600° C., and the 
time of contact should be very short (less than 2 minutes). Other catalysts which 
have been proposed are fire-bricks impregnated with copper salts, or bricks made 

Bataafsche Petroleum Maatschappij, Briti.sh Patent 302,349, 1928; Brit. Ckem. Abs. B, 1930, 
406. Dutch Patent 23,704, 1931; Chem. Abs., 1931, 25, 3358. 

»• British Patent 315,890, 1928; Chem. Abs., 1930, 24, 1649. 

••I. G. Farbenindustrie A.-G., British Patent 330,623. 1929; Chem. Abs., 1930, 24, 5764; also 
French Patent 684,854, 1929; Chem. Abs., 1930, 24. 5305. 

British Patent 334,178, 1929; Chem. Abs., 1931, 25, 962; Brit. Chem. Abs. B, 1930, 1056. 
See also Suida, Austrian Patent 127,401, 1931; Chem. Abs., 1932, 26, 3514. 

** Bataafsche Petroleum Maatschappij, British Patent 334,241, 1929; Ckem. Abs., 1931, 25, 1068. 
Dreyfus, British Patent 386,669, 1933; Chem. Abs.. 1933. 27, 4388. 

*” 800 . des carhurants .synth^tiques, British Patent 372,555, 1931; Brit. Chem. Abs. B, 1932, 
714; French Patent 711,454, 1930, Chem. Abs., 1932, 26, 1615. 
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from fireclay and silicon or alloys of chromium or nickel, ferro-silicotti or silicon 
earbide*^; zinc, chromium, molybdenum, tungsten®® and titanium«®»; elemental 
silicon or silicon deposited on a carrier®®; elemental silicon mixed with a binder, 
clay or waterglass, or deposited on silica gel,®^ as well as elemental sulphur, 
antimony, arsenic, selenium and tellurium.®® Among the various heating surfaces 
advocated, the following are said to minimize carbon deposition: unglazed porce¬ 
lain impregnated with an oxide or oxides of chromium, tungsten, vanadium or 
uranium®®; chromium, tungsten or molybdenum or alloys of these metals, or 
graphite®®; elemental silicon®^; refractory materials (chamotte or silicon car¬ 
bide) covered with a glaze of a silicate, phosphate or borate of an alkali or 
alkaline earth metal, or of copper, manganese, lead or chromium iron alloys 
containing 10 to 16 per cent aluminum and as high as 6 per cent chromium 
(Ferralloy).®* 

According to Binnie,®® hydrogen chloride can be used as a diluent in the 
pyrolysis of methane and its homologues at temperatures of 1400° to 1450° C. 
The yield of acetylene is materially increased and the hydrogen chloride reacts 
but very little with the other gases present. It can be removed from the reaction 
products by washing with water. 

Passing methane at high space velocities over a carbon catalyst at 700° to 
1000° C. yields unsaturated hydrocarbons, particularly acetylene and ethylene.®® 
A catalyst which is active in promoting this reaction is the lustrous graphite-like 
carbon deposit produced by the pyrolytic decomposition of hydrocarbons in the 
vapor phase in contact with lumps of clay or other refractory material. Not only 
methane but also its homologues may be used in producing unsaturated hydro¬ 
carbons, and dilution of the reacting gases with hydrogen is said to hinder the 
formation of carbon. 

Wheeler, McAulay and Francis®® proposed that in the decomposition of 
hydrocarbon vapors at 1000° to 1200° C. the reaction be eflfected in successive 
stages, each stage being at a higher temperature or at a lower space velocity 
than the preceding one. They also suggested that reaction tubes of bonded silicon 
carbide, bonded graphite mixture, or heat resisting alloy be used. 

In the decomposition of hydrocarbons in successive stages,®^ the temperature 
can vary from 600° to 1000° C. in the different stages for gaseous mixtures 
containing very little methane, but for gases consisting mainly of methane tem¬ 
peratures higher than 1000° C. are necessary. As an alternative procedure the 

•*1. G. Farbenindustrie A.-G., British Patent 337^434, 1929; Chem. Ahs., 1931, 2S, 2152; British 
Patent 364,106. 1930; Chcm, Abs., 1933, 27. 1638; British Patent 366,102, 1930; Chem. Abs., 1933, 
27, 2028. 

** Frolich, U. S. Patent 1,869,681, Auff. 2, 1932; assigned to Standard Oil Development Co.; Brit. 
Chem. Abs. B, 1933, 536. 

“• Gas Light and Coke Co., Ltd., British Patent 349.444, 1930; Brit. Chem. Abs. B, 1931, 794. 

** I. G. Farbenindustrie A.-G., British Patent 339,274, 1929; Chem. Abs., 1931, 25, 2556. 

” I. G. Farbenindustrie A.-G., British Patent 357,170, 1930; Chem. Age {London), 1932, 26, 128. 

** Bataafsche Petroleum Maatschappij, Dutch Patent 23,704, 1931; Chem. Abs., 1931, 25, 3358. 

** I. G. Farbenindustrie A.-G., British Patent 366,107, 1930; /. Inst. Pei. Tech., 1932, IS, 120A. 

I'rench Patent 717,412, 1931; Chem. Abs., 1932, 26, 2748. 

••I. G. Farbenindustrie A.-G., British Patent 366,494, 1930; J. Inst. Pet. Tech., 1932, 18, 120A. 

I. G. Farbraindustrie A.-G., British Patent 368.291, 1930; J. Inst. Pet. Tech., 1932, 18, 161.A. 

French Patent 717.494, 1931; Chem, Abs., 1932. 26, 2747. 

** T. G. Farbenindustrie A.-G., British Patent 368,257, 1930; Brit. Chem. Abs. B, 1932, 458. 

** Bampfylde, British Patent 364,043, 1931; assigned to British and Dominions Ferralloy, Ltd.; 
Brit. Chem. Abs. B, 1932, 249. 

** British Patent 343,881, 1929; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. Abs. B. 
1932. 433. 

**Mitta8ch and Frankenburger, U. S. Patent 1.766.718. June 24, 1930; as.signed to I. G. Farben¬ 
industrie A.-G.; Chem. Abs., 1930, 24, 4305. Cf. British Patent 307,945, 1927; Chem. Abs., 1930, 24, 
127. 

** British Patents 342,319, 1929 and 342,359, 1930; both assigned to Imperial Chemical Industries, 
I td.; Brit. Chem. Abs. B, 1931, 382. Cf. Imperial Industries, Ltd., French Patent 694,350, 1930; 
Chem. Abs., 1931, 25, 1838. 

** British Patent 364,106, 1930; assigned to I. G. Farbenindustrie A.-G.; J. Inst, Pet. Tech,, 
1932, 18, 84A. 
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gaseous mixture is first separated into various fractions®® and each fraction is 
subsequently submitted to pyrolysis under appropriate conditions of temperature. 

When inert hot gases are used as direct heating media for thermal decompo¬ 
sition of petroleum hydrocarbons they often btcome contaminated with hydrogen 
sulphide formed by the pyrolysis of the sulphur compounds present. Before such 
gases can be recycled they must be freed from hydrogen sulphide. Sachs®® 
effected this by washing the cooled gases with water. 

Separation of the Lower Olefins from Gas Mixtures 

The gases obtained by the pyrolysis of hydrocarbons usually consist of complex 
mixtures containing, in addition to the lower monolefins, hydrogen and paraffin 
hydrocarbons, some butadiene and a little acetylene. The extraction of individual 
olefins, or mixtures of them, from the complex gaseous mixture is a problem of 
great importance. Both physical and chemical methods are available for this 
purpose. The former include such well-known processes as fractional condensa¬ 
tion or fractional distillation of the liquefied gas mixture as well as absorption 
by appropriate solvents and adsorption on solid materials. The chemical methods 
of separation make use of differences in the chemical reactivity of the various 
monolefins. 

Separation by Liquefaction and Rectification 

One of the most promising methods of separating the various constituents of 
a gas mixture is fractional condensation at successively lower temperatures or 
higher pressures, followed by fractional distillation (if necessary) of each frac¬ 
tion under appropriate conditions. Alternatively, the whole gas mixture can be 
liquefied and the liquefied gas subjected to fractional distillation. In general, 
fractional condensation will not effect complete separation. Better results are 
usually obtained by the careful distillation of the liquefied fractions. 

Although the liquefaction of normally gaseous substances is facilitated by 
increased pressure, there exists a critical temperature for every gas, i.e., a tem¬ 
perature above which no amount of pressure alone will effect liquefaction. The 
pressure required to convert a gas to a liquid at the critical temperature is called 
the critical pressure. These fundamental constants for various gaseous hydro¬ 
carbons present in cracking gas, together with their melting and boiling points, 
are as given in Table 36, 

The wide differences between the critical temperatures of ethylene and propy¬ 
lene are noteworthy. Thus, gaseous propylene can be liquefied (under pressures 
up to 45 atmospheres) at all temperatures below 92.3° C., whereas ethylene is 
gaseous at all temperatures above 9.7° C. A partial separation of propylene 
from ethylene in mixtures of these gases is therefore possible by proper adjust¬ 
ment of the temperature and pressure. The separation, however, will not be 
complete because (1) at temperatures above 9.7° C. liquid propylene exerts a 
high vapor pressure and consequently will be present in considerable proportions 
•with the ethylene in the gas phase, and (2) the liquefied propylene will contain 
appreciable quantities of dissolved ethylene. Accordingly, complete separation 
can be effected only by a fractional distillation of the liquefied propylene fraction. 

The rapid advances in the technic of fractionation of very volatile hydro- 

•* I. G. F.irbenindustrie A.-G., British Patent 366.102, 1930; 7. Inst. Pet. Tech., 1932, 18. 126A. 

"•British Patent 336,380, 1929; assigned to Petroleum Conversion Corp.; Brit. Ckem. /lbs. B, 
1931. 10. 

>"• International Critical Tables, National Research Council. McGraw-Hill Book Co., Inc., New 
Vork, 1926. 
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Table 36.—Constants for Various Gaseous Hydrocarbons Present in Cracking Gas. 



Melting 

Boiling 

Critical 

Critical 

Gas 

Point, 

Point, 

Temp., 

Pressure, 


•c. 

•c. 

“C. 

Atmos. 

Methane . 

... -184* 

-161.4“ 

-82.5“ 

45.8 

Ethane . 

... -172“ 

-88.3“ 

32.1“ 

48.8 

Bropane . 

... -189.9“ 

-44.5“ 

95.6“ 

43 

n-Butane . 

... -135“ 

0.6“ 

153“ 

36 

Isobutane . 

... -145“ 

—10.2“ 

134“ 

37 

Ethylene . 

... -169.4“ 

-103.8“ 

4).7“ 

50.9 

Propylene . 

... -185.2“ 

—47.0“ 

92.3“ 

45 

Acetylene . 

... -81.8“ 

-83.6“* 

36“ 

62 

Allylene . 

... -104.7“ 

—27.5“ 

128“ 



• This is the sublimation point of acetylene at 760 mm. See McIntosh, /. Phys. Chrm., 1907, II, 
306; Chem. Abs., 1907, I, 1844. 


carbons have been prompted largely by the development of the use of liquefied 
gases as fuel. This, in turn, is an outcome of efficient stabilization of volatile 
gasolines. Tlie principal gaseous hydrocarbons involved in these commercial 
(levelopmenis are propane and the butanes, but the same procedure with certain 
modifications can be applied to both higher and lower boiling hydrocarbons. 
Progress made in the practical rectification of such volatile hydrocarbons has 
been described by Carney.^®^ He pointed out that olefins are usually separated 
from specially cracked material, the cracking process being such as to yield a 
product containing a large proportion of the desired olefin. Ethylene was the 
first olefin so manufactured and probably is still the one produced in the greatest 
quantity. I^ter propylene, butylenes, and amylenes, in varying degrees of purity, 
were separated from cracked gases and liquids. Such separations, of course, 
liccome more difficult as the molecular weight of the olefin, as well as the num¬ 
ber of isomers, increase. Carney further reported that it is possible, for example, 
to separate 90 per cent butylene (a mixture of n- and iso-butylene) by frac¬ 
tionation of an iso- and n-butane fraction, or to vary the content of the more 
reactive butylene, isobutylene, from 5 per cent to more than 80 per cent in a 
fraction containing only hydrocarbons of four carbon atoms. 

Fractionation methods under the proper operating conditions usually yield 
the olefin mixed with some of the corresponding paraffin. Separation of the 
olefin from its paraffin analogue can be accomplished by methods described below. 
For many purposes such separation is unnecessary and the paraffin-olefin mixture 
may be utilized directly for the preparation of various derivatives of its olefin 
constituent. 

The process of Linde-Bronn, which has been applied in Germany and Belgium 
to the separation of the constituents of coke-oven gas, is of interest as illus¬ 
trating the potentialities of low-temperature fractionation. It has been described 
by Bronn and consists in cooling the coke-oven gas under pressure to sepa¬ 
rate first certain easily liquefiable impurities and later an ethylene-methane con¬ 
densate. In this liquefaction step the coke-oven gas-is cooled in a bath of liquid 
air or liquid nitrogen. Fractionation of the ethylene-methane condensate yields 
practically pure ethylene. Complete separation of methane and of carbon monox- 


*•*/. Inst. Pci, Tech., 1932, 1$, 701; for the rectification of propanes and butanes, see the following 
papers: Kurket, Nat. Pet. Nctvs, 1931, 23 (11), 61; Kaye, Petroleum Eng., 1931, 2 (6), 68; Smith, 
Refiner, 1931, 10 (6), 99. 

See llataafKhe Petroleum Maatschappij, French Patent 740,837, 1932; Chem. Abs., 1933, 
27, 2741. 

U. S. Patent 1,211,395, Jan. 9, 1917; assigned to Rombacher Huttenwerke; 1917, 26» 

205; German Patent 338,358, 1916; J.S.C.I.. 1921, 40, 684A; Kompr. Fliitsige Gas, 1926, 2S. 

5; Jahrbuch Brennkrafttechnischen, 1929, 9, 1. 












PRODUCTION OF UNSATURATED HYDROCARBONS 


130 


ide from the accompanying hydrogen can he accomplished by cooling the coke- 
oven gas, after removal of the ethylene-methane mixture, to a temperature of 
about —^209® C. under 10 atmospheres pressure. This low temperature is secured 
with liquid nitrogen maintained under reduced pressure. 

Although most fractionations are carried out at constant pressure and at 
varying temperatures, a second method, namely, fractionation of the liquefied 
mixture at a constant temperature and gradually diminisliing pressure, is also 
available. This process of “isothermal vaporization” has been used by Marko¬ 
vich and Pigulevski for effecting a partial separation of the constituents of 
a liquefied cracking gas. This gas, produced in a semi-commercial vapor phase 
cracking unit operated at 580® to 620® C., was first liquefied at 100 atmospheres 
pressure at room temperature and then submitted to a slow, approximately iso¬ 
thermal vaporization. The analysis of this gas is given in Table 29 of Chapter 3. 

Blanchet devised a process for separating the constituents of cracking gas 
by fractional condensation. The crude gas from the cracking operation, whether 
oil-washed or not, is subjected to a temperature of about 5® C. under 2 to 5 
atmospheres pressure. This removes any uncondensed pentanes and amylenes, 
which normally boil in the neighborhood of 35® C. The residual gases are 
further cooled to about 0® C. under 10 to 20 atmospheres. The butanes and 
butylenes are thus liquefied and withdrawn. The residual gas, containing ethyl¬ 
ene, propylene, saturated hydrocarbons and hydrogen, is either subjected to a 
further cooling at higher pressures to effect liquefaction of the propylene, or is 
used directly for the preparation of mixtures of derivatives of ethylene and 
propylene. 

According to Matthews and Bliss,^®® it is advantageous to fractionate uhsat- 
urated hydrocarbons in such a manner that all of the compounds in one fraction 
contain the same number of carbon atoms. The olefin in each fraction is then 
chlorinated to yield the corresponding dichloride. 

By chilling cracking gas under a pressure of 100 to 120 pounds per square 
inch, Eldred and Mersereau removed propylene and butylene as liquids, leaving 
ethylene and ethane in the gaseous condition. They stated, moreover, that 
ordinarily it is not practicable to condense ethylene and ethane by the applica¬ 
tion of high pressure and intense refrigeration, since ethylene is more easily 
separated in other ways, as for instance, by absorption. 

Substantially pure propylene has been obtained from cracking gas in the 
following manner by Saunders.'®^ The gas is first compressed under 100 at¬ 
mospheres pressure to yield a liquid consisting of paraffins and higher olefins 
(butylene and amylene), together with some propylene and ethylene. By refriger¬ 
ating and mixing the uncondensed gas with the liquid condensate under pressure, 
the propylene and ethylene present in the gas may be largely condensed to a 
liquid. The resulting liquid mixture is introduced under 15 to 20 atmospheres 
pressure into a fractionating column. The temperature of the lower end of 
this column is maintained at about 80® C. and that of the upper end at about 
10® C. The gaseous products of this fractionation, containing a high percentage 
of both ethylene and propylene, are passed directly into a second similar column 

''^Refiner, 1932, 11, 256, 303. 348. Also, Neft. Khos,, 1929, 16, 67; Brit. Chem. Abs. B, 1930, 130. 

British Patent 251,652, 1925; assigned to Soc. anon, d’explosifs et de produits chimiques; 
Chem. Abs., 1927, 21, 1546. 

S. Patent 1,158,524, Nov. 2, 1915; Chem. Abs., 1916, 10. 251; British Patent 15.048. 1913; 
Chem. Abs., 1915, 9, 127; cf. Matthews. Bliss and Elder. U. S. Patents 1.198,943 and 1,198,944, Sept. 
19. 1916; Chem. Abs., 1916, 10, 3001; British Patent 17.23<^ 1912; J.S.C.I., 1913, 32, 884. 

U. S. Patent 1,234,886, July 31, 1917; assigned to Chemical Development Co.; Chem. Abs., 
1917, 11, 2609. 

U. S. Patent! 1,393,248 and 1.393,249, Oct. 11, 1921; assigned to Glysyn Corp.; Chem. Abs.. 
1922, 16, 489. 



140 CHEMISTRY OF PETROLEUM DERIVATIVES 

under the same pressure. The temperature limits in this latter step, however, 
vary from about 0® C. at the bottom to about —70® C. at the top of the column. 
Propylene separates in liquid form at the bottom of the apparatus. From the 
uncondensed gases passing off at the top, ethylene may be recovered by com¬ 
pression to 100 atmospheres and introducing the compressed gas into a third 
column maintained at a temperature of about —40° C. at the bottom and —65® C. 
at the top. Under these circumstances the ethylene separates (together with 
ethane) as a liquid at the bottom of this column. 

As an alternative procedure, Saunders suggested distillaticm of the liquid con¬ 
densate at somewhat higher pressures (25 to 35 atmospheres instead of 15 to 20) 
which condenses a larger proportion of liquid propylene at the bottom of the 
column. This liquid propylene can be further rectified by redistilling (under 25 
to 35 atmospheres pressure) with a temperature gradient in the fractionating 
column from 0® C. at the bottom to 80® C. at the top. Almost pure gaseous 
propylene is obtained. 

The many other possible combinations of temperature and pressure lead to 
a number of variations in this method of separation. Some advantage, however, 
is realized by using high pressures to reduce the amount of refrigeration other¬ 
wise required. 

Pressure distillation at low temperatures has been applied in other instances 
to the separation of gaseous hydrocarbon mixtures. For example, a mixture of 
methane, ethylene and propylene is first liquefied and then subjected to a two- 
stage rectification process. Gaseous methane is taken off leaving a liquid ethylene- 
propylene fraction in the still, and this is subsequently distilled to yield ethylene 
(gaseous) and propylene (liquid). By using a compressed methane-ethylene 
mixture as an auxiliary heat-exchange material it is possible to apply the heat 
absorbed in cooling the fractionating columns to the distillation.^®® The separa¬ 
tion of ethylene, propylene, and butadiene from cracking gasis similarly 
accomplished. 

Another system for the extraction of ethylene from gas mixtures consists 
in first liquefying a portion of the mixture and then scrubbing the gases with 
this liquid in countercurrent. The gases should be freed from such impurities 
as acetylene and the oxides of nitrogen before scrubbing. The scrubbing liquid 
rich in ethylene is later fractionated.^'® 

The partial segregation of olefins in cracking gas has been described by Davis 
and Murray.'*' They proposed to separate the gaseous olefins into three main 
fractions corresponding to (1) an araylene fraction, (2) a butylene fraction, 
and (3) a mixture of ethylene and propylene. Saturated hydrocarbons are mixed 
with the olefins and some hydrogen as well with the ethylene-propylene fraction. 
To secure the partial separation the cracking gas is subjected to compression, 
distillation, condensation, and absorption in oil. As the various olefin fractions 
are employed primarily in the manufacture of secondary and tertiary alcohols 
this process is discussed in detail in Chapters 14 and 16. 

The fractional distillation of mixtures of olefin and paraffin hydrocarbons in 
the presence of a selective solvent was suggested by Deanesly."- In the distilla- 

Gesellschaft fur Linde's Eismaschiiien A.-G., British Patent 297,842, 1927; Ckem. Abs., 1929, 
23, 2771. French Patent 658,477. 1928; Chcm. Abs., 1929, 23. 5066. 

I. G. Farbenindustrie A.-G., British Patent 302,203, 1927; Brit. Chcm. Abs. B. 1929, 161. 

Soci6t6 Fair liquide (Soc. anon. pour. I'ftude et l*6xploitation des proc6d6s Georges Claude); 
British Patent 308,6^, 1929; Brit. them. Abs. B, 1,930, 1055: French Patent 665,787, 1928; Chem. 
Abs., 1930, 24, 1393. German Patent 561,202, 1929; Chem. Abs., 1933, 27, 1065. 

British Patent 248,375, 1926; Brit. Chcm. Abs. B. 1927, 403; U. S. Patent 1,790,517, Jan. 27. 
1931; Chem. Abs., 1931, 2S, 1374. Both patents assigned to Petroleum Chemical Corp. 

»«U. S. Patent 1,866,800. July 12, 1932; Chem. Abs., 1932, 26. 4611. U. S. Patent 1,893,733. 
Jan. 10, 1933; Chcm. Abs., 1933, 27, 2158. Canadian Patent 312,393, 1931; Chcm. Abs. 1931, 2S. 



PRODUCTION OF UNSATURATED HYDROCARBONS 141 

tion of a liquefied mixture of butylenes and butane better separation between the 
saturated hydrocarbons and the olefins is secured by the use of such. solvents as 
anhydrous ammonia or methylamine. Young and Perkins separate diolefins, 
olefins and paraffins by distillation in the presence of dioxane, nitrobenzene or 
dichloroethane. 

A combination of physical and chemical treatments is required in the exacting 
purification of ethylene used in anaesthesia.^^* Relatively warm ethylene is ex¬ 
panded from a pressure of about 100 atmospheres to condense out moisture and 
other impurities. The cold gas is then passed in heat-exchange relation with 
warm compressed ethylene and brought into contact with sulphuric acid of such 
concentration that higher olefins are absorbed without appreciable attack of the 
ethylene itself. The gas is neutralized with caustic potash solution, compressed, 
and dried, and again treated with sulphuric acid and neutralized. It is finally 
passed in heat-exchange relation with cold ethylene, and collected at a pressure 
less than that from which it was initially expanded. 

Separation of Olefins by the Use of Absorbing Liquids 

A partial separation of the various lower olefins from one another, and from 
the corresponding paraffins, can be effected by taking advantage of the difference 
in their solubility in various liquid solvents. The dissolved gases can be liber¬ 
ated from solution by heating. Generally, the solubility of the olefins in neutral 
solvents increases with increasing molecular weight and, possibly on account of 
their greater reactivity, they are usually more soluble than the corresponding 
paraffins. Two types of solvents have been suggested: (1) certain organic 
solvents such as mineral oils or acetone in which the higher olefins are prefer¬ 
entially soluble, but which also tend to absorb relatively large proportions of the 
paraffins, and (2) certain solvents which dissolve the gaseous olefins by forming 
loosely bound addition compounds, but which do not dissolve saturated hydro¬ 
carbons. Solvents of this kind include aqueous solutions of metallic salts having 
an affinity for olefins, liquid sulphur dioxide and other similarly reactive solvents. 

According to Podbielniak,^^^ the extraction of ethylene from crude cracking 
gas can be accomplished by introducing the gas, under 400 to 500 pounds pres¬ 
sure, into a refrigerated fractionating column from which ethylene and some 
ethane are removed at the top, and propylene and heavier hydrocarbons at the 
bottom. Substantially pure ethylene may also be obtained by scrubbing the 
cracking gas with a solvent which absorbs ethylene, some of the heavier hydro¬ 
carbons and a small proportion of the methane. The ethylene and gaseous 
hydrocarbons are subsequently recovered from the enriched solvent by distillation. 
Almost pure ethylene is recovered from this distillate by pressure fractionation 
in a refrigerated column. 

Curme suggested countercurrent washing of gas mixtures, previously com¬ 
pressed so that the ethylene partial pressure amounts to several atmospheres, 
with an organic solvent such as acetone. The ethylene escapes from the wash 
liquid on releasing the pressure and may be further purified by distillation. If 

4011. Canadian Patent 314,643, 1931; Chem. Abs., 1931, 25, 5432. Patents assigned to Shell Develop¬ 
ment Co. Bataafsche Petroleum Maatschappij, British Patent 348,817, 1930; Brit. Chem. Abs. B, 
1931, 709. French Patent 694,323, 1930; Chem. Abs., 1931, 25, 1839. German Patent 559,437, 1930; 
Chem. Abs., 1933, 27, 730. 

'*** Canadian Patent 328,052, 1932; assigned to Carbide and Carbon Chemicals Corp.; Chem. Abs., 
1933, 27, 991. 

*** Dawson, U. S. Patent 1,741,559, Dec. 31, 1929; assigned to Ohio Chemical and Manufacturing 
Co., Brit. Chem. Abs. B, 1930, 705; Chem. Abs., 1930, 24, 1124. 

«*Oi/ and Gas /., 1931, 29 (52), 22. 

*»U. S. Patents 1.422.182, 1,422,183, and 1,422,184, July 11, 1922; Chem. Abs., 1922, 18, 3195 
All patents assigned to Union Carbide Co. 
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propylene and ol^her unsaturated hydrocarbons are present in the initial mixture 
they are dissolved and must be separated from the ethylene by a subsequent 
treatment. One process for accomplishing this consists in passing the gaseous 
mixture through absorption towers in contact with a cold petroleum oil, such as 
kerosene,capable of absorbing propylene and the higher olefins without dis¬ 
solving appreciable amounts of ethylene. 

Ethyl alcohol has also been used as a selective absorption solvent for olefins. 
Gases containing them are scrubbed under pressure with the alcohol, the solu¬ 
tion passed into a flash tower and the olefin gases collected after scrubbing with 
water. The absorbing liquids may be distilled to recover the solvent. 

Gas naphtha, a liquid recovered from the compression of cracked oil gas, has 
been suggested by Eldred as an absorption medium since it dissolves propylene 
more readily than ethylene, which in turn is more easily absorbed than saturated 
hydrocarbons. Absorption of the gaseous olefins in this liquid is generally car¬ 
ried out under about 150 potmds pressure. Davis and Murray,^ however, have 
shown that gas oil is. a better solvent for the higher olefins, butylenes and amy- 
lenes, than for the lower ones, propylene and ethylene. 

Aqueous solutions of silver, cuprous and mercury salts are known to dis¬ 
solve the gaseous olefins readily, probably by forming complex compounds. The 
olefins can be recovered from these solutions by warming or by reducing the 
pressure. There appear to be no published experimental data on the application 
of this method to the separation of individual olefins, although it is probable 
that all the olefins in a gaseous mixture are absorbed together. Horsley 
recommended scrubbing coal gas with an acid solution of silver nitrate under 
ordinary or increased pressures at 0® to 10® C. to remove ethylene and other 
olefins, which may be recovered by heating the solution to 50® to 70° C., with 
or without reduction in pressure. An ammoniacal solution of a cuprous salt 
was suggested by Gordon and Hughes^** for absorbing olefins (mainly ethylene) 
and carbon monoxide from coal gas, coke oven gas and similar gases under 150 
to 250 atmospheres pressure. The gases released from the ammoniacal solution 
may be scrubbed with a solution of silver nitrate to absorb olefins and carbon 
monoxide. Anthes ^^3 proposed an ammoniacal solution of cuprous formate and 
separated any carbon monoxide simultaneously dissolved from the liberated 
olefins by preferential oxidation. 

Plauson has found that acetone will readily dissolve large volumes of 
sulphur dioxide and the resulting acetone-sulphur dioxide solution may be employed 
for the preferential solution of unsaturated hydrocarbons, particularly the diolefins. 


^^23; assigned to Dow Chemical Co.; Chem. Abs., 
Ltfp’ 1933 661^“ 390,863, 1931; assigned to Imperial Chemical Industries, 

of ind&Sii^ Standard Oil Co. 

1923* 17 1.465,600, Aug. 21, 1923; assigned to Carbide and Chemicals Corp.; Chem. Abs.. 

Patent 248,375, 1926; Brit. Chew. Abs, B, 1927. 403. U. S. Patent 1,824,947. Sent. ’’9 
e patents as.signed to Petroleum Chemical Corp. 

ChZ.^A\f.''^m9* 1.315,541, Sept. 9, 1919; assigned to Union Carbide Corp.; 

iDoi” 291,186, 1927; assigned to Synthetic Ammonia and Nitrates, Ltd.; Chem. Abs., 

Moo 1928; assigned to Imperial Chemical Industries, Ltd.; 

55^ loin In<*«s<”es. Ltd., French Patent 662.099. 1928; Chem. 

Ltd’• ^Chem ^Ahs^^[9u' 27* 101*"* 1,875,924, Sept. 6, 1932, assigned to Imperial Chemical Industries, 

B assigned to^ Chemical Industries, Ltd.; Brit. Chew. Abs. 

Patent 662,099, 1928; Chew. Abs., 1930. 24. 378; see also Watts. British 
Patent 393.317. 1931, assifirned to Imperial Chemical Industries, Ltd.; Brit. Chem. Abs. B, 1933. 776. 
Imperial Chem^al InduBtrie.s, Ltd.. French Patent 746.714. 1933; Chem. Abs., 1933, 27, 4546. 

German Patent 540,896, 1922; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 26. 

“•U. S. Patent 1,436,289, Nov. 21, 1922; Chem. Abs., 1923, 17, 627. See H. O. Traun’a 
Porschungslaboratorium G.m.b.hf., British Patent 156,123, 1920; J.S.C.I., 1922, 41 , 403A. 
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For separating saturated and unsaturated liquid hydrocarbons, Johansen^*® 
utilized a dilute soap solution. Unsaturatcd hydrocarbons arc more readily emul¬ 
sified by such solutions and can be almost completely removed by careful adjust¬ 
ment of its concentration. 

Ammonia has been suggested by Deanesly for the separation of butylene 
from butane. 

Separation of Olefins by Adsorption 

Olefins can be preferentially adsorbed from gaseous mixtures of hydrocarbons 
on active charcoal,'-® silica gel, Florida or fuller’s earth,or other highly ad¬ 
sorptive materials, and subsequently recovered by heating the adsorbent, with 
or without the aid of superheated steam.^*^‘ The olefins appear to be much 
more readily adsorbed than the corresponding paraffins, and methane and hydrogen 
are adsorbed to only a small extent. Olefiiis of higher molecular weight are 
more easily adsorbed than ethylene, and hence this method allows ethylene to 
be separated from its homologues.^®* This method has been particularly recom¬ 
mended for the recovery of ethylene from mixtures, such as coal gas, containing 
relatively small initial concentrations.^*® In removing ethylene and methane from 
gaseous mixtures with activated charcoal at —60* C. (described by Behrens *®®) 
ethylene is adsorbed almost exclusively and may be recovered from the charcoal 
by heating to 150° to 225° C. 

According to Harris,'*' the adsorbent used in separating individual olefins 
must first be saturated with a vapor or gas having an affinity for the adsorbent 
intermediate between those of the olefins to be adsorbed. For example, propylene 
may be separated from ethylene by passing the mixture over activated carbon 
saturated with water vapor. 

Another process is the adsorption of olefins under pressure. Thus, the gases 
obtained by the treatment of hydrocarbons in the electric arc are conducted over 
charcoal under a pressure of 20 atmospheres to remove the acetylene.'®* 


Chemical Separation of Olefins 

Perhaps the most obvious method for the separation of olefins from gaseous 
mixtures is absorption in a reagent capable of combining more readily with 
the olefins than with the other hydrocarbons present. Such methods include 
direct hydration, esterification with sulphuric acid or with the hydrogen halides, 


U. S. I’atent 1,520,953, Dec. 30, 1924; assigned to Atlantic Refining Co.; 1925, 44 . 

163B. 

British Patent 348,817, 1929; Chem. Abs., 1932, 26, 1939; German Patent 559.437, 1930; 
Chem. Abs., 1933. 27, 730; French Patent 694,323, 1930; Chem. Abs., 1931, 2S, 1839; all patents 
assigned to Bataafsche Petroleum Maatschappij. 

”*Askenasy, U. S. Patent 1.865,422, July 5, 1932; assigned to Soc. anon, pour Find. chim. k 
Bale; Chem. Abs,, 1932, 26, 4347. 

Eisenhut and Schilling, U. S. Patent 1,894,763, Jan. 17, 1933; assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 2389. Seelig, German Patent 535,763, 1929; Chem. Abs., 1932, 26. 


Wright (U. S. Patents 1,813,335 and 1,813,336, July 7, 1931; Brit. Chem. Abs. B, 1932, 405) 
suggested the use of allylenes or butylenes in conjunction with an adsorbent as a refrigerant. 

Cf. Gerr and Popov, Neff. Khos., 1926, 10. 88; Chem. Abs., 1927, 21, 2788. 

*** See, for example, the following: Bronn, U. S. Patent 1,211,395, Jan. 9, 1917; assigned to 
Rombacher Hiittenwerke; J.S.C.I., 1917, 36, 205; British Patent 147,051, 1920, addition to 146.839: 
J.S.C.I.. 1922, 41. 92A. Soddy, British Patent 125.253, 1918; J.S.C.I., 1919, 38, 352A. Bergius 
and Kalnin, British Patent 146,332, 1920; J.S.C.J., 1921, 40, 378A. Behrens, German Patent 370,037. 



Chem. Abs., 1932. 26, 6105. 

*** 1. G. Farbenindustrie A.-G., British Patent 325,309, 1928; Brtl. Chem. Abs. B, 1930, 406. 
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formation of chloro- and l)romo-hydrins, direct halogenation/** and selective 
lk)lymerization. These reactions are discussed in detail in other chapters so 
that only very brief mention of some of them need be made here. 

Direct esterification with hydrogen chloride, in both the liquid and gas phases, 
has been described. For example, a vapor phase cracking gas mixture containing 
6 per cent butylenes, 17 per cent propylene, 27 per cent ethylene and 50 per cent 
methane is passed with the requisite amotmt of dry hydrogen chloride at 15® C. 
over a contact material consisting essentially of anhydrous ferric chloride.^*® 
On cooling to —60® C. butyl and propyl chlorides are condensed and the residual 
gas consists of 30 per cent ethylene and 70 per cent methane. Coffin, Suther¬ 
land and Maass^®® reported that the rates of reaction of anhydrous hydrogen 
chloride with the three butylenes differ so greatly that it is possible to use 
this reaction to separate the isomers. Thus, isobutylene is converted into the 
tertiary chloride at —78.5® C., but the other isomers are unaffected. Similarly, 
the work of Piotrowski and Winkler indicates that, in the catalytic reaction 
of various amylcnes with hydrogen chloride in the gas phase, low temperatures 
favor the formation of tertiary chlorides. Davis suggested cold aqueous hy¬ 
drochloric acid for the separation of liquid secondary and tertiary olefins. The 
latter react with the acid to give tertiary chlorohydrocarbons, which are removed 
from the unaffected secondary olefins by fractional distillation. 

The numerous investigations pf the reactions between sulphuric acid and 
olefins may be summarized briefly in the following manner. At ordinary tem¬ 
peratures, isobutylene and isoamylenes are absorbed in 60 per cent acid; the 
straight-chain amylenes and butylenes in 75 to 83 per cent acid; propylene, in 
acid of about 93 per cent concentration; and ethylene, only in 100 per cent acid 
at higher temperatures, 80® to 100® C. 

A number of catalysts has been proposed for the separation of olefins by 
polymerization. Horsley suggested conducting the gaseous mixtures contain¬ 
ing olefins over a catalyst of acid cadmium phosphate at 150® to 200® C. under 
pressures greater than atmospheric. Under these conditions the homologues of 
ethylene undergo polymerization to condensable hydrocarbons but the ethylene 
passes on unchanged. According to Michel when the gas mixture is led 
through a suspension of aluminum chloride in an inert solvent (e.g., decalin) at 
atmospheric or reduced pressures, the ethylene homologues are polymerized while 
ethylene escapes in a substantially pure condition. 


Production of Higher Olefins by Pyrolysis 

Liquid olefins occur in considerable quantities in commercial cracked gaso¬ 
lines. With the possible exception of the lower-boiling members, the pentenes 
and hexenes, their separation in a state even approaching purity is a matter of 
the greatest difficulty. The highest proportions of olefinic hydrocarbons are 
found in gasolines made by cracking heavier hydrocarbons in the vapor phase at 


^^Pronier {Bull. soc. chxm., 1873, (2) 19, 109; Chem. Soc. Abs., 187^ 26, 487) employed 
bromine for the separation of propylene and butylene, and Tinker (British Patent 108.602. 1916; 
1917, 36, 998) used chlorine for the same purpose. 

See Chapters 6, 11. 12, 1.1. 15. and 26. 

“»T. Goldschmidt A.-G., British Patent 235,547, 1925; J.S.C.l,, 1925, 44. 738B. 

^Canadian J, Research, 1930, 2, 267; Chem. Abs., 1930, 24, 3750. 

Preemysl Chem., 1931, 15, 25; Chem. Abs., 1931, 25, 1794; J. Inst. Pei. Tech., 1931, 17, 225. 
U. S. Patent 1,790,519, Jan. 27, 1931; assigned to Petroleum Chemical Corp.; Chem. Abs.. 
1931, 25, 1374. 

>■ British Patent 374,510, 1931; Brit. Chem. Abs. B, 1932, 832; U. S. Patent 1,893,586, Jan. 10, 
1933; Chem. Abs., 1933, 27, 2285; both patents assigned to Imperial Chemical Industrie.s, Ltd. 

U. S. Patent 1,822,358, Sept. 8, 1931; assigned to 1. (5. Far^nindustrie A.*G.; Chem. Abs.. 
1931, 25, 5901. 



PRODUCTION OF UNSATURATED HYDROCARBONS 


145 


atmospheric, or approximately atmospheric, pressure and at temperatures of the 
order of 600® C. The olefin content of cracked gasolines increases with rising 
cracking temperatures to a maximum and thereafter declines as a result of decom¬ 
position and polymerization. The application of pressure does not favor maxi¬ 
mum production of olefins. In addition to acyclic olefins, cracked gasolines may 
contain appreciable amounts of diolefins and cyclic unsaturated hydrocarbons. 

The influence of both time and temperature on the degree of unsaturation of 
the gasoline (end point, about 225° C.) made by cracking a Mid-Continent gas 
oil in the vapor phase in pyrex tubes has been investigated by Geniesse and 
Reuter,who combined these two factors into a time-temperature index.^*^ 
Their results, some of which are shown ih Table 37, show that within the tem- 



Fig. 16.—Relation between Time-Temperature Index of Cracking and Unsaturation. 

(Geniesse and Reuter.) 

perature range of 500® to 640® C., the iodine values of the cracked gasolines 
increase rapidly with rising time-temperature indices to a maximum of about 
175 for a time-temperature index of about 10 and then gradually decrease (see 
Fig. 16). 

Higher olefins are obtained not only by thermal degradation of saturated 
hydrocarbons of higher molecular weight but also by polymerization of olefins 
of lower molecular weight. The thermal synthesis of higher olefins from lower 
members of the series is discussed more fully in Chapter 26. It may be noted, 
however, that in the controlled pyrolysis of the lower olefins not only higher 
olefins but also saturated acyclic and cyclic hydrocarbons are produced and it is 
difficult to stop polymerization at any desired stage. In relatively few instances 
only is it possible to eflfect the conversion of lower olefins into higher olefins 
without the simultaneous formation of comparatively large proportions of other 
hydrocarbons. Under carefully controlled conditions the partial conversion of 
ethylene into butylene appears possible, and Lenher has found that the oxygen- 

*«/«</. Eng. Chem., 1930, 22, 1274. 

This expression is dehned in a preceding section of this chapter. 

^ /./4.C.5*., 1931. 53, 2420, 3737. 3752. See also J.A.C.S.. 1932, 54. 1830 for the reaction 

between oxygen and propylene. This latter work is also discussed in Chapter 39. 
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Table 37.—jCracking of Gat Oil in Pyrtx Tubes. 


Temp. 

°C. 

Time of 
Contact, 

Time-Temp. 

-Gasoline- 

Yield, % 

Iodine 

Minutes 

Index 

byVol. 

Values 

500“ 

1.1 

2.42 

13.0 

148 

500“ 

, 2 ao 

63 

26.7 

126 

580“ 

0.047 

2.7 

9.7 

117 

580“ 

0.245 

4.5 

18.4 

173 

580“ 

0.168 

9.8 

24.1 " 

174 

580“ 

0.183 

10.7 

23.4 

176 

580“ 

0.473 

27.5 

26.2 

161 

600“ 

0.051 

6.6 

13.8 

139 

600“ 

0.107 

14.1 

20.7 

168 

600“ 

0.139 

18.5 

23.5 

152 

625“ 

0.02 

7.2 

15.1 

147 

625“ 

0,045 

16.2 

20 

157 

Iodine values 

obtained by the method of Johansen. Ind. 

Enff. Chem., 1922. 14, 

288. 


activated polymerization of ethylene can yield large amounts of propylene, be¬ 
sides other substances. The use of certain catalysts at comparatively low tem¬ 
peratures also renders possible the synthesis of higher olefins from lower mem¬ 
bers of the series. 

# 

Production of Styrene and Its Homologues by Pyrolysis 


It has long been known that styrene is formed during the pyrolysis of coal 
and mineral oils. This hydrocarbon and its homologues have been found to 
be promising materials for the manufacture of other substances, particularly 
resins, to which they may be readily polymerized. The primary materials gen¬ 
erally used in making styrenes by pyrolysis are ethylbenzene and its homologues. 
Thus, in the process described by Mark and Wulff,^*^ benzene homologues con¬ 
taining at least one ethyl radical are catalytically dehydrogenated in the vapor 
phase at temperatures of 500° to 800° C. in the presence of an inert gaseous 
diluent such as steam, nitrogen, or carbon dioxide. Catalysts of the reaction 
include metallic compounds, particularly oxides and sulphides, which are non¬ 
reducible or only partially reducible under the working conditions, for example, 
the oxides of calcium, lithium, strontium, magnesium, beryllium, zirconium, 
tungsten, molybdenum or uranium; compounds such as chromium phosphate, cal¬ 
cium aluminate, magnesium chromate and calcium phosphate; anthracite, active 
carbon, silica gel, and clay; and mixtures of these substances with each other. 
The addition of 1 to 3 per cent of reducible metallic compounds, copper or iron 
oxides, frequently increases the catalytic activity. Pretreatment of the catalyst 
at 300° to 600° C. with gases free from carbon, such as hydrogen, steam, nitro¬ 
gen or ammonia, is said to be advantageous in promoting its life and activity. 
This method of operation produces styrene from ethylbenzene and methylstyrene 
from “ethyltoluene. 

Smith suggested the preparation of styrenes by heating an alkylbenzene 


**«(;crnian Patent 550,055, 1929: assisned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 26. 
4069. i. G. Farbenindustrie A.-G., British Patent 340,587, 1929; Chem, Abi., 1931, 25, 4013. French 
Patent 702,377, 1930; Chem, Abs,, 1931, 25, 4285. Cf. British Patent 371.335, 1932; addition to 
Hritiifh Patent 340,587; Chem. Abs,, 1933, 27, 3720. For the purification of styrene see Mark and 
Wulff, German Patent 534,476, 1930; assigned to I. G. Farbenindustrie A.-G.; Chem. Abe., 1932, 
26« 738. 


British Patent 354,308. 1929; Chem. Abs., 1932, 26, 5315; U. S. Patent 1,870,876, Aug, 9, 
19.t2; Chem. .-lbs,, 1932, 26. 5580; both assigned to Naugatuck Chemical Co. Canadian Patent 308,122, 
1931: assign^ to Dominion Rubber Co.. Ltd.; Chem, Abs., 1931, 25 , 1266. Also Naugatuck Chemical 
Co., French Patent 693,876, 1930; Chem. Abs., 1931. 25 , 1538. 
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and benzene to 600® to 750® C. in the presence of substances capable of forming 
stable compounds with the liberated hydrogen (sulphur or a mixture of sulphur 
and ethylene dichloride). 

Halogenated alkylbenzenes, such as chloroethylbenzene, may serve as the start¬ 
ing material. Thus, Smith* and Jargstorff made styrene by heating the halo¬ 
genated hydrocarbon with a small quantity of the reaction product of pyridine, 
dibenzylamine, or aniline and hydrochloric, sulphuric or phosphoric acid. In 
other processes the halogenated alkylbenzene is heated in the presence of non¬ 
volatile inorganic acids, such as sulphuric or phosphoric acid,^*^- or in the presence 
of inorganic catalysts (mercurous, mercuric or zinc chlorides, mercuric oxide, 
sulphate or acetate).As still another alternative, chloroethylbenzene is heated 
with an organic base (e.g., pyridine) to temperatures of 100® to 230® C. under 
pressures not exceeding 1 atmosphere.'^® 

Aromatic hydrocarbons with unsaturatcd side chains may be prepared by tlie 
thermal dehydrogenation of the vapors of aromatic hydrocarbons having at least 
one saturated side chain of two or more carbon atoms at 450® to 700® C. under 
partial pressures less than atmospheric in the presence of such catalysts as oxides 
of cerium or zinc.'®^^ In this way styrene and vinyl naphthalene may be made 
from ethylbenzene and ethylnaphthalene, respectively. 

Laage'®®» suggested the production of styrene by heating methylphenylcar- 
binol with a dehydrating catalyst. 


ACETYLENE 


Acetylene is one of the products of the pyrolysis of hydrocarbons at tempera¬ 
tures al^ve 800® C. Below this temperature, however, it is formed in only small 
proportions. At the very high temperatures of the electric arc, high yields of 
acetylene are secured in the pyrolysis of all hydrocarbons.'®' 

Acetylene is the only hydrocarbon known whose thermodynamic stability in¬ 
creases with rising temperature, but it is doubtful whether it ever becomes per¬ 
fectly stable with respect to its elements. The boiling points of acetylene and 
some of its homologues are given in Table 38. 

The occurrence of acetylene in the gases from high-temperature cracking 
(where temperatures range from 400® to 700° C.) has been recorded by several 
workers but the amounts actually present are, in all probability, very small. 
Though acetylene has been noted in small quantities among the products of the 
thermal decomposition of a number of hydrocarbons, particularly ethylene, ethane 
and paraffins of relatively low molecular weight, most of the work in this con¬ 
nection is concerned with the conversion of methane into acetylene. This interest 
in the formation of acetylene from methane is, no doubt, actuated by the fact 
that methane occurs in abundance in natural gas, coke-oven gas, and other gases, 
and its more efficient utilization is a problem of increasing importance.'®* 


1932; assigned to Naugatuck Chemical Co. Canadian Patent 
324,970, 19^32; assigned to Dominion Rubber Co., Ltd.; Chem, Abs.^ 1932, 26, 5315. Also Nauiratuck 
Chemical Co., brench Patent 721,843, 1931; Chem. Abe., 1932, 26 4069. iNaugatuck 

1932* 2?^*5S80 ^ 1,870,878, Aug. 9, 1932; assigned to Naugatuck Chemical Co.; Chem. Abs., 

Abs'^mT'zf 5^80?' 1.870,852, Aug. 9, 1932; assigned to Naugatuck Chemical Co.; Chem. 

‘^Naugatuck Chemical Co., British Patent 356,107, 1930; Chem. Abe., 1932, 26, 5579 
*»• I. O. Farbenindustrie A.-G., French Patent 721,597, 1931; Chem. Abe., 1932. 26. 4061 Cf Suida 
Austrian Patent 1.12.042. 19.12; Chem. Abs., 19.1.1, 27, 2691. ’ * ^ 

»«>• German Patent 533,827, 1925; Chem. Abs., 1932, 26, 737; French Patent 682 SfiQ 102 Q. 
Chem. A bs., 19.10, 24, 452.1; both patents assigned to I. G. Farbenindustrie A.-G. ' * * 

t „ .The production o^f acetylene by the action of electrical energy on hydrocarbons is discussed 
fully m Chapter 9. The industrial twssibilities of acetylene production by pyrolysis of hydrocarbons 
are diwussed by Storch {Ind. Eng. Chem., 1934, 26, 56). ^ nyarocaroons 

*‘*See Chem. Met, Eng,, 1931, 38, 39. 
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Table 38.- 

-Acetylene and Its Homologues. 

Boiling Point 
• C. 

Acctylenc 

HCsCH 

--83.6 

Allylcne 

HCsCCH, 

—27.5 

Dimethylacetylene 

CHaCsCCH, 

28.9 

Ethylacctylene 

GH^CsCH 

18.5 

Methylethylacetylene 

CHaCsCCH, 

56 

Propylacetylene 

CaHtCssCH 

40 

Isopropylacetylene 

(CH,).CHCsCH 

29.3 

n-Butylacetylene 

CHoCsCH 

71.5 

Methylpropylacetylene 

CH,CsCC.Ht 

84 


• International Critical Tables, National‘Research Council, McGraw-Kill Rook Co., New York, 1S26. 


The work of Fischer and Stanley and Nash showed that acetylene is 
formed by the thermal decomposition of methane in the region of 1000 ° to 
1200° C. provided the heating period is sufficiently brief. Ethylene, butadiene 
and aromatic hydrocarbons are obtained in addition to acetylene. In all proba¬ 
bility, they state, the acetylene first formed is to be regarded as the intermediate 
in the synthesis of aromatic hydrocarbons. 

Fischer and Pichler studied the synthesis of acetylene from methane with 
reference to the equilibrium with benzene. At atmospheric pressure, time of 
contact 0.016 second and 1300° C., 60 grams of benzene and 75 grams of acety¬ 
lene per cubic meter of methane were produced. Above 1400° C. only acetylene 
was obtained. A coke-oven gas, which contained 25 per cent methane, with 
time of contact 0.004 second at 1600° C. gave 75 per cent conversion of methane 
to acetylene. The yield of benzene from this gas was found to be small both 
at this and lower temperatures. Under reduced pressure (50 to 70 mm.) the 
yield of acetylene was 70 to 80 per cent, and that of the benzene fell as the 
pressure was reduced. The results conformed to the calculated equilibrium for 
the reaction 3 C 2 H 2 CeHg. 

When working at temperatures of 1600° to 2100° C. and using heating times 
varying from 0.03 to 75 seconds, Dubois ^®® noted that methane yielded both 
acetylene and ethylene. The yield of acetylene, however, increased with increas¬ 
ing temperature and decreasing time of contact. Besides acetylene and ethylene, 
carbon black was obtained in considerable quantities. Under best conditions 
about 29 per cent of the methane was converted to unsaturated hydrocarbons, 
and the residual gas contained about 60 per cent hydrogen and 23 per cent 
methane. 

The thermal decomposition of methane to acetylene was studied by Peters 
and Meyer.^®" By subjecting methane to temperatures of 1600° to 3000° C. in 
the presence of tungsten or carbon heating elements for extremely short in¬ 
tervals of time (as low as 0.0001 second) they secured excellent yields (as high 
as 65 per cent conversion) of acetylene, practically free from other hydrocar¬ 
bons, except unchanged methane.^®* 

The pyrolysis of methane in quartz tubes at temperatures of 1150° C. under' 
pressures from atmospheric down to 25 mm. was investigated by Frolich, White 

Brennstoff Chcm., 1928, 9, 309; Chem. Abs., 1929, 23, 2694. Also Brennstoff Chcm.. 1929, 10, 
108: Chem, Abs., 1929, 23, 4326. 

^JS.C.L, 1929, 48, IT. 

Brennstoff-Chem., 1932, 13, 381; Brit. Chem. Abs. B, 1933, 10. 
i Woda, 1931, 11, 236, 270; Chem. Abs., 1932, 26. 2577. 

Brennstoff'Chem., 1929, 10, 324; Chem. Abs., 1930, 24, 484. Sec also Peters, Z. angew. Chem., 
1930, 43, 855; Chem. Abs., 1930, 24, 5715. * v , 

‘••The work of Peters and Fischer and their collaborators on the production of acetylene from 
methane at temperatures of the electric arc is discussed more fully in Chapter 9. 
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and Dayton.^*® They too found it necessary to employ exceedingly short heat¬ 
ing periods to avoid further decomposition of the acetylene initially formed. 
Heating for only 0.06 second at 1150® C. converted about 11 per cent of the 
methane to acetylene in the exit gas, and a reduction in pressure below atmos¬ 
pheric did not materially affect the conversion. When methane was cracked in 
an electric arc, acetylene was produced accompanied, however, by the deposition 
of large amounts of carbon. Dilution of the methane with hydrogen increased 
the yield of acetylene and reduced carbon formation. With methane and hydro¬ 
gen in the ratio of approximately 1:2, as much as 51 per cent of tlie methane 
was converted to acetylene in one passage of thp gas through the arc.^"® Bieder- 
niann and de Rudder studied the pyrolysis of methane at 900® to 1500® C. 
and at pressures from 20 mm. to 760 mm. There was no appreciable decom¬ 
position below 1000® C., but ethylene formation was at a maximum at 1200® C. 
and 100 mm. Conversion to acetylene increased rapidly with rising tempera¬ 
ture and at 1500® C. and 40 mm. the acetylene content of the reaction gas was 
15 per cent (58 per cent of theoretical). Acetylene formation was always ac¬ 
companied by the deposition of some carbon and it was also noted that hydrogen 
chloride, silica, thorium and nickel do not catalyze the decompt)sition of methane. 

Dehydrogenation of ethylene to acetylene depends upon high temperature, a 
controlled brief time of heating, low pressure and dilution with hydrogen. 
Without the addition of hydrogen and at atniosphferic pressure, there was a 
maximum production (15 per cent) of acetylene at 1200® C. using a tube 3 mm. 
in diameter and rate of gas supply of 60 liters per hour; increasing the tem¬ 
perature caused separation of carbon. Dilution of the initial gas with hydrogen 
combined with a shorter time of heating decreased the formation of carbon and 
increased the yield of acetylene to 70 per cent. Oxygen added to the ethylene- 
hydrogen mixture did not improve the yield of acetylene. Ninety per cent con¬ 
version was effected when ethylene, either alone or diluted with hydrogen, was 
heated for very short periods of time to 1300® to 1400® C. under reduced pres¬ 
sure. At 1000® C. and 0.1 atmosphere, ethane was dehydrogenated to ethylene; 
at higher temperatures the main product was acetylene. 

Fischer and Pichler investigated the possibilities of using benzines and 
other petroleum distillates for the production of acetylene. They found that 
the yield of acetylene was very small when a benzine (boiling at 80® to 140® C.) 
was passed through a heated tube at 800® to 900® C. Larger yields were ob¬ 
tained at a lower pressure (about 0.1 atmosphere) and higher temperature. The 
deposition of carbon was reduced by dilution with hydrogen. At 1200® C, ben¬ 
zine diluted with hydrogen gave a 50 per cent yield of acetylene. The yield of 
acetylene was lower when a petroleum distillate (boiling from 180® to 250® C.) 
was thermally decomposed under similar conditions. 

It is therefore evident that to produce good yields of acetylene from methane 
or other gaseous hydrocarbons it is necessary to apply as high temperatures as 
possible for very short periods. Somewhat reduced pressure and the addition 
of steam or hydrogen to the reacting gases tend to minimize decomposition of 
the hydrocarbons into carbon and hydrogen and thus assist in their conversion 
to acetylene. 

Eng. Chem., 1930, 22, 20. 

Frolich, White, Uhrinacher and Tufts, In4. Eng. Chem., 1930, 22, 23. 

Cotnpt. rend., 1930, 190, 1194; Chem. Abs., 1930, 24, 4255; Bntl. soc. chi$n., 1930, (4) 
47, 704. 

*•* Fischer and Pichler, Brennstoff^Chem., 1932, 13, 406; Brit. Chem. Abs. B, 1933, S3. 

Brennstoff‘Chem., 1932, 13. 441; Brit. Chem. Abs. B. 1933, 135, 
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Binnie and Wheeler observed that the introduction of methane into the 
zone of reaction between hydrogen and chlorine made the energy of formation 
of hydrogen chloride available to energize the transformation of methane into 
acetylene. Under optimum conditions this permitted conversion of as much as 
27 per cent of the methane into acetylene. 


Technical Methods for Producing Acetylene 

Knapp described the preparation of acetylene from natural gas by passing 
the latter through a bed of incandescent carbon (air is excluded) maintained at 
a temperature higher than that attained by combustion. It is stated that a tem¬ 
perature of 2000° to 3500° C. is required and that the carbon reacts with the 
methane of the natural gas to yield acetylene: 

CH4 + 3C —^ 2C.H.. 

Both ethylene and acetylene may be obtained by conducting methane under 
pressure at temperatures of 700° to 1000° C., or even higher, over a catalyst 
consisting of the alkaline-earth metal salts, silica, carbon, or the oxides of mag¬ 
nesium or beryllium, chromium, tungsten, vanadium or uranium,^®® or com¬ 
pounds of selenium, tellurium, or thallium.^®' Acetylene is the main product at 
high temperatures, if the gaseous products are quickly removed from the reac¬ 
tion zone. The production of acetylene by the pyrolysis of methane at 950° to 
2000° C. and absolute or partial pressures of methane varying from 760 mm. 
at 950° to 25 mm. at 2000° C. has also been suggested.^®^® 

An apparatus for effecting the cracking of methane to acetylene, or the 
pyrolysis of other hydrocarbon gases, has been described by Mittasch, Franken- 
burger and Wietzel.^®* The hydrocarbons are passed, alone or diluted with other 
gases, through a thin zone of high temperature which extends across substan¬ 
tially the whole cross-sectional area of a tube in the apparatus. A tungsten wire 
gauze carrying platinized asbestos in a thin layer or a highly porous refractory 
material such as “Marquardt composition** may be used as a catalyst. 

Natural gas or gases produced during hydrogenation processes can be first con¬ 
verted by pyrolysis, at least partially, to liquid hydrocarbons, which are removed 
and the gaseous residue, either alone or mixed with other gaseous hydrocarbons, 
is cracked in an electric arc to yield acetylene.^®® Wulff obtained acetylene by 
heating natural or manufactured gas to a temperature above 815° C. and quickly 
cooling the products of the reaction. To obtain the high temperatures necessary 

^J.S.C.I., 1931, 50, 418T. Also, Wheeler and Binnie, British Patent 353,913, 1930; assigned 
to Imperial Chemical Industries, Ltd.; Brit, Chem. Ab*. B, 1931, 959. 

U. S. Patent 1,023,783, April 16, 1912; assigned to United Gas Improvement Co.; 

1912, 31, 481. 

*••1. G. Farbenindustrie A.-G., British Patent 366,107, 1930; Brit. Chem. Ahs. B, 1932, 493. 
I. G. Farbenindustrie A.-G., British Patent 264,827, 1927; Brit. Chem. Abs. B, 1928, 327; 
Chem. Abs., 1928, 22, 242. Ruhrehemie A.-G., British Patent 391,206, 1931; Brit. Chem. Abs. B, 
1933, 536. F'rankenburger, German Patent 575,752, 1933; a.ssigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1933, 27, 4812. Fischer, German Patent 578,311, 1933; Chem. Abs., 1933, 27, 4239. 

w* International Industrial and Chemical Co., British Patent 352.688, 1930; assigned to Soc. 
industrielle des hydrocarbures et dOrivOs; Brit. Chem. Abs. B, 1931, 959; also French Patents 
692.451 and 692,452, 1929; Chem. Abs., 1931, 25, 1264. 

** U. S. Patent 1,823,503, Sept. 15, 1931; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1932, 26, 150. I. G. Farbenindustrie A.-G., British Patent 264,845, 1926; Chem. Abs., 1928, 22, 
^*"ch Patent 660,560, 1928.; Chem. Abs., 1930, 24, 127. See also Herrmann and Baum, 
U. S. Patent 1,898,301, Feb. 21, 1933; assigned to Consortium fiir elektrochemische Industrie; Chem. 
Abs., 1933, 27, 2691. 

^rben»nd«»trie A.-G., French Patent 717.056, 1931; Chem. Abs., 1932, 26, 2747. 

”*U. S. Patent 1,843,965, Feb. 9, 1931; Chem. Abs.. 1932, 26. 2040; Canadian Patent 306.26.1. 
1930; Chem. Abs., 1931, 25. 715; Britwh Patent 334,178. 1929; Chem. Abs.. 1931, 25. 962. IT, S 
Patent 1.880,307, Oct. 4, 1932, Brit. Chem. Abs. B, 1933, 693. U. S. Patents 1,880,308, 1,880,3no. nr I 
1,880,310, Oct. 4, 1932; Chem. Abs., 1933, 27, 515. 
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for the formation of acetylene from methane, burned an oxidizable 

gas within the interstices of a porous refractory material, which was subse¬ 
quently heated electrically until the desired temperature was reached. The 
methane was then passed through the preheated porous material. 

Acetylene may be made by passing methane, preheated to 850® C., through a 
quartz tube , in which a flame zone is fed by oxygen-delivery nozzles.^^^ The 
temperature attained exceeds 1000° C. and the products are unaltered methane, 
acetylene, carbon monoxide and hydrogen. Acetylene is isolated by solution in 
acetone. In another method, also dependent upon incomplete combustion, methane 
is conducted through an iron tube lined with r^efractory material and oxygen is 
introduced through a series of nozzles so that a temperature of 1000° C. is 
reached. A variation is obtained by mixing combustible gases, methane, ethane, 
or hydrogen, with vaporized liquid hydrocarbons and rapidly heating the mix¬ 
ture to a high temperature by burning part of it with oxygen or gases con¬ 
taining oxygen.^^® 

Winter, Hull and Ferguson suggested the rapid passage of nietliane, mixed 
with oxygen or aif, through a tube heated above 1000° C. The mixture should 
contain as much oxygen as possible, without becoming explosive, and pre-igni¬ 
tion may be prevented by placing a gauze before the reaction zone. By raising 
the temperature and selecting an optimum velocity, a maximum yield of about 
10 per cent of acetylene is possible. 

Wheeler and McAulay have proposed heating unsaturated hydrocarbons to 
1100° C. at a space velocity greater than 3000 reciprocal seconds. By heating 
ethylene, for example, to this temperature at a space velocity of 6400 reciprocal 
minutes, 30 per cent of the hydrocarbon is converted to a light oil and the reac¬ 
tion gas contains 8 per cent of acetylene. 

Other methods involving heating periods of short duration have been de¬ 
scribed by Ferguson,^^® Voituron,^’® and Binnie.'^^ Ferguson converted hydro¬ 
carbon gases or vapors, with the exception of methane, into acetylene by heating 
with a large excess of steam to temperatures above 1000° C. for not more than 
2 seconds. The treatment of saturated hydrocarbons with steam and oxygen at 
temperatures around 1300° C, and at high space velocities was suggested by 
Voituron. On the other hand, Binnie used hydrogen chloride as a diluent and 
carried out the pyrolysis at temperatures of 1400° to 1450° C. 

Banck prepared acetylene by passing a preheated mixture of methane and 
an inert gas over an extensive surface of porous carbon electrically heated to 
1400° to 2000° C. The pyrolysis of methane at temperatures of 950° to 2000° C. 
and at absolute or partial pressures of methane varying from 760 mm. at 950° C. 

U. S. Patent 1,880.306, Oct. 4, 1933; Chvtn. .‘lbs.. 1933, 27. 544. 

*** 1. G. Karbenindustrie .X.-G., llritish Patent J65.334, 1926; Clicm. ribs., 1928, 22. 243. 

I. G. Farbenindustrie A.-G., British Patent 290,322, 1927; Chem. Abs., 1929. 23. 846. See 
also Bataafsche Petroleum Maatschappij, British Patent 364,418, 1931; French Patent 713,012, 1930; 
C/irm. Abs,, 1932, 26, 1624. Cf. French Patent 725,114, 1931 ; Chem. Abs., 1932, 26, 4823. I. G. 
I'arlienindu.strie A.-G., British Patent 347,493, May 8, 1930; C/ir»w. Abs., 1932, 26, 2752. Millar, 
U. S. Patent 1,896,552,* Feb. 7, 1933; assigned to Shell Development Co.; Chem. Abs., 1933, 27, 
2696. Haeuber and Linckh, U. S. Patent 1,894,765, Jan. 17, 1933; assigned to I. G. Farl^nindustrie 

A. -G.; Chem. Abs., 1933, 27, ^458. 

British Patent 332,731, 1929; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. 
Abs. B, 1930, 893. 

British Patent 332,998, 1929; assigned to Imperial Chemical Industries, Ltd.; Chem. Abs., 
1931, 25. 521. 

British Patent 342,771, 1929; assigned to Imperial Chemical Industries, Ltd.; Chem. Abs., 
1931, 25, 5436. See also Ruhrehemie A.-G.. British Patent 373,249, 1931 ; Brit. Chem. Abs. B, 1932, 
832; French Patent 711,515, 1931; Chem. Abs., 1932, 26, 1938; British Patents 373.822 and 374,055. 
1931; Brit. Chem. Abs. B, 1932, 832. 

British Patents 349,067 and 352,280, 1929; assigned to Soc. d’etudes scientiBques et d'entreprises 
industrielles; Chem. Abs., 1932, 26, 5315. 

British Patent 343,881, 1929; assigned to Imperial Chemical Industries, Ltd.; Bnt. Chem. Abs. 

B. 1931, 433. 

”»U. S. Patent 1,773,611, Aug. 16, 1930; Brit. Chem. Abs. B, 1931, 379. 
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down to 25 mm. at 2000® C. has also been suggested.'^® The ratio of surface 
to volume of the cracking chamber is increased at higher temperatures, being 
about 10:1 at 1500® C., and a halogen or halogen compound may be employed as 
a catalyst 

Two-stage processes for the conversion of aliphatic into aromatic hydrocar¬ 
bons, in which acetylene is formed in the first stage, have also been advocated. 
Thus, aliphatic hydrocarbons are heated to temperatures exceeding 1600° C. for 
less than 0.001 second or to temperatures above 1120° C. under reduced pres¬ 
sure for less than 0.5 second to yield gas mixtures containing acetylenfe. The 
mixtures are further heat-treated in a second stage of the process to form aro¬ 
matic hydrocarbons.^®® 


SEPARATION OF ACETYLENE 

For separating acetylene from the gaseous products of pyrolytic reactions 
advantage is generally taken of the solubility of this compound in various sol¬ 
vents. The gas is washed either with water,'®®* or better with acetone,'®® under 
slightly increased pressure when solution of the acetylene in the solvent readily 
takes place. Various other organic solvents, suggested by Horsley and Rofifey,'®^ 
are ethers or esters boiling above 100® C., especially the esters, ethers, or ester- 
ethers of polyhydric alcohols. Those suggested are: glycol monoformate, niono- 
and di-alkyl ethers of ethylene glycol, glycerol mono- and di-acetates, glycerol 
mono-, di-, and tri-alkyl ethers, esters of mono- and di-alkyl ethers of glycerol, 
esters of phthalic acid, and ethyl lactate. 

Acetylene may be washed out of gas mixtures by low-boiling liquids of the 
nature of the commonly used refrigerants, e.g., liquid sulphur dioxide, carbon 
dioxide, anhydrous ammonia, methyl chloride, and ethyl chloride.'®® Metzger 
suggested the separation of acetylene from other hydrocarbons by bringing the 
mixed gases into contact with ethyl carbonate which is said to selectively absorb 
acetylene,'*® Nicodemus suggested acetonitrile at —10® C. as a selective sol¬ 
vent for extracting acetylene from gas mixtures. 

Gaseous mixtures produced by the action of the electric arc on hydrocarbons 
contain not only acetylene but also highly unsaturated gaseous hydrocarbons such 
as diacetylene, allylene and butadiene. These latter may be removed by passing 
the gas over heated silica gel'*" or kieselguhr, by washing with nitrobenzene, 
gas oil of density 0.88 or halogenated hydrocarbons,'*® or by bringing them into 

International Industrial and Chemical Co., Ltd., British Patent 352,688, 1930; assiKned to 
Soc. industr. dea hydrocarbures et d6riv6s; br%t, Chem. Abs. B, 1931, 959, Also French Patents 
692.541 and 692,542, 1929; Chem. Abs., 1931, 25, 1264. 

^Ruhrehemie A.-G., British Patent 373,249, 1931; French Patent 711,515, 1931; Chem. Abs., 
1932, 26, 1938. 

Kubrehemie A.-G., British Patents 373,822 and 374,055, 1931; additions to British Patent 
373.249, 1931; Brii. Chem. Abs. B, 1932, 832. 

*** See Chapter 5 for deUils of the production of aromatic hydrocarbons. 

“*•1. G. Farbenindustrie A.-G., British Patent 280,885, 1927; Brit. Chem. Abs. B, 1928, 778. 

^Ruhrehemie A.-G., French Patent 748,193, 1933; Chem. Abs., 1933, 27, 5175. 

British Patent 331,654, 1929; Chem. Abs., 1931, 25, 116; U. S. Patent 1,854,141, April 12, 
1932; Chem. Abs., 1932, 26, 3364. Both patents assigned to Imperial Chemical Industries, Ltd. 

I. G. Farbenindustrie A.-G., British Patent 377,193, 1931; Brit. Chem. Abs. B, 1932, 926. 
French Patent 724,476, 1931; Chem. Abs., 1932, 26, 4823. 

S. Patent 1,900,655, Mar. 7, 1933; assigned to Air Reduction Co.; Chem. Abs., 1933, 27, 

2966. 

S. Patent 1,813,946, July 14, 1931; Chem. Abs.. 1931, 25, 5277; British Patent 303,068, 
1928; Brit. Chem. Abs. B. 1929, 547; both patents assigned to I. G. Farbenindustrie A.-G. 

*•^1. (1. Farbenindustrie A.-G., French Patent 716,882, 1931; Chem. Abs., 1932, 26, 2202. 

I. G. Farlienindustrie A.-G., British Patent 386,052, 1931; Brit. Chem. Abs. B, 1933, 216; 
French Patent 739,289, 1932; Chem. Abs., 1933, 27, 1896: Baumann, Bdckert, Sandhaas, and Schilling, 
German Patent 578,072, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 27, 4252. 
Standard Oil Development Co., French Patent 744,772, 1933; Chem. Abs., 1933, 27. 4252. 
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contact with agents such as sulphuric or phosphoric acids,*®® which polymerize 
the highly unsaturated hydrocarbons. Wright *®® suggested allylene and 2-butene 
adsorbed on silica gel for use in refrigerating systems. 

Askenasy*®* used an adsorbent, such as activated charcoal, for separating 
acetylene from gas mixtures containing ethylene, methane, hydrogen, some nitro¬ 
gen and a little acetylene. The gas is passed through the adsorbent which is 
afterward subjected to evacuation without heating. This releases chiefly methane 
and hydrogen, the acetylene being recovered by heating and further evacuation. 

Acetylene may be separated from diacetylene, allylene, allene or butadiene 
by freezing the latter hydrocarbons out of the piixture at temperatures of —30° 
to —81° C.*®- To facilitate its transportation and storage, the conversion of 
acetylene to a solid by pressure has been proposed.*®* 


DIOI.EFINS 

The diolefins are hydrocarbons possessing two double bonds and are typified 
by the examples in the aliphatic series given in Table 39. 


Table 39.- Typical Diolefins of the Aliphatic Series 

Boiling Point * 
’C. 


Propadiene (Allene) —32 

1.2- Butadiene (Methylallene) CHCH. 19 

1.3- Butadiene (Divinyl) CHr=CHCH--CHa -2.6 

2.3- Pentadiene (sym.-Dimethylallene) CH»CH~C—CHCHi 51 

2-Methyl-1,2-butadiene (unsym, 

Dimethylallene) (CH»)*C=C=CH» 40.5 

2-Methyl-1,3-butadiene (Isoprene) .CHj™C(CH»)CH==CH 34 

1.3- Pentadiene (Piperylcne) CHjCH—CHCH—CH 44 

2.3- Dimethylbutadiene (Diisopropenyl) CH»=C(CH*)C(CHi)~CHa 69.6 

1,5-Hexadiene (Diallyl) CHa=CHCHaCH 5 CH~CHj ^ 

2.4- Hexadiene (Dipropenyl) CH.iCH=CHCH=CHCH» 82 


• International Critical Tables, McCraw-Hill Took Co., New York, 1926. 


Many carbocyclic diolefins, including a large number with a conjugated system 
of double bonds, are known. Little has been recorded about the occurrence ot 
these cyclic diolefins in the products of the pyrolysis of hydrocarbons but several, 
particularly cyclopentadiene, have been identified in low-boiling fractions from 
the high-temperature carbonization of coal. 

From the point of view of the organic chemist, the most interesting mem¬ 
bers of the series are those possessing a conjugated system of double bonds, 
such as butadiene (1,3-butadiene is usually called simply butadiene) and iso¬ 
prene. This type of unsaturated linkage appears to be connected with the 
remarkable properties of these compounds, whose tendency to polymerize to 
substances of high molecular weight among which are the so-called synthetic 
rubbers, calls for special attention. 

Although there is very little evidence of the presence of allene in the gaseous 
products of the cracking of hydrocarbons, considerable data are available on the 


I G. I'arbenindustrie A.-G., British Patent 368,782, 1930; Brit. Chem. Abs. B. 1932, 491. 
Auerhahn, German Patent 568,630, 1930; assigned to I. G. Karbenindustrie A,-G.; Chem. Abs., 1933, 
27, 2638. 

‘«U. S. Patents 1,813,335 and 1,813.336. Jvly 7, 1931; Chem. Abs., 1931, 25, 5224. 

*“‘11 S Patent 1.865.422. July 5, 1932; Chem. Abs.. 1932, 26 . 4347. German Patent 556,776, 1928; 
Chem. Abs., 1933, 27 , 312; French Patent 678,830, 1929; Chem. Abs.. 1930, 24 , 3519; all patents 
assigned to Soc. anon, pour Kind. chim. h Bale; cf. I. G. Karbenindustrie A.-G., French Patent 688,186, 
1930; Chem. Abs., 1931, 25 , 752; French Patent 716,882, 1931; Chem. Abs., 1932, 26 , 2202. 

*“1. G. Karbenindustrie A.-G., British Patent 371,142. 1931; Brit. Chem. Abs. B, 1932, 762. 

‘••I. G. Karbenindustrie A.-G., British Patent 351,634, 1930; Chem. Abs.. 1932, 26 , 4447. 
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occurrence of butadiene, the other diolefin which is gaseous at ordinary tempera¬ 
tures, among the products of thermal decomposition of all kinds of hydrocarbons 
and of petroleum distillates. In fact, butadiene is probably an important inter¬ 
mediate in the formation of cyclic, particularly aromatic, hydrocarbons in thermal 
processes. It occurs to the extent of about 2 per cent in the gases from com¬ 
mercial vapor phase cracking operations, but apparently it is formed to only 
a trifling extent during liquid phase cracking at lower temperatures. 

Of the higher aliphatic dienes, isoprene is of most interest since it was the 
raw material for the first synthetic rubber-like substances. Hs existence in the 
products of pyrolysis of hydrocarbons has been definitely shown, but the quanti¬ 
ties of it available are certainly much smaller than of butadiene. The probable 
presence of another butadiene homologue, namely 1,3-pentadiene (piperylehe) in 
a sample of cracked spirit from the Cross process was indicated by the work of 
Brame and Hunter.^®^ 


Isoprene 

Williams^®® appears to have been the first to prepare isoprene by the dry 
distillation of rubber. Later, Ipatiev and von Wittorf observed that tri- 
methylethylene was also formed by this method. Hlasivetz and Hinterberger ^®^ 
and Tilden^®® produced isoprene by passing turpentine through red-hot iron 
tubes. Mokievski ^®® found that the products of this treatment (amounting to 

I. 5 to 3 per cent of the turpentine) contained 50 per cent isoprene and that 
the remainder consisted, for the most part, of trimethylethylene. Later workers 
reported various yields. Harries and Neresheimer obtained about 10 per cent 
of isoprene by decomposing turpentine, dipentene or limonene over a glowing 
platinum spiral. They also prepared this diolefin by the action of soda-lime on 
a dihalogen compound of isopentane. According to Staudinger and Klever,*®* 
yields as high as 60 per cent of isoprene may be secured by decomposing limo¬ 
nene at low pressures (4 mm.) by means of an electrically heated platinum 
spiral. Others have indicated that the optimum temperature for the produc¬ 
tion of isoprene by the pyrolysis of turpentine, pinene or limonene or similar 
materials in the presence of glass, porcelain or other contact materials lies be¬ 
tween 450° and 700° C.®®® 

^J. Inst. Pet. Tech., 1927, 13, 794; Chem. Abs., 1928, 22, 2832. Cf. Armstrong and Miller, 

J. C.S., 1886, 49, 83. 

*wProc. Roy. Soe., 1860, 10, 516; JohresbeHchte, 1860, 495; Groclin.Watts, Handbook of Chem¬ 
istry, Cavendish Society, London, 1862, 14, 331. Cf. also, Bouchardat, BuU. soc. cliim., 1875, (2) 
24, 108; Compt. rend., 1875, 80, 1446; Chem. Soc. Abs., 1875, 28, 1259. Wallach, Ann. 1885. 227. 
295; Chem. Soc. Abs., 1885, 48, 550. 

prakt. Chem., 1897, (2) 35, 1; Chem. Soc. Abs., 1897, 72 (1), 233. 

“’Z. fUr Chem., 1868, (2) 24, 380. Cf. Hlasivetz, Ber., 1876, 9, 1991. 

Jahresberichte, 1882, 406; Chem. News, 1882, 46, 120; Chem. Soc. Abs., 1883, 44, 75. J.C.S., 

1884, 43, 410. 

Chem. Ztg., 1895, 19, 2254; /. Russ. Phys. Chem. Soc., 1898, 30, 885; Chem. Zentr., 1899, 1, 
589; Chem. Soc. Abs., 1899, 76 (1), 726. 

Ann., 1911, 383, 157; Chem., Soc. Abs., 1911, 100 (1), 798. See also Harries and Gottlob. 
Ann., 1911, 383, 228; Chem. Soc. Abs., 1911, 100 (1), 798; Harries, German Patents 243,075 and 
243,076, 1910; J.S.C.f., 1912, 31, 302; LT. S. Patent 1,038,359, Sept. 10, 1912; assigned to Farbenfabr. 
vorm. F. Bayer and Co., J.S.C.J., 1912, 31, 951. Gottlob, British Patent 18,431, 1911; Chem. Abs., 
1913, 7, 426; U. S. Patent 1,065,522, June 24, 1913; Chem. Abs., 1913, 7, 2863; German Patent 
269,240, 1912; Chem, Abs., 1914, 8, 2073. 

^Ber., 1911, 44, 2212, Staudinger, U. S. Patent 1,065,182, June 17, 1913; Chem. Abs., 1913, 
7. 2693. 

*“WoItereck. British Patent 27,908, 1909; Chem. Abs., 1911, S, 2979. Heinemann, British 
Patent 14,040, 1910; Chem. Abs., 1911, 3, 3347. British Patent 1,953, 1912; Chem. Abs.. 1913, 7. 
2487. U. S. Patent 1,092,838, April 14, 1914; Chem. Abs., 1914, 8. 2072. German Patent 278,104, 
1914: Chem. Abs., 1915, 9. 1136. U. S. Patent 1,095,395, May 5, 1914; Chem. Abs., 1914, 8, 2268. 
U. S. Patent 1,159.380, Nov. 9. 1915; Chem. Abs., 1916, 10, 295. 

Hofmann and Tank, U. S. Patent 1,010,050, Nov. 18. 1911; Chem. Abs^ 1912, 6, 431. 

Siiberrad, British Patent 4,001, 1910; Chem. Abs., 1911, 3, 3124. U. S. Patent 1,022,338, April 
2, 1911; Chem. Abs.. 1912. 6, 1686. German Patent 240,074. 1910; Chem. Abs.. 1912. 6. 2186. 

Stephan, U. S. Patent 1,057,680, April 1, 1913; Chem. Abs., 1913, 7. 1814. Webel, U. S. Patents 
1,083,164 and 1,083,165, Dee. 30, 1913; Chem. Abe., 1914, 8, 830. 
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According to Graul, Hanschke and Webel isoprene may be prepared from 
isopentane obtained from petroleum or oil gas. Isopentane is chlorinated and 
the chloro-isopentanes are treated with lime to remove hydrogen chloride and 
form tri methyl ethylene. Tliis substance is then converted, by the addition of 
halogens, into a dihalide from which hydrogen halide is again removed. In this 
manner substantially pure isoprene is produced. 


Butadiene 


The 1,3-butadiene has been known for many, years under a number of names, 
such as bi- or di-vinyl, diethenyl, erythrene, pyrolylene, and vinylethylene. By 
the term butadiene is generally meant the 1,3-isomer, rather than the 1,2-isomer, 
as it has been studied more extensively. Berthelot obtained butadiene by 
passing a mixture of acetylene and ethylene through a red-hot porcelain tube. 
It was found in illuminating gas by Caventou and by Armstrong and Miller.*®* 
It is formed when ethylene,*®^ isobutylene,*®* pentane and hexane *®* are con¬ 
ducted through heated tubes. The decomposition of alcohol vapors in the pres¬ 
ence of aluminum and the pyrolysis of fuse! oil also yield this hydrocarbon. 

The almost universal appearance of butadiene in the gaseous products of 
pyrolysis of all types of hydrocarbon materials, at temperatures immediately 
below those at which aromatic hydrocarbon formation becomes marked, led to 
the conviction that butadiene is an important intermediate in the transformation 
of straight-chain hydrocarbons into aromatics.*'- The evidence for this view 
is largely indirect. For example, Zanetti, Suydam, and Oflfner found that 
the optimum temperature for the production of butadiene (/\50® C.) in the 
pyrolysis of ethylene was coincident with the initial appearance of aromatic sub¬ 
stances in the products. Later, however, Wheeler and Wood*^* demonstrated 
that butadiene condenses with olefins at cracking temperatures to yield cyclo¬ 
hexene and its homologues, which rapidly lose hydrogen and are converted into 
aromatics. The production of hydroaromatics (and from them, of aromatics) is 


Ostromislensky, U. S. Patent 1,108,781, Aug. 25, 1914; Chem. Abs., 1914, 8, 3506. Dutch 
Patent 291, 1914; Chem. Abi., 1914, 8, 3245; Swedish Patent 37,268, 1912; Chem. Abs., 1915, 9, 2328. 
French Patent 442.980, 1912; Chem. Abs., 1913, 7, 1815. British Patent 6,301. 1912; Chem. Abs., 
1913. 7, 3038. German Patent 266,402, 1912; Chem. Abs., 1914, 8, 832. 

Gross, U. S. Patent 1.099,498, June 9, 1914; Chem. Abs., 1914, 8, 2816. British Patent 13,825, 
1913: Chem. Abs., 1914, 8, 3867. 

Nauck, German Parent 264,902, 1912; Chem. Abs., 1914, 8, 267. 

Kyriakides and Earle. U. S. Patents 1,094,222 and 1,094,223, April 21, 1914; Chem. Abs., 1914, 
8, 20h. U. S. Patent 1,106,290, Aug. 4. 1914: Chem. Abs., 1914, 8, 3245. 

Badische Anilin* and Soda-Fabrik, British Patent 975, 1913; Chem. Abs., 1914, 8, 2497. 

von Kuler-Chelpin, Swedish Patent 36,863, 1912; Chem. Abs., 1915, 9, 2328. 

Holt, U. S. Patent 1,168.070, Jan. 11, 1916; Chem. Abs., 1916, 10, 986: Chem. Fabrik auf 
Aktien v. £. Schering, French Patent 438,789, 1912; Chem. Abs., 1912, 6, 3200. German Patent 
260,934, 1911; Chem. Abs., 1913, 7, 3425. 

Callender, British Patent 17,397, 1912; Chem. Abs., 1914, 8, 433. 

U. S. Patent 1,298,929, April 1, 1919; assigned to Alien Property Custodian; Chem. Abs., 
1919, 13, 1954. Badische Anilin- and Soda-Fabrik, French Patent 435,312, 1911; J.S.C.I., 1912, 31. 
409; Dutch Patent 2,051, 1917; Chem. Abs.. 1917, 11, 3470. 

^Ann. chim., 1866, (4) 9, 466. Prunicr, Compt. rend., 1873, 76, 1410; Chem. Soc. Abs., 1873, 
26, 1014; Bull. soc. chim.. 1873, (2) 20, 72; Ann. chim., 1879, (5) 17, 17. 

^Ber., 1873, 6, 70; Bull. soc. chim.. 1873, 19, 145. 

*^J.C.S., 1886, 49, 74. Cf. Grimaux and Cloez, Combt. rend., 1887, 104, 118; Chem. Soc. Abs., 
1887, 52, 352. Brochet, Compt. rend.. 1892, 114, 601; Chem. Soc. Abs., 1892, 62, 797. 

Norton and Noyes, Amer. Chem. J., 1886, 8, 362. 

•••Noyes, Jahresberichte, 1888, 806. 

••Norton and Andrews, Amer. Chem. J., 1886, 8, 4. von Stepsky, Monatsh., 1902, 23, 773; Chem, 
Soc. Abs., 1903, 84 (1), 61. 

•*• Ipatiev, 7. prakt. Chem., 1903, (2) 67, 420; Chem. Soc. Abs., 1903, 84 (1), 453. 

Caventou. Ann.. 1863, 127. 93. Thiele, Ann.. 1899, 308, 333; Chem. Soc Abs., 1900, 7t 

( 1 ). 2 . 

•*• Standinger. Endle and Herold, Brr., 1913, 46, 2467. 

•^J.A.C.S., 1922, 44, 2036. 

1930. 1819. 
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thus pictured as depending upon a condensation of butadiene with olefins. Such 
'condensations may be represented thus: 


CH-CH 

/ \ 

CH, CH. 

R-CH=CH-~R' 


HC==CH 

\:h. 

\ / 


RHC—CHR' 


cyclohexene 

homologues 


HC=CH 

nc^ \:h 


RC—CR’ 
bensene 
homologues 


(R and R' may be either hydrogen or alkyl groups) 

As previously mentioned, butadiene has been found among the products of 
the pyrolysis of numerous hydrocarbons including methane, ethane, propylene, 
cyclohexane, and many others. It is also present in Pintsch gas, Blau gas and 
oil gas and in ordinary high-temperature cracking gases.*^® Systematic experi¬ 
ments on the production of butadiene by the pyrolysis of ethylene at various 
temperatures were carried out by Zanetti, Suydam and Offner,^^® who found 
that, with a constant heating period of 0.8 minute, the percentage yield of 
butadiene increased from 0.08 at 600® C. to a maximum of 0.96 at 750° C. 
Beyond this latter temperature the yield rapidly declined. Frolich, Simard and 
White have determined the proportions of butadiene formed in the pyrolysis 
of propane, butane, ethylene, propylene and cyclohexane at atmospheric pressure 
and at various temperatures in an apparatus consisting of a quartz tube about 
38 cm. in length and 2.5 cm. diameter. On passing propane through this tube 
at the rate of 27 liters per hour a maximum yield of butadiene of 0.90 mole 
per cent (based on propane decomposed) occurred at 727° C. Butane, using 
the same gas rate, gave an optimum yield of 3.12 mole per cent at 727° C. 
Propylene (containing 86.8 per cent of nitrogen as a diluent and passed at a 
rate of 20 liters per hour) gave 3.31 mole per cent of butadiene at 728° C. A 
single experiment with cyclohexane (41.8 cc. per hour) at 654° C. gave a very 
high yield of 20.60 mole per cent, based on the cyclohexane decomposed. It is 
evident, therefore, that the cyclohexanes are suitable starting materials for the 
production of butadiene by pyrolysis. 


Other Methods for the Production of Diolefins by Pyrolysis 

.Most of the methods for making butadiene by pyrolysis are, just as in the 
case of isoprene, alike in their essentials. The thermal treatment is usually car¬ 
ried outsat temperatures ranging from approximately 450° C. to 800° C., under 
atmospheric or reduced pressures, and, in some instances, in the presence of 
various contact ma^erials.^'® The differences between the various processes ap¬ 
pear to be chiefly in the raw materials. In addition to the various hydrocarbons, 
alcohols, fats, esters and other substances have yielded butadiene on heat treat¬ 
ment. Of die hydrocarbons, many petroleum fractions,-^® tetrahydrobenzene,--® 

See, for example, Rotnoli-Venturi, Annati Ckim. Appl., 1930, 20, 18; Brit. Chem. Abs. B, 
1930, 357. 

Loc. cit, 

Ind. Eng, Chcm., 1930, 22, 240. 

“• Ostromislenricy (/. Russ, PMys. Chem. Soe., 1915, 47, 1472; 1916. 35, 69; Chcm. 

Abs., 1916, 10, 3178; /. Russ. Phys. Chem. See., 1915, 47, 1947; Chem. Abs., 1916, 10, 1340) has 
investigated a number of methods tor obtaining butadiene,. isoprene, piperylene and dimethylbutadiene. 

Farbenfabrik, vorm. ,F. Bayer and Co., French Patent 437,487, 1911; Chem. Abs., 1912, 6, 
2548. German Patent 251,217, 1911; Chem. Abs., 1913, 7, 427. German Patent 283,162, 1913; 
Chem. Abs., 1915, 9, 2608. German Patent 262.884. 1912; Chem. Abs., 1913, 7, 3674. British 
Patent 251, 1912; Chem. Abs., 1913. 7, 2127. British Patent 4,076, 1913; Chem, Abs., 1914, 8, 2816. 
Addition 17,873, 1913. to French Patent 425,967; Chem. Abs., 1915, 9. 396. 

Kngler and Staudinger, Ber., 1913, 46, 2468. Also German Patent 265,172, 1912; Chem. Abs., 
1914. 8, 586. 

"•Schmidt, U. S. Patent 1,070,294, Aug. 12, 1913; Chem. Abs., 1913, 7, 3424. 
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cyclohexane,cyclopentane,*** dipentene or its isomers and polymerized butadi¬ 
ene-** have been proposed. Various alcohols suggested include 1,3-butanediol,*** 
normal and secondary butanol,*** fusel oil,*** many glycols *** and cyclohexanol.*** 
Olefin oxides,**® oleic acid, and its isomers, esters, particularly fats,**® and 
acetals **‘ have yielded butadiene. Other methods include the polymerization of 
ethylene in the presence of catalysts *** and the incomplete combustion of certain 
organic materials.**® Other methods for the production of diolefins are described 
in Chapter 27. 

Considerable interest has been manifested in the production of diolefins by 
the pyrolysis of petroleum. Mersereau *** obtained diolefins from petroleum hydro¬ 
carbons (particularly those boiling above 150® C* and containing 10 to 20 carbon 
atoms per molecule) by subjecting them to temperatures of 600° to 800® C. 
The products of pyrolysis are rapidly cooled to retard further reaction and to 
condense oil vapors, and the condensed hydrocarbons are mixed with fresh mate¬ 
rials and returned to the cracking chamber. The gaseous products are reported 
to contain 8 to 9 per cent diolefins (principally butadiene), which are separated 
in one of several ways, e.g., by cooling and compression, by absorption in cooled 
low-cold-test gas oils, or by the action of various chemical reagents such as 
solutions of mercuric salts or liquid sulphur dioxide. The best method of re¬ 
covering the diolefins Mersereau considered to be scrubbing the gas with wash 
oil at about —32° C. From the cold wash oil the diolefins are released by 
wanning and liquefied by compression and cooling. The residual gas (containing 
40 to 50 per cent olefins, 4 to 5 per cent of acetylenes, and a residue of saturated 
gases) may be subjected to further cracking. 

Bysow *** subjected the vapors of naphtha or other fractions or residues, 
preheated to 300° to 400° C., to pyrolysis under reduced pressure in a short 
reaction zone maintained at 750® to 1000® C. in the presence of iron, nickel or 
aluminum catalysts. The products are cooled rapidly. The pyrolysis may be 
carried out also in the presence of inert gases. The unsaturated hydrocarbons 
so obtained are capable of polymerization to rubber-like substances. 

Natural or synthetic hydrocarbons, containing more than four carbon atoms 
per molecule, can be converted into olefins or diolefins having a smaller number 
of carbon atoms by bringing their vapors at temperatures of 600® C. or higher 
into contact with catalysts consisting of the difficultly reducible oxides of scandium. 


Hofmann, Coutdle and Tank, U. S. Patent 1,050,077, Jan. 7, 1913; assigned to Farbenfabrik. 
vorm. F. Bayer and Co.; Ckem, Abs., 1913, 7, 906; Schmidt, Treppenhauer, Grosskinsky and Fischer, 
U. S. Patent 1,900,739, Mar. 7, 1933; assigned to 1. G. Farbenindustrie A.-G.; Chem. Abs., 
1933. 27, 2961. 

Farbenfabr. vorm. F. Bayer and Co., German Patents 248,738, 1911, and 262,553, 1912; Ckcm. 
Abs.. 1913, 7, 1426, 3425. 

Ostromislen.'iky, British Patent 6,301, 1912; Ckcttt. Abs.. 1913. 7, 3038. Also Farbenfabr. vorm. 
F. Bayer and Co., German Patent 282.817, 1912; Chem. Abs.. 1915, 9, 2608. 

Farl>enfabr. vorm. F. Bayer and Co., British Patent 8,871, 1912; Chem. Abs., 1913, 7, 3424. 
Hofmann, Dclbriick, Kohler, and Meisenburg, U. S. Patent 1,179,408, April 18, 1916; Ckem. .4bs., 


1916. 10. 1717. 

*** Farbenfabr. vorm. F. Bayer and Co., German Patent 264,264, 1912; Chem. Abs., 1914, 8, 267. 
»• Nauck. German Patent 264,902, 1912; Chem. Abs., 1914, 8, 267. 

Kyriakides. J.A.C.S., 1914, 36, 980. Kyriakides and Earle, U. S. Patents 1,033 327 and 
1.033,328, July 23, 1912; Chem. Abs., 1912, 6, 2696. 

*»* Hofmann and Tank, U. S. Patent 1,010,405. Nov. 28, 1911; assigned to Farbenfabr. vorm. 
K. Bayer and Co.; Chem. Abs., 1912, 6. 413. Farbenfabr. vorm. F. Bayer and Co., British Patent 
27,555. 1910; Chem. Abs., 1912, 6. 1499; German Patent 241,895. 1910; Chem. Abs., 1912, 6, 2291. 
»»» Matthews and Strange, British Patent 12,771. 1912; Chem. Abs., 1913, 7. 3849. 

Gerlach and Koetschau, German Patent 267,079, 1912; Chem. Abs., 1914, 8, 833. 
Ostromislensky and Kelbasinsky, J. Russ. Phys. Chem. Soc., 1914, 46, 123; Ckem. Abs., 
1914. 8, 1965. 

“•Perkin and Matthews. British Patent 17,235, 1912; Ckem. Abs., 191A, 8, 433. 

••* Farbenfabr. vorm. F. Bayer and Co., German Patent 278,647, 1913; Chem. Abs., 1915, 

••* U. S. Patent 1,282,906, Oct. 29, 1918; assigned to Chemical Development Co.; Chem. Abs., 
1919, 13, 185. 

•“British Patent 297,231, 1927; Brit. Chem. Abs. B, 1928, 843. 
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titanium, lanthanum, tungsten, molybdenum, thorium or uranium.Alterna¬ 
tively, vaporized paraffins, olefins or alicyclic hydrocarbons may be passed at 
640® to 720® C. over lustrous carbon deposited on difficultly reducible oxides such 
as magnesia, lime, baryta, quartz, or metals such as chromium.**^ Thus, cyclo¬ 
hexane at 650® C. gives 90 per cent unsaturated olefins, chiefly butadiene and 
ethylene, and American petroleum at 700® to 720° C. yields 80 per cent, of which 
one-fifth is butadiene. 

In the pyrolytic decomposition of paraffins to butadiene using silica, silicates, 
noble metals or the catalysts mentioned above, improved yields are obtained when 
the starting materials are diluted with at least half their volume of steam.**® 
The best apparatus is that made of or lined with metals which do not cause 
deposition of carbon: chromium, vanadium, manganese, or alloys such as highly 
alloyed steels containing considerable proportions of chromium, nickel, vanadium, 
manganese, cobalt, molybdenum, or tungsten. 

Various other catalysts for the decomposition of acyclic or cyclic paraffins 
and higher olefins to yield butadiene and isoprene have also been considered.*®* 
The pyrolysis is usually carried out above 600° C. and the apparatus may be 
constructed of refractory metals or alloyed steels (such as those just men¬ 
tioned above) or of Krupp V2A steel. Iron apparatus may be used if coated 
with chromium, copper, graphite, aluminum, or a noble metal. Thus, the de¬ 
composition of tetrahydrobenzene and of cyclohexane can be conducted in an 
apparatus of this type at 650° to 700® C. in a current of nitrogen and in con¬ 
tact with magnesia. The metal surfaces of the apparatus may be covered also 
with firmly adhering melts or sinters of inorganic compounds, such as silicates, 
phosphates, or borates with or without further additions of chromium, manga¬ 
nese, or copper. The object of these various materials is to suppress carbon 
formation as far as possible. One volume of steam to 2 volumes of hydrocarbon 
may be used. For example, a mixture of cyclohexane (2 vols.) and steam 
(1 vol.) is passed over granular lime at 680° C. to yield butadiene, propylene 
and other unsaturated hydrocarbons. A 65 per cent yield of butadiene is ob¬ 
tained, according to Schmidt, Grosskinsky and Niemann.*** 

The production of diolefins by heating acetylene and olefin hydrocarbons to¬ 
gether in molecular proportions for an optimum period in the presence of cata¬ 
lysts, such as anhydrous alkali hydroxides, has been suggested.**^ If either the 
pressure, time of reaction, or the temperature be increased, then polymerization 
products of the diolefins may be obtained in a single stage. As an illustration, 
a mixture of acetylene and propylene in approximately molecular proportions is 
forced at 3 to 15 atmospheres pressure into a thick-walled spiral tube or autoclave 
heated to 350° to 450° C. The spiral is provided with a check valve at the 
inlet and an outlet valve which can be regulated to release the gases at any 
desired pressure. The escaping gases are cooled and the diolefins condense. Un¬ 
changed gas is recirculated through the apparatus. By using an indifferent gas 
as a diluent to increase the pressure to, say, 30 atmospheres, the yield of diolefin, 
in the present instance isoprene, is said to be increased to 85 per cent of the 

**•1. G. Farbcnindustric A.-G., British Patent 297,398, 1927; Chem. Abs., 1929, 23, 2722. 

*•* I. G. Farbenindustrie A.-G., British Patent 303,998, 1927; Chem. Ab$., 1929, 23, 4483. Cf. 
Herrmann and Baum. Canadian Patent 279,622, 1928; Chem. Abs.. 1928, 22, 2755. 

"•I. G. Farbenindustrie A.-G., British Patent 307,945. 1927; Chem. Abs., 1930. 24, 127. 

»>I. G. Farbenindustrie, A.-G., British Patents 317,359 and 317,303, 1928; Chem. Abs., 1930. 
24, 2139. 

"•U. S. Patent 1,732,381, Oct. 22, 1929; Chem. Abs.. 1930, 24, 127; German Patent 533,778, 
1927; Chem. Abs., 1932, 26, 734. Both patents assigned to I. G. Farbenindustrie A.-G. See also 
French Patent 653,600, 1928; Chem. Abs.. 1929, 23, 3715. 

*** H. Otto Traun's Forschungslaboratorium G.m.b.H., British Patent 156,116, 1922; J.C.S., 1922, 
122 (1), 515. Sec also I. G. Farbenindustrie French Patent 666,6il, 1929; Chem. Abs., 1930. 

24, 1389. 
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theoretical. When the operation is performed in an autoclave and the heating 
is continued for ten to fifteen hours at 55 to 65 atmospheres pressure the diolehn 
undergoes polymerization to rubber-like substances and intermediate products 
which may be of use in varnish and as turpentine substitutes. 

The indirect preparation of isoprene from acetylene by a series of reactions 
involving the successive synthesis of acetaldehyde, aldol, 1,3-butylene glycol, 
methyl ethyl ketone, 2-methyl-3-keto-butanol, 2-methyl-l,3-butylene glycol, and 
finally isoprene has also been described.*^- Dubose outlined a similar pro¬ 
cedure for making butadiene, and subsequently synthetic rubber from it. The 
steps include the formation of acetylene ^from calcium carbide), acetaldehyde, 
aldol, butylene glycol, and lastly butadiene. * 

The thermal decomposition or dehydration of the lower aliphatic alcohols to 
yield diolefins has been known for many years. Ixbedev proposed the deliy- 
dration of methyl, ethyl or propyl alcohol at 400® C. in the presence of such 
catalysts as alumina or zinc oxide. The products may be passed into bromine 
and the tetrabromide thus formed may be separated by fractional distillation and 
converted into butadiene by reduction The use of 1,3-butylene glycol for the 
preparation of butadiene has also been soggested."**^ Its dehydration is carried 
out by conducting the vapors of the glycol together with water vapor over heated 
catalysts (acid bismuth orthophosphate, iieutral pyro- or orthophosphates of mag¬ 
nesium or the alkaline earth metals, a mixture of calcium and ammonium phos¬ 
phates, or primary sodium phosphate and either graphi<-c or phosphoric acid). 
By dehydration, ethylene can be obtained from ethyl alcohol, cyclohexene from 
cyclohexanol, and isoprene from 2-methyl-l,3-butylene glycol. Unsaturated alco¬ 
hols have also been used.-^® 

That lower molecular weight olefins can be condensed to those of higher 
molecular weight has long been known.^^* Hauber,-^® for example, suggested 
heating the lower olefins to 250® C. in the presence of silicon to effect the forma¬ 
tion of higher olefins. Feiler subjected the lower olefins to high-temperature 
electrical discharges in a closed cycle with continual removal of tlie products 
(olefins and diolefins) by cooling. Butadiene has been formed by passing a 
mixture of 1- and 2-butenes (obtained by the dehydration of butyl alcohol vapor 
at 320° C. over bauxite) diluted with nitrogen through a tube packed with cal¬ 
cium oxide and heated to 700® 

It is interesting to note that butadiene may also be obtained by the partial 
hydrogenation of diacetylene in the presence of catalysts,^®® and by the reduc¬ 
tion of diacetylene with chromous chloride solution.^®^ 

Separation of the Diolefins 

For the separation of diolefins (particularly those of low molecular weight) 
from mixtures, use is generally made of certain materials exerting a preferential 

G. Farbenindustrie A.-G., British Patent 320,362, 1928; Chem. Abs., 1930. 24. 2640. 

***Bui!. soc. ind. Rouen, 1926. S4, 223; Chem. Abs., 1927, 21. 673. 

British Patent 331,482. 1929; Chem. Abs., 1931, 25, IIS. Cf. I. G. Farbenindustrie A.-G., 

German Patent 544,290, 1927; Chem. Abs., 1932, 26, 2471. 

G. Farbenindustrie A.-G., British Patent 317,500, 1928; Chem. Abs., 1930, 24, 2139. 

»^I. G. Farbenindustrie A.-G., British Patent 345,270, 1928; C'^icm. Abs., 1932, 26, 157. 

Perkin and Matthews, British Patent. 17,235, 1912; Chem. Abs.. 1914, 8, 433. 

German Patent 543,110, 1929; assigned to I. G. Farbenindustrie A.-G., Chem. Abs., 1932, 
26. 2466. 

U. S. Patent 1,799,787, April 7, 1931; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1932, 25, 3012. 

1. G. Farbenindustrie A.-G., German Patent 544,290, 1929; Chem. Abs., 1932, 26, 2471. 

Bolton and Downing, U. S. Patent 1,777,600. Oct. 7, 1930; assigned to E. I. duPont de 
Nemours and Co., Inc.; Chem. Abs., 1930, 24, 5770. 

Baumann and Tanneberger. German Patent 540,003, 1930; assigned to I. G. Farbenindustrie 
A-G.; Chem. Abs., 1932, 26, 1625. 
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solvent action on these hydrocarbons. Sulphur dioxide is especially appropriate 
for this purppse, but the effect is probably not purely solvent action since 
compound formation undoubtedly occurs. For instance, Matthews and Elder 
formed addition products of various olefins with sulphur dioxide and Staud- 
inger obtained monomeric solid reaction products by treating butadiene hydro¬ 
carbons with liquid sulphur dioxide at room temperature in the presence of 1 per 
cent hydroquinone as a stabilizing agent. A method for the separation of diolefins 
from hydrocarbon mixtures by the action of sulphur dioxide at 100° C. has been 
described by Perkins.*®* The process may be carried on continuously by con¬ 
stantly removing a portion of the reaction mixture and the cliolefiii-sulphur dioxide 
addition products are separated by distillation. The product obtained from 1,3- 
butadiene and sulphur dioxide is a crystalline solid (m.p., 65° C.) which is 
decomposed into its components by heating at temperatures exceeding 120° C. 
According to Plauson *®* acetone saturated with sulphur dioxide is an excellent 
reagent for diolefins and forms insoluble addition compounds. The latter can 
be filtered off as precipitates from which the diolefins may be regenerated by 
heating. TJie reactions of diolefins with sulphur dioxide and other reagents are 
discussed more fully in Chapter 27. 

The use of various organic liquids as solvents for the separation of diolefins 
by selective solution from gaseous or liquid mixtures containing monolefins or 
saturated hydrocarbons has been described.*®® The liquids suggested are glycol 
chlorohydrin, glycol mono- and di-acetates, glycol mono-methyl ether, glycerol 
di- and tri-acetates, lactic acid nitrile, diethyl tartrate, furfural and aromatic bases. 

Certain metallic salts in aqueous solution or suspension, as is well known, 
possess an affinity for diolefins as well as for monolefins. The use of cuprous 
and silver salts (e.g., cuprous chloride and silver nitrate) for the separation of 
diolefins, particularly butadiene, in gaseous mixtures has been recommended by 
Feiler.*®^ Under certain conditions the double compound of the diolefin with the 
metallic salt precipitates, and from this the diolefin may be liberated by warming. 

Carbon monoxide and diolefins can be removed from gaseous mixtures by 
absorption in a solution of cuprous chloride.*®® Hydroxylamine hydrochloride, 
hydroquinone, sulphites or stannous chloride may be added to such solutions to 
prevent oxidation of the cuprous to cupric salts. Alkali, alkaline earth or mag¬ 
nesium salts dissolved in water or alcohol may be used as neutral solvents. The 
formation of a precipitate is obviated in such solutions and the absorbed carbon 
monoxide and diolefins may be recovered by warming the liquid to 40° to 80° C., 
under reduced pressure, if necessary. 

For the separation of butadiene hydrocarbons from isobutylene and similar 
olefins containing a tertiary carbon atom, advantage may be taken of the rela¬ 
tively higher rate of absorption of the latter in sulphuric acid of the proper con¬ 
centration,*®® 60 to 70 per cent being recommended.*®® 

*« British Patent 11,635, 1914; Chem. Abs., 1915, 9, 2971. 

British Patent 361,341, 1930; Brit, Chem. Abs. B. 1932, 301. 

*** Canadian Patent 329,043, 1933; assigned to Carbide and Carbon Chemicals Coro.; Chew. Abs., 
1933. 27, 1358. 

U. S. Patent 1,436,289, Nov. 21, 1922; Chew, Abs., 1923, 17, 627. H. O. Traun's Forschungs* 
laboratorium G.m.b.H., British Patent 156.123, 1920; J.S.C.I., 1922, 41, 403A. 

**•1. G. Farbenindustrie A.-G., British Patent 319,025, 1928; Chew. Abs., 1930, 24, 2468. Schmidt 
and Grosskinsky, U. S. Patent 1,882,978, Oct. 18, 1932; assigned to I. G. Farbenindustrie A.-G.; 
Chew. Abs., 1933, 27, 737. U. S. Patent 1,919,752, July 2S, 1933; assigned to I. G. Farbenindustrie 
A.-G.; Chew. Abs., 1933, 27, 4813. 

U. S. Patent 1.795,549, March 10. 1931; assigned to I. G. Farbenindustrie A.-G.; Chew. Abs., 
1931, 25, 2435. British Patent 303,323. 1928; Brit. Chew. Abs. B, 1929, 199. 

** Bataafsche Petroleum Maatschappij, British Patent 359,234, 1929; Chew. Abs., 1932, 26. 4894. 
French Patent 705,214, 1930; Chew. Abs.. 1931, 25. 5223. 

"•I. G. Farbenindustrie A.-G., French Patent 703,743, 1930; Chew. Abs., 1931, 25, 4555. 

*• Kataafflche Petroleum Maatschappij. French Patent 737,743. 1932; Chew. Abs., 1933, 27, 1638. 
The absorption of olefins in sulphuric acid is discussed in greater detail in Chapters 12, 14, 16, and 49. 



Chapter 5 

Production of Aromatic Hydrocarbons by Pyrolysis 
of Petroleum Hydrocarbons 

It has long Hjeen known that aromatic hydrocarbons may be produced in 
quantity by subjecting other hydrocarbons to pyrolysis at fairly high tempera¬ 
tures. As early as 1860 the presence of aroniatic hydrocarbons was demonstrated 
in the tar obtained as a by-product in the manufacture oil gas by high-tem- 
perature pyrolysis of mineral oils. The aromatic hydrocarbons in coal tar, made 
by the high-temperature carbonization of bituminous coal, have formed the raw 
materials for the manufacture of a wide variety of synthetic organic substances. 

The World War created a great demand for toluene for the manufacture of 
the explosive, trinitrotoluene (TNT), and attempts were made to augment the 
supply derived from coal tar by cracking petroleum hydrocarbons at high tem¬ 
peratures. Toward the end of the war aromatic hydrocarbons were being pro¬ 
duced from petroleum by cracking and several processes were in operation. As 
lias been mentioned in Chapter 1, efforts were made at the same time to obtain 
toluene directly from highly aromatic crude petroleums, particularly those from 
Borneo, Very few, if any, crude oils, however, contain sufficient toluene initially 
to insure the success of this operation. 

After the World War, interest in the synthesis of aromatic hydrocarbons from 
petroleum waned considerably, but during the last few years of the decade 1920- 
1930 a renewal of interest in this problem was manifest. This is particularly 
true of processes which utilize as raw material the abundant supplies of dry 
natural gas, otherwise largely wasted or inefficiently used. Two circumstances 
have combined to focus the attention of the petroleum industry on the production 
of aromatic hydrocarbons from gaseous aliphatic hydrocarbons, especially from 
methane and its immediate homologues. One is the increasing demand for the 
rigorous conservation of natural gas resources. The other is the possibility of 
obtaining aromatic hydrocarbons (which are excellent anti-knock materials) from 
natural gas for blending with gasolines to increase their anti-detonating qualities. 
The latter particularly has aroused wide interest. In those countries dependent 
upon others for supplies of liquid fuels, research on the conversion of methane 
and other gaseous hydrocarbons present in coal gas and coke-oven gas into 
liquid hydrocarbons (benzene and toluene) is being vigorously pursued. This 
is notably true of Great Britain and Germany. 

Production of Aromatic Hydrocarbons from Petroleum 

The effect of temperature on the pyrolysis of petroleum distillates varies some¬ 
what with the nature and the composition of the raw material, but in general, it 
can be said: (1) temperatures from 500® to about 600® C. yield principally mix¬ 
tures of olefin and paraffin hydrocarbons; (2) at about 650° C. and above, di¬ 
olefins are formed; and (3) at 700® C. and slightly above, aromatic hydrocarbons 
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are produced in quantity. At higher temperatures much hydrogen, methane, 
carbon and highly condensed aromatic hydrocarbons are obtained. 

According to Rittmann,*^ the highest yield of aromatic liydrocarhons from 
pyrolysis ot petroleum distillates occurs in the region of 650° to 700° C. These 

optimum temperatures, however, are dependent to some extent upon the nature 

of the oil, the pressure, the size and shape of the reaction space, and the rate of 
oil feed (i.e., the duration of the reaction). 

In the pyrolysis of most petroleum distillates (with the possible exception of 
those containing large proportions, of cyclohexane derivatives) the production of 
aromatic hydrocarbons is not the primary reaction. It is how well established 

that the formation of olefins and diolefins precedes that of aromatics and there 

is much evidence to show that the diolefins of the butadiene type are the imme¬ 
diate precursors of aromatic hydrocarbons. It was formerly believed that 
acetylene was the intermediate in the formation of aromatics during cracking. 
Although this may be true in the re-composition of certain gaseous hydrocarbons 
requiring temperatures of 800° C. and over, it is doubtful whether perceptible 
quantities of acetylene could be formed at temperatures at which the formation 
of aromatic hydrocarbons is already rapid. The fact that only negligible pro¬ 
portions of acetylene have been noted during the pyrolysis of hydrocarbons at 
700° C. and below is, of course, not conclusive evidence against the acetylene 
theory of aromatic formation, since acetylene might be assumed to polymerize 
immediately to yield aromatics. Nevertheless, thermodynamic calculations lead 
to the conclusion that acetylene cannot be produced in any amount at tempera¬ 
tures below 800° C. 

According to Smolenski, Turowicz and Dobrowolski,* the pyrolysis of crude 
Baku petroleum to yield appreciable quantities of aromatic hydrocarbons requires 
temperatures of 680° to 720° C. Among the products obtained at these tem¬ 
peratures the following hydrocarbons were identified: berizene, toluene, xylenes, 
naphthalene and anthracene. Above 800° C. degradation to carbon, hydrogen and 
methane was found to be increasingly predominant. 

The thermal decomposition of petroleum distillates into aromatic hydrocarbons 
occurs at temperatures considerably exceeding those required for ordinary crack¬ 
ing operations for the production of gasoline, and consequently there is always 
a simultaneous formation of much permanent gas and carbonaceous material. 
Moreover, the separation of the aromatic hydrocarbons from the products of the 
pyrolysis of petroleum distillates is rendered difficult by the simultaneous occur¬ 
rence of olefins and diolefins having boiling points approximating those of the 
aromatics. As a consequence, much sulphuric acid is required to refine the crude 
benzene. Too high temperatures and too heavy raw materials give poor yields 
of benzene, and particularly of toluene and xylene. The cracking temperature, 
therefore, should not exceed 700° C. Even at this temperature olefins and di¬ 
olefins arc important constituents of the reaction products. The yields of aro¬ 
matics are variously stated by different observers. Rittman gave the yields from 
his process as 6 to 8 per cent each of benzene and toluene, and 4 to 6 per cent 
of xylene. 

It is questionable whether specific catalysts are of any real value in the 
pyrolytic formation of aromatics. At first thought it might appear that dehy¬ 
drogenating catalysts would be useful in this connection, but it should be noted 
that aromatics are usually formed as the result of a complex series of reactions 
♦n which dehydrogenation, polymerization and ring closure (cyclicization) may l)e 

^ Ind. Eng. CA«m., 1915, 7, 945, 1019: Met. Ckem. Eng., 1916, 14, 15. 

* Prsemysl Chem., 1921, 5, 201, 237; Chem. Zemtr., 1922, 2, 899; J.S.C.I., 1922, 4l, 402.\. 
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specifically distinguished. Of course, it is known that cyclohexane derivatives 
?an be dehydrogenated to benzene derivatives in the presence of certain catalysts, 
particularly nickel and palladium black. However, at the comparatively high 
temperatures necessary to convert aliphatic hydrocarbons to aromatics such 
catalysts as nickel tend to increase the yield of carbon, hydrogen and methane. 
Thus, Ostromislensky and Burshanadse* showed that crude Russian petroleum, 
when passed over reduced nickel at 600° to 700° C., completely disintegrated to 
hydrogen, methane and a carbonaceous residue. Similarly, Zanetti * reported that 
the presence of nickel did not favor the formation of aromatic hydrocarbons 
during the pyrolysis of propane-butane mixtures. Davidson^ found that iron, 
nickel and cobalt are negative catalysts for the* formation of aromatics by the 
pyrolysis of ethane-propane mixtures and that they accelerate the reactions pro¬ 
ducing carbon and hydrogen. On the other hand, Ostromislensky and Bur- 
shanadse ® observed that the conversion of naphtha into aromatic hydrocarbons 
at 700° C. is improved by the presence of a spiral of iron gauze, a yield of 10.9 
per cent of benzene having been obtained as against 7.5 per cent of benzene 
under the same conditions without the iron. Uhde ^ suggested heating petroleum 
or other hydrocarbons under pressure in intimate mixture with finely divided 
metals to produce liquid hydrocarbons. Iron with water may be used, the iron 
being regenerated by the hydrogen produced. 

By distilling Zistersdorf petroleum to 300° C. in the presence of 0.5 per cent 
of active carbon, the fraction boiling to 200° C. increased in quantity from 1.4 
to 8.1 per cent and the fraction boiling to 300° C, from 11.4 per cent to 45 per 
cent.^^ No further increase was obtained by redistilling this product in the 
presence of active carbon with or without the addition of silicon dioxide gel. 

The effect of cracking a spray oil at various temperatures and at constant 

rates of flow was investigated by Groll.^** The oil consisted of 94 per cent 

volatile matter and boiled between 277° and 365° C. On cracking at 600° C,, 

the product was a complex mixture of all types of hydrocarbons. From the 

indications, aromatic compounds are not formed at this temperature. The sub¬ 
stances from the distillate boiling between 65° and 70° C. were hexylenes. 

At 650° C. indications of aromatics first appeared. Benzene, toluene and 
xylene were obtained in about equal quantities, but mixed with a large amount 
of aliphatic hydrocarbons. The presence of hexylenes was still noticeable. At 
700° C. the yield of aromatics became more predominant, with the yield of ben¬ 
zene exceeding that of toluene, and a smaller amount of xylene. The total yield 
of liquid and solid products approaches its minimum at this temperature and 
the residue of the tar after distillation of the gasoline consists mainly of aromatic 
polycyclic hydrocarbons. Many of these have aliphatic side-chains. 

From 725° to 825° C. the yields are fairly constant. The only changes 
brought about by further increase of temperature are the gradual disappearance 
of aliphatic hydrocarbons and the splitting of side-chains from the alkylated 
aromatics. 

Varying the rate of flow of oil likewise varies the composition of the product. 
It was found that an increase at high temperature will favor products which 
correspond to those formed at a loWv:r temperature with a smaller rate of flow. 

The aromatic hydrocarbons produced in these pyrolytic processes, although 

•7. Russ. Phys.-Chcm. Soc., 1910, 42, 195; Chem. Zentr., 1910, 1, 1711. 

*Jnd. Eng. Chem., 1916, 8, 674. 

* Ind. Eng. Chem., 1918, 10, 901. 

•7. Rnss. Phys.Chcm. Soc., 1910. 42, 195; Chem. Zentr., 1910, I, 1711, 

< French Patent 680,605, 1929; Chem. Abs., 1930, 24. 3897. 

** Diesenhammer, Petroleum Z., 1933, 29 (17). 3. 

Ind. Eng. Chem.. 1933. 25, 784 
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resulting from a series of reactions, are themselves only intermediate products 
in a further sequence of changes. Given a sufficiently long heating period tlie 
aromatics initially formed will be converted into other substances and finally into 
hydrogen, methane and coke. The attainment of this ultimate condition is reached 
more rapidly in the presence of such catalysts as nickel. However, when a num¬ 
ber of reactions can occur simultaneously it is possible by a proper choice of 
contact materials to catalyze one at the expense of the others, and in most of 
these hydrocarbon reactions in which the desired product is an intermediate in 
a whole sequence of changes, the time factor is always of importance. 

Differences in the nature of the oil subjected to pyrolysis appear to exert 
only a small influence on the yield of aromatic hydrocarbons, although those oils 
containing cyclic hydrocarbons (particularly cyclohexane derivatives) are prob¬ 
ably somewhat more amenable to conversion. For this reason petroleum distil¬ 
lates containing appreciable quantities of cyclic hydrocarbons were utilized as 
raw materials in some of the processes for making toluene. 

Weiderpass** has studied the conversion of Esthonian shale oil distillates into 
aromatic hydrocarbons by vapor-phase cracking in a tinned iron tube at 750° C. 
The light fraction (boiling up to 170° C.) of the products was equivalent to 
about 30.2 per cent of the original shale oil, or about 39.1 per cent of the products, 
and consisted mainly of aromatic hydrocarbons. At the same time a large pro¬ 
portion of permanent gas, having a calorific value of 1200 B.t.u. per cubic foot, 
was obtained. 

The cracking of Emba crude oil in the presence of aluminum chloride was 
studied by Zelinskii and Mikhlin.®* The oil was first dehydrated by heating to 
110° C. and then cracked at atmospheric pressure in the presence of 10 per cent 
of aluminum chloride. The yields were 48 per cent of gasoline boiling between 
50° and 200° C., 15 per cent of a fraction boiling between 200° and 300° C., 
and 18 per cent boiling above 300° C. The gasoline fraction (50°-200° C.) 
contained 11 per cent of aromatic compounds. It was treated with fuming sul¬ 
phuric acid to remove aromatic compounds and then subjected to catalytic dehy¬ 
drogenation. The resultant material contained 8.5 per cent of aromatic compounds 
formed as a result of the dehydrogenation of the hydroaromatic compounds 
present. 

Interest was aroused near the close of the World War when several processes 
were put into operation in the United States and elsewhere for the production 
of toluene and other aromatics by the pyrolysis of petroleum fractions. 

In the Hall process ® the oil under treatment is passed through a continuous 
coil of about 600 feet of tubing of 1 inch internal diameter at temperatures and 
pressures which vary according to the desired products. The oil is vaporized 
and the vapors attain a speed of about 5000-6000 linear feet per minute in passing 
through the end of the coil where the temperature is greatest. At the exit the 
vapors are suddenly expanded into a tube of much greater diameter and the 
pressure drops to atmospheric. At this point the major portion of the pyrolysis 
reactions occur, accompanied by some carbon deposition. The vapors next pass 
into a series of dephlegmators where separation into various fractions is accom¬ 
plished. 

When working for motor fuel a temperature of 550° to 600° C. is maintained 


* Sitxber. Natnrfarsch. Ces. Uttiv. Tartu, 1927, 34, 143. 

■•/. Applied Chem. iU.S.S.R.), 1933, 6, 16; C/tem. Abs., 1933, 27, 5176 
« 1.105,772. Aug 4, 1914; 1.175,909 and 1,175,910, Mar. 4. 1916; 1,194,289, Aug. 

8, 1916; 1,239.099 and 1,239,100. Sept. 4, 1917; 1,242.795 and 1,242,796, Oct. 9. 1917* 1 247 671 
.Vov. 27, 1917; 1,261,930. Apr. 9, 1918; 1,285,136. Nov. 19. 1918. 7 Inst Pet tech ^ 
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at the exit ends of the tubes. On the other hand when operating for aromatics 
(for the production of which the plant can be readily adapted), the temperatures 
and pressures employed are necessarily higher (about 750® C. and 105 to 110 
pounds per square inch, respectively). A good yield of gas of high calorific 
value is simultaneously produced. The Hall process is said to give a readily 
refined fuel containing as high as 18.5 per cent of benzene, 17.5 per cent of 
toluene, and about 6.0 per cent of xylenes. 

The Rittman process was based on investigations carried out by the United 
States Bureau of Mines and is adapted to the manufacture of gasoline or of 
benzene and toluene from petroleum. As finally adopted for commercial pur¬ 
poses the benzene-toluene plant consisted of six? furnaces each heated by gas- 
burners and containing 2 rows of 5 vertical reaction tubes (llj4 feet long and 
8 inches in diameter). Each tube was fitted with a separate oil supply and 
condenser. Carbon was removed by a special wiping-chain attached spirally to 
a rotating rod passing up through the center of each tube. For the production 
of aromatic hydrocarbons the temperature was about 700® C., the pressure about 
150 lbs. per sq. in. and the oil was fed to each tube at the rate of 15 gallons per 
hour. The reactions were found to be practically independent of the nature of 
the oil cracked, although solvent naphthas and light oil distillates from coal tar 
gave the best results. The large amount of high calorific value gas produced 
was sufficient for the fuel requirements of the plant. The following yields from 
petroleum have been reported: benzene 6 to 8 per cent, toluene 6 to 8 per cent, 
xylenes 4 to 6 per cent, gasoline 6 to 8 per cent, creosote oil and pitch (including 
higher aromatic hydrocarbons) 23 to 30 per cent, carbon 3 to 5 per cent, and 
permanent gas 45 to 60 per cent of the original oil. 

According to Lomax, Dunstan and Thole the benzene-toluene fraction pro¬ 
duced by the Rittman process contains considerable proportions of non-bcnzenoid 
hydrocarbons, unattacked by sulphuric acid, so that the preparation of TNT 
from the toluene fraction of the cracked product requires special methods. On 
the other hand, products obtained by the Hall process contain only relatively 
small proportions of non-aromatic hydrocarbons which are unattacked by concen¬ 
trated sulphuric acid so that the direct nitration of the toluene traction was not 
difficult. 

Another process for making aromatic hydrocarbons from petroleum was that 
of the General Petroleum Corporation, by which a yield of about 6 per cent of 
toluene was obtained from a petroleum distillate, high in cyclic hydrocarbons, 
by thermal treatment under pressure. As far as is known, however, no complete 
account of this process has been given, but it was probably a modification of 
the vapor phase process developed by Washburn and later acquired by the 
above company.^* 


Production of Aromatic from Saturated Hydrocarbons 

Aromatic hydrocarbons can be produced in quantity by the pyrolysis of a large 
variety of gaseous hydrocarbons at temperatures of 700® C. and over. It has 
long been known that ethylene and acetylene could be made to yield aromatic 
hydrocarbons by such treatment but investigations of the conversion of paraffin 

‘•British Patents 9,162 and 9,163, 1915; Chem. Abs., 1916, 10, 3156; c/. British Patent 13.100 
1915; Chem. Abs., 1917. 11. 538. 

, “Rittman, Dutton and Dean, U. S. Bur. Mines Bulletin 114, 1916; Chem. Abs.. 1916. 10 1425* 
Rittman. Jnd. Eng. Chem.. 1915, 7. 945; ibid.. 1915, 7, 1014. ^ . 

Inst. Pet. Tech., 1916-17, 3, 70. 

”U. S. Patent 1,138,266, May 4, 1915. 

“ See Leslie, '‘Motor Fuels,” Chemical Catalog Co., Inc., New York, 1923, 346. 
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hydrocarbon gases, especially methane, an abundance of which occurs in natural 
gas, were not undertaken .until much later. The possibility of converting the 
gaseous paraffins of natural gas into liquid aromatic hydrocarbons is of impor¬ 
tance in connection with the conservation and more efficient utilization of that 
abundant material. In countries where natural gas does not occur to any extent 
the gaseous hydrocarbons of coal gas and coke-oven gas might be utilized for 
conversion into benzene and other aromatic hydrocarbons by pyrolytic processes. 
The aromatic liquids so produced are valuable, on account of their comparatively 
high antiknock values, for blending with straight-run gasolines. In the follow¬ 
ing discussion this utilization of the gaseous paraffins will be considered in some 
detail. 


Aromatic Hydrocarbons from Methane 

The conversion of methane into aromatic liquids and gaseous hydrocarbons 
was effected by Fischer,'® who worked on the assumption that by shortening the 
heating period and controlling the rate of cooling, methane would not be decom¬ 
posed into its elements but would yield labile residues, such as CHs :CH 2 , and 
:CH, which would polymerize to higher hydrocarbons. When methane of vary¬ 
ing degrees of purity was passed at high gas speeds through porcelain or quartz 
tubes heated to 1000® to 1200® C., he obtained considerable yields of higher hydro¬ 
carbons, chiefly aromatic. The duration of heating was of great importance. 
When a heating period of 60 seconds was employed complete decomposition to 
hydrogen and carbon occurred, and he preferred a period of about of a 
second. The light oil from methane contained benzene, toluene, xylenes and 
naphthalene, together with unsaturated hydrocarbons. The tar was a dark brown 
fluid containing naphthalene and higher aromatic hydrocarbons and, in addition, 
more or less free carbon. Silicic acid, tungsten and molybdenum did not catalyze 
decomposition to carbon and hydrogen but iron and graphite did. 

Later, Fischer and Pichlerfound that maximum yields of benzene were 
obtained at a temperature of 1300® C. with a time of contact of 0.016 second, 
or by conducting methane through a series of tubes maintained at 1200® C. and 
removing the liquid materials after each heating. Above 1400® C. acetylene was 
the main product. 

Similar results were obtained by Stanley and Nash " by passing pure methane 
at high gas rates through silica tubes heated at 1000® to 1200® C. The solid 
and liquid products were not examined in great detail but the gaseous products 
were subjected to a special investigation by low-temperature condensation 
methods. The best yield of higher hydrocarbons was obtained with a tempera¬ 
ture of 1150® C. and a heating period of about 0.6 second. Under these condi¬ 
tions the yield of light oil and tar totaled 11.0 per cent, calculated on the methane 
used, and acetylene and ethylene in the reaction gas corresponded to 8.8 per cent 
of the methane. The yield of light oil was 4.8 per cent or 9.2 gallon per 1,000 
cubic feet of methane. The use of comparatively long heating periods tended 
to cause methane to decompose almost exclusively into its elements, this tendency 
being greatly increased by the use of catalytically active materials such as iron 
and nickel. 

The pyrolysis of methane at temperatures up to 1050® C. in tubular reaction 
chambers of quartz, porcelain, copper and iron was examined by Wheeler and 

Brennstoff-Chem., 1928, 9, 309. 

^ Brennstoff Chem., 1932, 13, 381. See also Fischer and Hintermater, Gea. Abhandt. Kenntnis 
1930j 678* 

»» J.S.C.I., 1929, 48, IT. 
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Wood.^® A horizontal tube of quartz at 1050® C . gave the best yields of crude 
oil under these conditions and the yield of benzene was about 0.2 gallon per 1000 
cubic feet of methane. Quartz and copper surfaces were found not to catalyze 
decomposition into carbon and hydrogen, but when an iron tube was used the 
methane was decomposed entirely into its elements. Dilution of the methane with 
nitrogen had little effect on the yield of aromatic hydrocarbons but, contrary to 
the experiente of Fischer, dilution with hydrogen decreased the yield consider¬ 
ably. The gaseous products of the reaction were brominated and ethylene 
dibromide and butadiene tetrabromide were isolated. 

The results obtained by Chamberlin and Bloom on the pyrolysis of natural 
gas are somewhat at variance with those of ‘ preceding investigators. These 
differences can be accounted for by the fact that Chamberlin and Bloom em¬ 
ployed natural gases containing appreciable proportions of ethane (3.4 to 23.3 
per cent). The gas was thermally treated ‘n tubes of silica, steel, copper, iron, 
nickel, monel metal and clay at temperatures as high as 900® C. Aromatic hydro¬ 
carbons (principally benzene, naphthalene and anthracene), acetylene, ethylene 
and other olefins, were all produced at temperatures below WO® C. The yield of 
benzene from natural gas amounted to 27 liters pei 1000 cubic feet of gas. Fused 
silica, clay, copper and monel metal did not catalyze the formation of carbon 
and hydrogen to any extent, but iron and nickel readily decomposed methane into 
its elements. The observation was made that while certain forms of carbon 
catalyzed the decomposition of methane into its elements, the carbon made from 
natural gas at temperatures of 450® C., or higher, selectively converts gaseous 
paraffins into aromatic hydrocarbons. This activity is easily destroyed by partial 
oxidation or by the formation of carbon-metal compounds or graphitic carbon. 
In agreement with the results of Wheeler and others with pure methane, Cham¬ 
berlin and Bloom found that the presence of hydrogen reduces the yield of oily 
products and when the concentration of hydrogen is 50 to 60 per cent of the gas 
treated the oil yield becomes negligible. 

Vysoky reported that benzene is produced during the pyrolytic decompo¬ 
sition of methane at 800® to 850® C., and that benzene formation is not greatly 
affected by the partial oxidation of methane in the presence or absence of copper 
catalysts. 

DeRudder and Biedermann studied the dissociation of methane at high tem¬ 
peratures and reduced pressures. This investigation, though not specifically 
directed toward the formation of aromatic hydrocarbons, throws much light on 
the mechanism of decomposition. ’ Below 1000® C., the thermal decomposition of 
methane yielded only minute quantities of ethylene and no acetylene. The maxi¬ 
mum quantity of ethylene (4 per cent of the methane) was produced at 1200® C. 
and 100 mm. pressure, and 2.5 per cent of acetylene was simultaneously formed. 
At 1300® C. and 100 mm. pressure, at 1400® C. and 50 mm., and at 1500® C. and 
50 mm., no ethylene was obtained but the yields of acetylene were 6.6 per cent, 
10.5 per cent and 14.5 per cent, respectively. The increased formation of acety¬ 
lene with rising temperature was thus clearly demonstrated. The observation was 
made that nickel tubes gave products similar to those secured with tubes of quartz 
or Marquardt porcelain. Hydrogen chloride exerted no catalytic influence. 

Padovani and Magaldi found that dilution of methane with hydrogen in¬ 
creased the yield of unsaturated hydrocarbons during high-temperature pyrolysis. 

1928, 7, 535. 

Eng. Ckcm., 1929, 21, 94S. 

*^PaUva a Top., 1929, ll, 53; Brii. Chem. Ahs. K 1930, 735. 

*^Compt. rend., 1930, 190, 1194; Dull. soc. chim„ 1930, (4) 47, 704. 
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This effect was reversed at high rates of flow of the gases, an observation which 
would appear to reconcile the difference between Fischer’s conclusions and those 
of Wheeler and Wood. 

Waterman and his co-workers studied the thermal decomposition of paraflin 
wax in the presence and in the absence of hydrogen at high pressures. It was 
concluded that the presence of hydrogen inhibits the formation of ring com¬ 
pounds, only one-seventh the quantity being formed as is formed in the absence 
of hydrogen. 

Further experiments of Wheeler and Wood were directed toward the eluci¬ 
dation of the mechanism of the formation of higher hydrocarbons from methane. 
In silica tubes at 1050° C., with heating periods of the order of 0.3 second, 84 
per cent of the methane consumed was converted into higher hydrocarbons. In¬ 
creasing the heating period resulted in decomposing more methane into carbon 
and hydrogen. The use of an iron tube led to the complete decomposition of 
methane into its elements (the carbon formed being of a bulky gritty nature) 
even at comparatively low temperatures. No difference could be detected in the 
formation of liquid hydrocarbons from methane in chrome-iron and in silica 
tubes. The carbon deposited on the silica or chrome-iron tubes was lustrous and 
foil-like, and its accumulation did not influence the course of the reaction. 
Wheeler and Wood observed that a large increase in the area of silica exposed 
per unit volume of gas had no appreciable effect on the rate or extent of ultimate 
decomposition. These investigators believed that the important reactions are 
homogeneous and take place throughout the volume of the gas as soon as the sur¬ 
face reaction has been inhibited by the formation of a protective layer of adsorbed 
hydrogen. This hydrogen layer is apparently not formed on iron and the surface 
reaction (formation of carbon and hydrogen) predominates. Static experiments 
in a silica bulb showed that rapid initial decomposition is chiefly a surface effect 
which is accelerated by packing the bulb with silica and does not proceed to a 
true equilibrium because of a protective hydrogen layer. On the other hand, 
Padovnni considered that increasing the heating surface is of much more 
importance than catalytic action. He was able to prepare high grade lampblacks 
(together with liquid aromatic hydrocarbons) in yields of 50 per cent or more 
by the pyrolysis of natural gas (98 per cent methane) or coke-oven gas (about 
29 per cent methane and 58 per cent hydrogen) at temperatures of 1000° to 
1300° C. Pyrolysis was effected without the aid of pressure or of catalysts. 

A preliminary report on the production of liquid hydrocarbons by the pyroly¬ 
sis of methane in a sillimanite reaction tube at high temperatures was presented 
by Smith, Grandone and* Rail.*® The following hydrocarbons were identified 
among the products of pyrolysis: ethylene, acetylene, benzene, naphthalene, 
anthracene and pyrene. Unsaturated liquids boiling above and below benzene, 
as well as liquids and solids of very high boiling points were also formed. While 
the addition of hydrogen diminished the total yield of higher hydrocarbons, the 
percentages of ethylene and of acetylene in the gaseous products were increased 
by diluting the methane with either hydrogen or nitrogen. As might be expected, 
the presence of ethane in the initial gas increased the yield of liquid products. 
The highest yields from 1000 cubic feet of methane were: about 0.3 gallon of 
benzene or light oil; 2.5 pounds of liquid tar containing 35 per cent of naphtha- 

**• Waterman. Tulleners and Dooren. Proc. Acad. Sci. Amsterdam, 1932, 35, 1063; Chem. A4>s., 
1933, 27, 655; Waterman, tc Nuyl and Perquin, /. Inst. Pet. Tech., 1929, IS, 369; Chem. Abs., 1929, 
23, 4812; Waterman, deKok and Tulleners, J. Inst. Pet. Tech., 1932, 18, 1007. . 

*»Fueh 1930, 9, 567; Brit. Chem. Abs. B,. 1931. 193. Cf. Holliday and Exell, J.C.S., 1929, 1066. 

** Proc, Srd Intern, Conf, Bituminons Coal, 1932. 1. 910; Chem. Abs., 1932, 26, 4935. 

** U. S, Bur. Mines, Rep. Investigations 3143, 1931. 
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lene and anthracene, together with a large amount of higher hydrocarbons; and 
1200 cubic feet of gas consisting of 710 cubic feet of methane, 440 cubic feet of 
hydrogen, and 25 cubic feet each of ethylene and acetylene. 

When the above results of the pyrolysis of methane are compared with corre¬ 
sponding ones obtained from its homologues, it is evident that methane requires 
much higher temperatures and produces much lower yields of liquid hydrocarbons. 
For these reasons, and in spite of the abundance of methane present in natural 
gas, it is doubtful whether the pyrolysis of methane itself to furnish motor fuels 
will become commercially attractive. 

The formation of aromatic hydrocarbons *from methane is explained by 
Fischer and also by Stanley and Nash by the theory of nascent radicals. Wheeler 
and his collaborators, however, regard the olefin hydrocarbons, and especially 
ethylene, as the important intermediates in the formation of aromatics. The 
mechanism proposed by Wheeler involves fhe intermediate production of the 
free radical :CH 2 , two of which combine to form ethylene. Polymerization of 
ethylene (a well-known thermal reaction) yields butylene which in turn loses 
hydrogen to form 1,3-butadiene, Wheeler concluded that butadiene then reacts 
with more ethylene according to the following scheme: 


CH^CHCH=CH, + CH»-=CH, 


CH,=CHCH.CH.CH=-CH, 

or 

CHr==CHCH=-CHCH=CH, -f H. 


CH, 


CH. -CHCH=CH, -f CH,-=CH, 
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CH CH, 
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CH CH 
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According to Hague and Wheeler, 2 ® ethylene fulfils all the requirements of a 
producer of benzene, and the theory proposed by these workers also takes into 
account the important role of diolefins, such as butadiene. Butadiene is always a 
product of high-temperature cracking and several prior workers, notably David¬ 
son, arrived at the conclusion that this diolefin is a probable intermediate in the 
formation of aromatic hydrocarbons during pyrolysis. 

The production of aromatic hydrocarbons from the homologues of methane 
is also easily explained on the basis of Wheeler's theory since lower olefins (espe¬ 
cially ethylene) are always formed in quantity in the initial stages of decompo¬ 
sition. In the case of methane, however, some doubt has been cast on the general 
validity of the theory proposed by Wheeler, who appears to have ignored the 
considerable production of acetylene which takes place simultaneously with the 
formation of aromatic hydrocarbons. The formation of considerable amounts of 
acetylene in the region of 1050® to 1200® C. was noted by Stanley and Nash 
and also by Frolich, White and Dayton.** The latter, as a result of their study 
of the formation of acetylene from methane by cracking under reduced pressure, 
concluded that acetylene is an intermediate in the production of benzene from 
methane. In the case of the higher- paraffin hydrocarbons, which are converted 
into aromatics at a lower temperature than is methane, the intermediate produc- 

w J.CS., I9.'>9. 

” Loc. cit, 

** Ind, Eng. Ckem., 1930, 22, 20. 
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tipn of acetylene is very doubtful. With the possible exception of methane, 
therefore, the theory of Wheeler regarding the mode of formation of aromatics 
during pyrolysis appears to fit the facts admirably. 

Aromatic Hydrocarbons from Homologues of Methane 

.The fact that aromatic hydrocarbons may be obtained by pyrolysis of the 
homologues of methane has been known for some time. In 1916, Zanetti 
subjected the propane-butane fraction of natural gas to pyrolysis in a silica tube 
at various temperatures, a Cottrell separator being employed to precipitate the 
tar fog. It was noted that the production of unsaturated gaseous hydrocarbons 
attained a maximujp at about 750° C. Above this temperature the formation of 
aromatic hydrocarbons occurred and the proportion of unsaturated hydrocarbons 
decreased and became practically negligible at 1000° C. The curve of hydrogen 
formation was found to rise slowly with increasing temperature but more rapidly 
during the formation of aromatics. The principal gaseous unsaturated hydro¬ 
carbon was ethylene, but the presence of propylene was suspected. Butadiene 
was isolated as its tetrabroniide, while benzene, toluene and naphthalene were 
shown to be present in the tar. Catalysts were used and it was observed that 
copper behaved in a manner similar to silica but nickel and iron induced a marked 
decomposition of the gas into its elements, the iron at 725° C. and the nickel at 
an even lower temperature, and no tar fog was produced in either case. 

The pyrolysis of the ethane-propane fraction of natural gas was examined 
by Zanetti and Leslie.*® As with the propane-butane fraction, the proportion of 
unsaturated hydrocarbons increased with increasing temperature to a maximum 
at about 750° C, and then decreased. As before, the beginning of the decrease 
in the proportion of unsaturated hydrocarbons and the rise in hydrogen produc¬ 
tion was coincident with the appearance of a tar fog and the formation of 
aromatic hydrocarbons. The tar obtained by the pyrolysis of ethane-propane 
mixtures above 750° C. was later examined by Zanetti and Egloflf and benzene, 
toluene, naphthalene and higher aromatics were identified. 

Further investigations of the formation of aromatic hydrocarbons by the 
pyrolysis of ethane-propane mixtures were carried out by Davidson,*- who 
studied the effect of various catalysts on the progress of the decomposition. With 
the exception of iron, nickel and cobalt, metals do not seem to exert any great 
catalytic influence on the reaction nor do variations in the surface exposed appear 
to influence it. Iron, nickel and cobalt were found to be negative catalysts of 
the reaction yielding aromatic hydrocarbons, and they greatly accelerate the 
decomposition of the hydrocarbon gases into carbon and hydrogen. The optimum 
temperature for the production of aromatic hydrocarbons was found to be 850° C. 
Davidson further investigated the influence of pressure on the pyrolysis of 
ethane-propane mixtures. Up to 700° C. it was found that increasing the pres¬ 
sure increased the formation of unsaturated hydrocarbons and hydrogen. Above 
700° C. increasing the pressure decreased the proportion of aromatic hydrocar¬ 
bons. Davidson concluded from these pressure experiments that the main reaction 
resulting in the formation of aromatics from paraffin hydrocarbons begins at 
700° C., and is accompanied by an increase in volume notwithstanding the fact 
that it is also a condensation reaction. 

The formation pf benzene and its homologues (and also of naphthalene and 

^ Ind, Eng. Chem., 1916, 8, 674, 

••Jnd. Eng. Chem., 1916, 8, 777. 

»Jnd. Eng. Chem., 1917, 9, 474. 

•*Ind. Eng. Chem., 1918, 10, 901. 
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other polynuclear aromatic compounds) from ethane at 700® to 900® C. was 
observed by Williams-Gardner.*® He ascribed the formation of aromatic hydro¬ 
carbons to the peculiar behavior of ethylene (an intermediate product) in the 
region 6f 750° C. 

A comprehensive study of the conversion of the lower paraffin hydrocarbons 
to aromatic hydrocarbons by pyrolysis was reported by Hague and Wheeler.®* 
Perhaps the most striking feature of their results is the similarity they found 



(Hague and Wheeler.) 

in the behavior of all the hydrocarbons studied, methane included, at the higher 
temperatures. Below 750“ C. and in this temperature range each hydrocarbon 
follows an individual course. At higher temperatures secondary reactions teko 
place which, however, yield the same type of products in all cases, 'nie liquid 
products obtained by pyrolysis below about 750“ C. contained appreciable pro¬ 
portions of unsaturated hydrocarbons and tbe light benzene fraction could not 
be solidified in a freezing mixture. When pyrolysis was effected at temperatures 
above 750“ C. then nearly pure benzene could be separatetl by fractionation of 
the liquid tar. The yields of liquids and the temperature ranges over which such 
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yields were obtained are shown in Figure 17 on the preceding page, in which 
th^ yields, expressed in grams, per gram-mole, are plotted against the temperature. 
With increasing molecular weight from ethane to pentane the yields of liquids 
increase in the approximate ratio 2: 3:4: 5. The proportion of light distillate 
boiling from 80° to 90° C. was usually at a maximum at a temperature slightly 
below that for maximum yield of liquid and varied from 11.2 per cent by weight 
for ethane to about 19.0 per cent for n-hexane. The optimum yield of aromatic 
liquids (expressed in percentage by weight of the initial hydrocarbon) and the 
temperatures at which they were obtained are as follows: 


Hydrocarbon 

Etiiane . 

Propane . 

n-Butane . 

n-Pentane . 

n-Hexane . 


Temperature 

... 900 
... 850 
... 850 
... 850 
... 850 


Total Liquid 
% by Weight 
21.9 
23.1 
24.6 
26.8 
33.8 


It should be noted that the homologues of methane give much higher yields 
of aromatic hydrocarbons on pyrolysis thaa methane itself. This point is empha¬ 
sized by the results of some large-scale tests carried out by Dunstan®® on the 
pyrolysis of two types of natural gas having the following percentage compo¬ 
sitions ; 


Constituents 

Gas I 

Gas II 

HiS, Oa, and COj . 

.... 1.6 

9.7 

N, . 

.... 1.4 

1.7 

CH4 . 

.... 81.0 

36.0 

GH.. 

.... 16.0 

32.0 

CM, . 

_ — 

9.0 

C4H,0 . 

.... — 

9.0 

C.Hu . 

_ — 

6.0 


On the pyrolysis of these gases in silica tubes, gas I gave a yield of 220 gallons 
of benzene per 1,000,000 cubic feet, and gas II, 770 gallons of benzene and quan¬ 
tities of tar from the same volume of gas. It is evident, therefore, that gases 
comparatively rich in the homologues of methane give much higher yields of 
aromatic hydrocarbons than do “dry” gases consisting principally of methane 
itself. 

The pyrolysis of ethane, propane and butanes (as well as mixtures of these) 
to produce aromatic oils has been the subject of an important study by Frey and 
Hepp,®® who paid special attention to the time factor. The pyrolysis was carried 
out in silica reaction tubes heated electrically to the desired temperature, and the 
products of cracking were passed through an electric precipitator, where sus¬ 
pended tar was collected. The base of the tar precipitator was maintained at 
60° C. to avoid condensation of toluene or lower-boiling components, and the 
gases issuing from it passed to a solid carbon dioxide-acetone bath to condense 
volatile liquid hydrocarbons. From the heats of formation of the reactants and 
the products, assuming a constant temperature of 850° C.. variations in the heat 
content during cracking were calculated. In this manner Frey and Hepp were 
able to distinguish two well-defined thermal effects during the course of pyrolysis, 

Roy. Soc. Arts, 1928, 76, 922, 945, 985, 1001; Ckem. Abs., 1928, 22, 4235, 4781. 

“/nrf. Eng. Ckem., 1932, 24. 282. See also Gregory, U. S. Patent 1,847,241, Mar. 1, 1932; 
Cuyer and Frey, U. S. Patent 1,847,242, Mar. 1, 1932; Oberfell, Guyer and Frey, U. S. Patent 
1.847,259, Mar. 1, 1932; all patents assigned to Phillips Petroleum Co.; Chem. Abs., 1932, 26, 2580. 
French Patent 733,134, 1932; Chgm. Abs., 1933, 27, 730. 
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llamely, (1) a highly endothermic reaction corresponding to the formation of 
the maximum concentration of gaseous olefins and occurring at an exposure 
time of about 0.0025 minute, and (2) a marked exothermic reaction (about 190 
calories per gram) corresponding to the aroniatization of the gaseous olefins and 
developed at times of exposure of 0.0025 to 0.08 minute. In later experiments 
on a Jarge scale these two distinct reactions were conducted separately. Butane 
was cracked at 750® to 770° C., under 2 atmospheres pressure, and then passed 
into an insulated chamber in which formation of aromatic hydrocarbons took 
place without the further introduction of heat. A temperature rise 6f over 50° C. 
was noted in the latter step. By sufficiently reducing the rate of flow (or increas¬ 
ing the time of contact) it was possible to obtain a temperature rise of more 
than 100° C. 

The influence of time and temperature on the production of volatile aromatic 
oils was investigated by Frey and Hepp usii.g, as a raw material, a gas consisting 
of 18.6 per cent methane, 44.7 per cent propane, and 36.7 per cent butanes. The 
yields of volatile oils obtained at temperatures varying from 700° C. to 1050° C. 
and at times of contact from about 0.0002 to 4 minutes are shown graphically in 



Courtesy Industrial and Engineering Chemistry, 


Fig. 18.—Effect of Time and Temperature on Yields of Volatile Oils. 

(Frey and Hepp.) 

Figure 18. The remarkable fact is thus clearly demonstrated that, within this 
rather wide range of temperature, the maximum yield of volatile oils was approxi¬ 
mately constant (being equal to about 14 per cent by weight of the gas mixture) 
for those limits of contact appropriate for each temperature. The minimum 
values of contact time required to develop a roughly maximum yield of oils within 
this temperature range were found to be related to the operating temperature by 
the empirical formula: 

7' = 690 —100 log/ 
where T — temperature in ® C. 
and t = contact time in minutes 

The effect of the time factor on the composition of the liquid and solid 
products of pyrolysis (at 850° C.) of the gas mixture mentioned above is shown 
in Table 40. 

The volatile oils produced at shorter times of contact contained a large pro¬ 
portion of unsaturated hydrocarbons. The oil obtained in run 6, at the long 
contact time of 0.40 minute, consisted almost entirely of benzene. 

To obtain more detailed information about the composition of the volatile 
oils, large quantities of these were prepared by Frey and Hepp by the pyrolysis 






174 CHEMISTRY OF PETROLEUM DERIVATIVES 

Table AQ,'~-Effcct of Time Factor on ike Composition of the Liquid and Solid 
Products of Pyrolysis. 

Run 1 2 3 4 5 6 

Contact time, minutes. 0.0025 0.006 0.010 0,042 0.08 0.40 

Yields, % by weight 

Volatile oils . 3.0 8.1 9.4 14.2 13.5 8.7 

Tar . 0.2 1.4 1.9 9.5 12,5 14.7 

Carbon. 0.03 0.13 0.10 0.60 1.3 11.5 


(at 850® C. using different times of contact) of a gas mixture consisting of 89 
per cent of n-butane and 11 per cent of isobutane. These oils were carefully 
examined by fractional distillation at temperatures below 15® C. in a modified 
column used for gas analysis. Propylene, butylene (mainly isobutylene) 1,3-buta¬ 
diene, pentenes, cyclopentadiene, a hexene fraction consisting principally of 
hexadiene (and some niethylcyclopentadiene), benzene, toluene, xylenes and 
styrene were found. From the results of these experiments (Table 41), it will 
be seen that in the early stages of benzene formation, butadiene, cyclopentadiene 
and other highly unsaturated hydrocarbons were present in fairly large propor¬ 
tions. As the time of contact is increased, however, the proportion of diolefins 
and of toluene decreases and benzene tends to become the main constituent of 
the volatile oils. 


Table 41. —Pyrolysis of 89% n-Butanc and 11% Jsobntafu: at 850’* C. 


Run 

1 

2 

3 

4 

5 

Time of contact, minutes.... 

... 0.0015 

0.015 

o:o4 

0.065 

0.12 

Yield, % by zveight 

(1) Volatile oils . 

... 3 

10.5 

15.5 

16.0 

17.0 

(2) Tar .. 

... 0,0 

5.0 

9.5 

11.0 

17.0 


Analysis of volatile oils, % by 
volume 


Propylene . 

.; . . — 

7 

0.9 

0.71 


Butenes. 

_ 





Butadiene . 

— 

4/ 

5 

a 

► 1,9 

Pentenes . 

— 

1\ 

A 

2.5 

Cyclopentadiene . 

. — 

6/ 

H 


Hexadienes . 

.... — 

1 

0.3 

0.51 


Benzene .. 

— 

61.1 

74.8 

82.8 

92.0 

Intermediate . 

— 

0.9 

1.0 

1.0 

0.3 

Toluene . 

— 

9.8 

12.0 

9.5 

5.8 

Intermediate .. 

— 

0.2 

0.0 

0.0 

0.0 

Xylenes, styrene. 


8 

(2) 




Experiments reported by Frey and Hepp on the pyrolysis of propane at a 
pressure of 9.5 atmospheres and a temperature of 750® C. indicated that the 
maximum yield of volatile oil under these conditions was about the same as that 
obtained at atmospheric pressure. Experiments in which different hydrocarbons 
were pyrolyzed under conditions giving a maximum yield of volatile oils showed 
that the yield of benzene and toluene increases with the carbon-hydrogen ratio 
in the initial hydrocarbon. 

Thermal decomposition of isopentane at 680® C. in the presence of silica gel, 
at one atmosphere pressure and 15 seconds contact, yields about 75 per cent of 
gaseous and 25 per cent of liquid materials.®^ Methane, ethylene, propylene and 

” Mailhe and Creusot. Compt. reiiJ., 1932, 194, 2220; Brit. Clum. . lbs. A, 1932, 830. 
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butadiene were identified in the gases, and the liquids contained a large propor¬ 
tion of ethylenic and aromatic hydrocarbons. 

Podbielniak has given an interesting account of large-scale exiniriments on 
the cracking of various mixtures of the lower paraffins to produce aromatic liquid 
hydrocarbons. At the high temperatures necessary for pyrolysis it was found 
that the heat-resistant alloy reaction tubes rapidly failed through oxidation on 
the outside and extensive carbonization on the inside. Because of the disad¬ 
vantages connected with non-metallic refractories, special composition high-heat 
resistant alloys were subsequently used. The life of the tubes was increased by 
(1) careful control of the furnace temperature,, (2) application of radiant heat 
rather than convection heat to the last alloy tube passing through the furnace, 
(3) careful regulation of the temperature gradient in the tubes, and (4) greatly 
increasing the gas velocity in the tubes. By taking these steps a material im¬ 
provement in the effective life of the high-temperature reaction tubes was 
attained, and it was concluded that in a commercial plant the life of the reaction 
tubes should amount to many thousand hours at the high temperatures required 
for the maximum production of aromatics. Podbielniak also reported that at 
high gas velocities the formation and deposition of carbon on the tube walls 
was reduced to such an extent that the tube required blowing (with superheated 
steam or air) only about once every 8 to 12 hours. The carbon deposit was fairly 
light and fluffy and a blow period of only 15 minutes was usually sufficient to 
clean it out. At high gas velocities, the formation of hydrogen was suppressed 
to a very low figure. 

The crude liquid obtained by pyrolysis contained 30 to 60 per cent of benzol, 
15 to 20 per cent of toluol, and a residue consisting principally of higher aromatic 
hydrocarbons. The exact composition of the condensates depended upon the 
pyrolysis temperature and the times of contact but generally from 75 to 85 per 
cent of the product met motor fuel specifications for boiling range when distilled 
in an Engler apparatus. 

Podbielniak also supplied data for the cracking of gaseous paraffin hydro¬ 
carbons particularly with respect to the production of ethylene. Table 42 sum¬ 
marizes some of the experimental results obtained in large-scale operations. 


Table 42.— Yield of Ethylene from Cracking of Gaseous ParalHn Hydrocarbons, 

Total Gallons 

Temperature Aromatics CsHiin 



—Composition of Gas Cracked— 

— 

Cracked Gas 

per 

Cracked 






at Outlet 

1000 Cu. Ft. 

Gas 

CH* 

GH. 

CaH, 

CMx. 

c. 

" F. 

of Raw Gas 

Per Cent 

4.8 

10.3 

83.4 

1.4 

0,1 

/1500 

11500 

0.99 

1.06 

26.9 

28.2 

1.7 

9.5 

76.2 

10.0 

— 

1550 

— 

26.8 

2.1 

10.0 

76.2 

11.5 

0.2 

(1650 

\1740 

1.6 

2.7 

10,9 

16.4 

4.0 

61.2 

18.3 

0.1 

1650 

2.3 

_ 

77.6 

6.9 

10.1 

4,8 

0.6 

1650 

0.5 

_ 


Berl and Forst®® reported that high molecular weight paraffin hydrocarbons, 
paraffin oil boiling (at 12 mm.) between 235° and 280° C. and paraffin wax 
(m.p. 68° C.), heated to 800° to 1000° C. in contact with porcelain yield aromatic 
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hydrocarbons. The latter consist largely of benzene, naphthalene and anthracene. 
Only a small proportion of aromatics having side chains were formed. 


Mechanism of the Formation of Aromatic Hydrocarbons from 
Methane Homolocues 


It is now generally agreed that aromatic hydrocarbons are not the primary 
results of the pyrolysis of the lower paraffin hydrocarbons but are formed by 
secondary changes induced by the further action of heat on the primary decom¬ 
position products. Three principal theories of aromatic formation have been 
proposed. Berthelot's theory assumes the intermediate to be acetylene which 
undergoes direct polymerization to aromatic hydrocarbons. However all the evi¬ 
dence of later experimental work indicates that acetylene is formed only to a 
very slight extent in the temperature range yielding aromatic hydrocarbons most 
readily. Nevertheless with methane, which required much higher temperatures 
than its homologues for conversion into aromatic hydrocarbons, the intermediate 
formation of acetylene is a distinct possibility. 

A second theory involves the intermediate production of a cyclohexane 
which loses hydrogen to become an aromatic hydrocarbon. The cycloparaffin 
intermediate might be derived from a paraffin in one of three ways, namely (1) 
by simple ring closure of an olefin of six or more carbon atoms which originates 
from a paraffin of the same or larger number of carbon atoms by splitting; 

(2) by the polymerization of an olefin with ring closure; or (3) by the inter¬ 

mediate formation of free radicals, such as iCHj, followed by polymerization. 

According to- the third theory, which appears to be substantiated by experi¬ 
mental evidence to a greater extent than either of the others, the intermediate 
substances responsible for the formation of aromatic hydrocarbons are the 
monolefins and the diolefins, particularly butadiene. The exact details of this 
mechanism are yet subjects of disagreement. 

Davidson^* was apparently the first investigator to emphasize the probable 
importance of butadiene as an immediate precursor of aromatics. Wheeler and 
Hague,as previously noted, suggested that benzene is produced by the direct 

combination of butadiene with ethylene. Butadiene is the result of the dehy¬ 

drogenation of butylene, which may be formed either by the splitting of a higher 
paraffin or by the polymerization of ethylene molecules. Later Wheeler and 
Wood ** adduced evidence to show that ethylene and butadiene combine in equi- 
molecular proportions to produce cyclohexene, and that similar condensations of 
propylene or butylene with butadiene yield substituted hydroaromatic hydro¬ 
carbons. The latter rapidly lose hydrogen at the high temperatures of pyrolysis 
to give benzene and its homologues. 

A very careful inve.stigation of this question has been carried out by Schneider 
and Frolich,** who made a study of the initial products of the pyrolysis of pro¬ 
pane, propylene, ethylene, and butadiene at temperatures above 700® C. with very 
short times of contact, i.e., low percentage cracking. According to these investi¬ 
gators, butadiene appears to be formed directly from ethylene, without the 
intermediate formation of butylene, by the reaction 


2GH* 


CHed- H. 


-Compt. rend., 1866, 62 , 905; 1867, 63 , 788, 834. 

** Ipatiev, Bcr,, 1911, 44 , 2978; Ipatiev and Dovgelevitsch, ibid., 1911, 44 , 2987: Ipatiev and 
tala, ibid., 1913, 46 , 1748; cf. Hurd and Spence, J.A.C.S., 1929, SI, 3561. 


Rutala, . . 

*»lnd. Eng. Chrm., 1918, 10, 901. 
1929, 37i 
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Experiments on the pyrolysis of a mixture of ethylene (90 per cent) and buta¬ 
diene (10 per cent) at 725° C. and 0.2 atmosphere pressure showed clearly tliat 
the two principal primary reactions may be represented thus: 

CH. 4- C.H 4 —C.H. + H, 

C 1 H.+ GH 4 —G,H. + 2H, 

The data suggest that part of the benzene is formed directly while part of it 
originates by dehydrogenation of the intermediately formed triolefin, CeHg. The 
work of Schneider and Frolich is therefore consistent with the view of others 
that benzene is produced in pyrolytic processes* by a combination of ethylene 
with butadiene either directly or through an intermediate triolefin. The reaction 
scheme by which another typical lower paraffin, propane, is converted into 
benzene is as follows: 

GH4 

GH, T GH 4 ->-GH4 

\ I Z' \ 

GH. GHi, 

Just as butadiene reacts with ethylene to yield benzene, so benzene undergoes 
further reaction to yield alkylated derivatives, naphthalene, and eventually tarry 
compounds of high molecular weight. 

Aromatic Hydrocarbons from Ethylene 

A number of investigators have shown clearly the possibility of producing 
aromatic hydrocarbons from ethylene by pyrolysis. The important function 
assigned to ethylene by Hague and Wheeler as an intermediate in the formation 
of aromatics by the thermal decomposition of paraffin hydrocarbons has already 
been mentioned. Ethylene appears to be fairly stable up to about 700° to 750° C 
Above this temperature there is a marked tendency for this olefin to form aro¬ 
matic hydrocarbons. Hague and Wheeler found that the optimum temperature 
for the production of liquid hydrocarbons (mainly benzene) from ethylene in 
the presence of silica or porcelain surfaces is 750° to 800° C. The total yield of 
liquid, at 800° C., represented 28.9 per cent of the ethylene passed. Dilution of 
the ethylene with hydrogen decreased the yield of benzene and the temperature 
of maximum yield was increased. The formation of liquid hydrocarbons by the 
non-catalytic thermal decomposition of ethylene at atmospheric or increased 
pressures has been investigated by Waterman and Tulleners.*® Appreciable yields 
of aromatic hydrocarbons have been obtained by Mailhe and Renaudie*^ by pass¬ 
ing ethylene over a mass of silica gel granules heated to 700° C. In addition 
to benzene and toluene, unsaturated hydrocarbons were present in the light 
fractions. 

Berl and Forst procured yields as high as 43 per cent of liquid products 
from ethylene by circulating this gas for several hours through a porcelain tube 
heated to 800° to 900° C. The ratio of light oils to heavy oils in the liquid 
condensate, which was principally aromatic, was dependent upon the temperature 
and the velocity of circulation. The liquids contained benzene, naphthalene, 
anthracene and their homologues together with a small proportion of cyclo- 

^ Brennsto/r Chem., 1930, 11. 337. J. Inst. Pet. Tech., 1931. 17, 506. 

Compt. rend., 1930, 191, 265. This work on the transformation of gaseous hydrocarbon! into 
liquid fuels is reviewed by Mailhe (Tech, modernc, 1931. 23, 581, 621; Chem. Ahs., 1932, 26, 279). 

•Z. angew. Chem., 1931, 44, 193; Brit. Chem. Abs. A. 1931. 596. 



178 


CHEMISTRY OF PETROLEUM DERIVATIVES 


pentadiene. Packing the tube with pieces of porcelain slightly increased the 
total yield as well as the proportion of light oil. The presence of metals, or 
metallic oxides, greatly reduced the formation of liquid products, presumably 
because of the activity of these substances in catalyzing the decomposition of 
ethylene into its elements. 

The important influence of pressure in promoting the conversion of ethylene 
into liquid hydrocarbons is well known from the work of Ipatiev and others.'*® 
Under pressures of about 70 atmospheres, and higher, a rapid conversion of 
ethylene into liquid hydrocarbons (not aromatic, but principally paraffins and 
cycloparaffins) occurs even ?it temperatures as low as 350® C. Most of the work 
on the conversion of ethylene and its homologues into aromatic hydrocarbons 
has been done at temperatures of 600® C. and above and at atmospheric pressure. 
Increased pressure accelerates the conversion to liquid hydrocarbons, but at the 
same time it suppresses the formation of aromatics. Thus Frolich,*® from his 
experiments with ethylene and propylene, showed that when the pressure is 
increased ^nd the temperature of pyrolysis maintained constant, the proportion 
of hydrogen liberated becomes less and the liquid products lose more of their 
aromatic character until, at pressures of several thousand pounds per square 
inch, the liquid material obtained is decidedly non-aromatic even when the reac¬ 
tion temperature is as high as 600® C. The heat treatment of olefin gases under 
pressure to yield liquid hydrocarbons of a non-aromatic character has been 
investigated also by Dunstan, Hague and Wheeler.®' 


Aromatic Hydrocarbons from Homologues of Ethylene 

The homologues of ethylene are similarly converted into a mixture of aro¬ 
matic hydrocarbons when subjected to pyrolysis at temperatures of 600° C. and 
higher at atmospheric pressure. As with ethylene, the application of higher 
pressures tends to favor condensation to non-benzenoid liquid hydrocarbons, even 
at temperatures as high as 600® C. The most comprehensive investigations of 
the pyrolysis of the immediate homologues of ethylene are those of Wheeler and 
Wood *2 and Hurd and his collaborators.®® 

The yields of liquid products obtained by Wheeler and Wood in the pyrolysis 
of propylene in a vertical quartz tube, at atmospheric pressure and at tempera¬ 
tures varying from 650® to 900° C., are shown in Table 43. Analyses of the 
resulting gases have already been given in Table 19. 

Table 43 .—Pyrolysis of Propylene, 

Yields (Per Cent by Weight of Propylene Treated) 



Contact 

Total 

Distillate 


Temp. 

Time 

Liquids 

up to 170° C. 

Carbon 

“C. 

Secs. 


650" 

58.2 

5.2 

3.2 

Nil 

700" 

55 

20.3 

12.9 

Trace 

750" 

52.5 

35.6 

20.4 

Trace 

800" 

SO 

40.6 

19.0 

1.7 

850" 

47.7 

33.8 

14.6 

9.5 

900" 

45.7 

11.9 

6.8 



review of this work is given in Chapter 2 and is discussed further in Chapter 26. 

^Chem. Met, Eng,, 1931, 3S, 343; see also Frolich and Wietevich, Ind, Eng, dhem., 1932, 24, 13. 
*^J,S,C.l,, 1932, 131T. * . 

^J,C,S„ 1930. 1819. 

®* Hurd and Meioert, J,A,C^S; 1930, S2, 4978. Hurd and Spence. J,A,C,S., 1929, 51, 3561. 
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The liquids of lower boiling point, obtained at 650® C., were said to be mainly 
unsaturated monocyclic paraffins of the cyclohexene type, while those produced 
at 700® C. and higher were principally benzene and toluene. The proportions 
of benzene and toluene formed from propylene at 700® C. were greater than 
from ethylene under similar conditions. 

Hurd and Meinert obtained yields of aromatic liquids, amounting to 20 to 
25 per cent by weight of the propylene decomposed, by pyrolysis in pyrex or 
quartz tubes at 700® C. and higher. Mailhe and Renauclie conducted propylene 
over a silica gel contact mass at 650® C. and produced a liquid condensate con¬ 
taining low-boiling olefins together with aromatic hydrocarbons and a tar in 
which toluene, m-xylene, naphthalene and anthracene were detected. 

By the pyrolysis of both 1-butene and 2-butene in quartz tubes at tempera¬ 
tures ranging from 600° to 900® C., Wood and Wheeler secured yields of 
aromatic liquids as high as 40 per cent by weight of the butene employed. Table 
44 summarizes the results of these investigators. Gas analyses are shown in 
Table 20. 

Table 44 .—Pyrolysis of l-Bntenc and 2~Butcnc. 


Yields {'Per Cent by Weight of Butene Treated) 
—From 1-Butene--From 2-Butene- 


Temp. 

•c. 

CcMitact 

Time 

Secs. 

Total 

Liquids 

Distil¬ 
late up 
to 170" C. 

Carbon 

Total 

Liquids 

Distil¬ 
late up 
to 170" C. 

Carbon 

600" 

61.5 

12.9 

6.5 

Nil 

5.2 

1.4 

Nil 

650" 

58.2 

29.8 

20.3 

Nil 

27.0 

17.2 

Nil 

700" 

55 

35.8 

23.6 

Trace 

37.0 

25.8 

Trace 

750" 

52.5 

39.6 

22.4 

Trace 

39.6 

23.2 

Trace 

800" 

50 

39.4 

19.9 

1.0 

37.9 

18.6 

1.4 

850" 

47.7 

35.0 

16.2 

4.7 

31.6 

14.2 

4.7 

900" 

45.7 

13.9 

7.8 

7.1 

12.4 

6.1 

5.4 


In the liquid products obtained by the decomposition of a mixture of 1-butene, 
and 2-bptene, at 600° C., cyclohexene and methylcyclohexene predominated; 
cyclohexadiene and methylcyclohexadiene were also present; and benzene and 
toluene were found only in comparatively small proportions. Only 18.5 per cent 
of this liquid product boiled above 117° C. On the other hand, of the liquids 
formed from pure 2-butene at 650° C., 29.6 per cent boiled above 110° C. and 
16.6 per cent above 150° C,, both fractions consisting largely of aromatic hydro¬ 
carbons. 

The pyrolysis of isobutene was studied by Hurd and Spence,®® who found 
that at 700® C. and a contact time of 18 seconds the yield of liquid products was 
about 30 per cent by weight of the isobutane used or about 63 per cent of the 
isobutane decomposed. By fractional distillation about one-half of this con¬ 
densate was sliown to be benzene and toluene. The remainder appeared to be a 
mixture of xylenes, naphthalene, methylnaphthalene, diphenyl, ditolyl (?), anthra¬ 
cene, phenanthrene, and other aromatic hydrocarbons. 

Mailhe and Renaudie ®® reported the conversion of 1-butene and 2-butene into 
liquid hydrocarbons by passage over a contact mass of silica gel at 650® to 700® C. 


^Compt. rend., 1930, 191, 851; Brit. Chem. Abs. A, 1931, 60. 
••Cptitpt. rgnd., 1931, 192, 561; Brit. Chem. Abs. A. 1931, 460. 
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From 1-butene, at a temperature 650®.to 670° C., a yield of 33 per cent (by 
weight of the butene charged per single passage) of liquid hydrocarbons was 
obtained, and also methane and propylene. The liquid contained benzene, toluene, 
and m-xylene, totaling about 21 per cent, but neither naphthalene nor anthracene. 
Under the same conditions similar results were obtained with isobutylene. By 
heating 2-butene to 700° C. in the presence of silica gel, the yield of liquids, 
consisting largely of aromatic hydrocarbons, was 37.7 per cent of the weight of 
the butene charged. This butene differed from the other two in that it produced 
a tar in which both naphthalene and anthracene were found. 

Ivanov*®* found that the liquid product obtained by pyrolysis of an ethylene 
concentrate from cracked mineral oil consisted chiefly of benzene and olefin 
hydrocarbons. The gas was passed through a silica tube at 550°-580° C. under 
a pressure of 1 atmosphere. On raising the temperature the benzene content 
increased while the olefin content decreased. In the presence of zinc chloride at 
a temperature of 320°-360° C. and a pressure of 30 to 70 atmospheres, a maxi¬ 
mum yield -of low-boiling products was obtained which consisted of paraffin, 
olefin, aromatic and naphthene hydrocarbons. 


Aromatic Hydrocarbons from Acetylene 


The fact that acetylene can be converted into aromatic hydrocarbons by 
thermal treatment has long been known and indeed constitutes a classical syn¬ 
thesis of benzene and its homologues. The most favorable temperatures for 
conversion appear to lie within the range of 600° to 700° C. Above the higher 
temperature the condensation reaction is largely replaced by decomposition of 
acetylene to carbon and hydrogen, accompanied by hydrogenation to ethylene, 
ethane and methane. Extensive work on the formation of aromatic hydrocarbons 
from acetylene was carried out by Meyer.and his collaborators,®^ who identified 
the following hydrocarbons among the products of pyrolysis: hexane, benzene, 
toluene, o-, m-, and p-xylenes, styrene, pseudocumehe, mesitylene, indene, 
naphthalene, methyl naphthalenes, diphenyl, acenaphthene, fluorene, anthracene, 
pyrene, phenanthrene, fluoranthrene and chrysene. 

The condensation of acetylene to liquid hydrocarbons has been investigated 
by Fischer, Bangert and Pichler,*® who passed the gas over active charcoal at 
600° to 700° C. Hydrogen, methane and carbon were among the products formed, 
and the carbon, thus liberated, appeared to be an effective catalyst for the con¬ 
densation reactions. About 70 per cent of the acetylene was converted into 
light and heavy oils in approximately equal proportions. The light oil con¬ 
tained 70 per cent aromatic hydrocarbons and 30 per cent unsaturated hydro¬ 
carbons. The addition of carbon dioxide to the acetylene increased the proportion 
of light oil and assisted in regenerating the catalyst. 

Berl and Hofmann ®® obtained a yield ,of 98 per cent of liquid products by 
the pyrolysis of acetylene. An electrically heated copper block, which permitted 
the maintenance of a constant temperature, was used as a furnace. By placing 
this furnace in a vertical position the liquid reaction products could be easily 
withdrawn. Iron, silica, tin or calcium oxides were found to be unfavorable 
to the conversion. Good yields of aromatic hydrocarbons were, however, obtained 
with carbon as a contact agent at temperatures between 600° and 700° C. 


/. Applied Chem. Russ., 1933, 6, 103; Brit. Chem. Abs. B, 1933, 612. 

Meyer, Ber.. 1912, 45, 1609; Meyer and Tanxen, ibid., 1913, 46, 3183; Meyer and Fricke, ibid., 
1914, 47, 2765: Afeyer and Wesche, ibid., 1917, 50. 422; Meyer and Me^er, (bid., 1918, 51. ISTi; 
Brennstolf-Chcm., 1929, 10, 279. 

angew. Chem., 1931, 44, 2S9. Cf. Ylla-Conte. Swiss Patent 143.697, 1928; Chem. Abs., 1931, 
35, 4010. 
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The condensation of three molecules of acetylene to. one molecule of benzene 
is an exothermic reaction. The heat thus liberated must be kept from the reacting 
gas and this, Berl and Hofmann reported, can be accomplished by mixing carbon 
dioxide with the acetylene. Carbon dioxide not only has a high specific heat 
but it is capable, as Fischer and his collaborators®® have shown, of burning oflf 
carbon deposits in the furnace. Berl and Hofmann further observed that the 
addition of water vapor to the gases distinctly improved the polymerization of 
acetylene. 

The importance assigned by earlier investigators to acetylene as an inter¬ 
mediate in the formation of aromatic hydrocarbons during pyrolytic reactions 
has been disproved by later work. It is almost certain that (with the possible 
exception of methane) the formation of aromatics by the pyrolysis of gaseous 
hydrocarbons takes place through the intermediate production of olefins and 
diolefins rather than of acetylene. 


Aromatic HvoRocAkitONs from (‘ycloparaffins 

Of the non-aromatic cyclic hydrocarbons, cyclohexane and its homologues 
appear to be most readily converted directly into benzene derivatives by heat in 
the presence of catalysts. Zelinsky and his co-workers®^ ascertained that the 
dehydrogenation of cyclohexane to benzene is a reversible reaction under certain 
conditions. In the presence of palladium or platinum black, benzene is readily 
hydrogenated to cyclohexane at 100° to 110° C., and at higher temperatures (the 
maximum being 300° C.) the dehydrogenation of cyclohexane to benzene pre¬ 
dominates. Zelinsky also made the important discovery that palladium or platinum 
black are selective catalysts for the dehydrogenation of cyclohexane hydrocarbons 
but do not affect other cycloparaffin rings. For example, menthane and hexa- 
hydroxylenes can be dehydrogenated over platinum black at 300° to 310° C. to 
yield the corresponding aromatic hydrocarbons, cymene and the xylenes.®^ Cer¬ 
tain cyclohexane homologues are, however, resistant to this dehydrogenation and 
Zelinsky®® found that 1,1-dimethylcyclohexane was unchanged by passage over 
the platinum catalyst at 300° C. 

The dehydrogenation of cyclohexane hydrocarbons to aromatics can be accom¬ 
plished also in the presence of catalysts other than platinum or palladium, but 
side reactions involving the fission of C—C bonds occur at the same time. 
Sabatier and Senderens®* reported that cyclohexane and some of its homologues 
are partly converted into aromatic hydrocarbons in the presence of nickel at about 
280° C., methane and hydrogen being simultaneously formed. According to 
Zelinsky and Kommarewsky,®® cyclohexane can be dehydrogenated to benzene 
and methylcyclohexane to toluene in the presence of nickel deposited on 
alumina at 300° to 310° C. without the formation of methane and other by¬ 
products. Copper has also been suggested as a dehydrogenating catalyst for the 
conversion of cyclohexane hydrocarbons to benzene derivatives, but a much higher 
temperature (550° C.) appears to be required and catbon-to-carbon scission 
occurs with the simultaneous appearance of ethylene, propylene and butadiene. 

The non-catalytic pyrolysis of cyclohexane and its homologues yields aromatic 


•• Loc, cit. 
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1923, 56, 787. 

Bcr, 1923, 56. 1716. See also Zelinsky and Kanzansky, Bcr.. 1931, 64, 2265. 
** Ann. chim. pkys,^ 1905, (8) 4, 363, 457; Compt. rend., 1897, 124, 616. 

Ber., 1924, 57, 667. 
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hydrocarbons but at tlie same time extensive carbon-to-carbon scission takes 
place forming methane, ethylene, ethane and butadiene.®* 

The dehydrogenation of naphthenes, or of petroleum fractions rich in them, 
is accomplished in the presence of certain catalysts containing cobalt or iron. 
An example of such a catalyst is one prepared by depositing a mixture of ammo¬ 
nium tungstate, cobalt nitrate and antimonic acid on active carbon and subjecting 
the mass to a stream of hydrogen sulphide at 350° C. for four hours.®’ 

The cycloparaffins which do not contain rings of six carbon atoms apparently 
do not decompose directly into aromatic substances but iso.merfte first to straight- 
chain olefins. Secondary reactions at high temperatures (750° C.) undoubtedly 
convert the latter partly into aromatic hydrocarbons. 

Technical Processes 

The most prominent feature in the technical development of the synthesis of 
aromatic hydrocarbons is the increasing attention directed toward the utilization 
of methane and its immediate honiologues in natural gas as raw materials. Thus 
for example, Goudet®® described a procedure for obtaining higher hydrocarbons 
from methane by heating this gas to 500° to 590° C., cooling suddenly to 250° 
to 350° C., and then submitting the gaseous product to the action of catalysts. 
The whole sequence of operations is conducted under high pressure. 

In a process developed by the I. G. Farbenindustrie A.-G., methane, or gases 
containing methane, is passed over catalysts, such as the carbonates of the alkaline 
metals or the oxides or carbonates of magnesium or beryllium, at temperatures 
varying from 500° C. to 800° C. The reaction is carried out under pressure, 
which may be as high as 1000 atmospheres.®® These same catalysts can be usecl, 
without the application of pressure, with the gases (containing both saturated and 
unsaturated, especially olefinic, hydrocarbons) from the low-temperature car¬ 
bonization of carbonaceous materials.’® 

Another procedure for converting methane, or its gaseous honiologues, into 
aromatic hydrocarbons consists of heating in two stages, first at temperatures of 
about 500° C., and subsequently as high as 950° C. Liquid hydrocarbons are 
separated after each stage. The reaction is carried out in tubes which may con¬ 
tain catalysts, such as silicon or graphite, with heating periods of 10 to 60 
seconds.’^ 

In addition to graphite and silicon, which may be used in the free or elemental 
state molded into bricks bonded with clay, alumina or water glass,’® many other 
catalysts have been suggested. Examples are: firebricks or silicon bricks impreg¬ 
nated with copper salts, or refractory materials such as alloys of chromium and 
nickel, ferro-silicon, or silicon carbide’*; oxides of chromium, tungsten, vana¬ 
dium, or uranium, or mixtures of them ’*; chromium, tungsten, molybdenum, or 

••Jones, J.C.S., 1915, 107, 1582. Frolicb, Simard and White, Ind. Eng. Chem., 1930, 22, 240. 

1 . G. Farbenindustrie A.-G., French Patent 688,369. 1930; Chem. Abs., 1931, 25, 709. 

•• llritish Patent 255,493, 1926; assigned to II. Smndler; Brit. Chem. Abi. B, 1927, 868. 

••British Patent 258,608, 1926; Brit. Chem. Abs. B, 1928, 255. Pier, Punga and Wietzel, U. S. 

J*atent 1,851,726, Mar. 29, 1932; assigned to 1. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 26, 2987. 

’•I. G. Farbenindustrie A.-G., British Patent 311,899, 1928; Brit. Chem. Abs. B, 1929, 589. 

”1. G. Farbenindustrie A.-G., British Patent 361,944, 1931; Brit. Chem. Abs. B, 1932, 137; French 
Patent 717,494, 1931; Chem. Abs., 1932, 26, 2747. French Patent 708,810, 1931; Chem. Abs., 1932, 

26. 993. Winkler, Haeuber and Feiler, U. S. Patent 1,922,918, Aug. 15, 1933; assigned to I. G. 

Farhenindiistrie A.-G.; Chem. Abs., I9.t.1. 27. 5082. 

«]. G. Farbenindustrie A.-G., British Patent 357,170, 1930; Chem. Abs., 1932, 26, 5572; British 
Patent 363,344, 1930; Chem. Abs., 1933, 27, 1638. 

”1* G. Farbenindustrie A.-G., British Patent 337,434, 1929; Brit. Chem. Abs. B, 1931, 194; British 
Patent 376,397, 1931; Brit. Chem. Abs. B, 1932, 926. Steigerwald, U. S. Patent 1,905,520, Apr. 25, 
1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 27. 3481. 

’M. G. Farbenindustrie A.-G., British Patent 366,107, 1930; Brit. Chem. Abs. B, 1932, 493; 
French Patent 717,412, 1931; Chem. Abs., 1932, 26, 2748. 
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alloys of these metals.^® The last named are resistant to high temperatures and 
do not promote deposition of carbon. The elements selenium^ tellurium and 
thallium, or their compounds, have also been proposed.^®* The pyrolysis of 
gaseous paraffinic or olefinic hydrocarbons (at temperatures of 400° to 1100° C.) 
in the presence of the vapors of metals melting below 500° C. (the alkali metals 
excepted) has been described.^® In general, catalysts for the conversion of 
gaseous paraffin hydrocarbons into aromatics may also be used for similar pyro¬ 
lytic reactions with gaseous olefins. Aromatic hydrocarbons are made by passing 
methane, or other paraffin hydrocarbons, through heated non-metallic refractory 
chambers (Chamotte or silicon carbide) having^ the inside walls coated with a 
glaze of a silicate, phosphate, or borate of an alkali or alkaline-earth metal, or 
of copper, manganese, lead or chromium.^^ These catalysts are also said to 
prevent carbon formation. 

Dunstan and Wheeler^® reported the production of aromatics when a stream 
of gas, containing paraffins, is first gradually heated to a temperature (e.g., 
550° C.) substantially below that required for decomposition, and then to a 
temperature (650° to 975° C.) at which the paraffins are decomposed and aro¬ 
matics formed. Afterward the gas stream is expanded, cooled, and its velocity 
reduced, thus allowing deposition of the free carbon formed. The aromatic 
hydrocarbons are condensed and separated. If necessary the original gas is 
previously freed from hydrogen sulphide and condensible hydr«:>carbon vapors. 
The yield of aromatic hydrocarbons is said to be increased by dilution with an 
inert gas (steam) which is best introduced into the gas stream between the pre¬ 
heater and the reaction tubes. The reaction temperature is controlled at a point 
depending upon the paraffin or mixture of paraffins present. The suggested tem¬ 
perature ranges are 850°-975° C„ 800°-900° C, 750°-800° C., 700°-800° C., and 
650°-750° C., for methane, ethane, propane, butane; and pentane, respectively. 
For mixtures, a range of temperature is chosen suitable to the proportions of the 
constituents. The velocity of the gas in the preheater tubes and reaction tubes is 
so maintained that the flow is turbulent, giving good heat-transfer and maintain¬ 
ing the carbon particles in suspension. The residual gas, after the separation 
of free carbon and liquid aromatic hydrocarbons, may be utilized for the pro¬ 
duction of carbon black by combustion with a restricted supply of air, or it may 
be converted to oxygenated organic compounds such as alcohols, aldehydes or 
acids, particularly when it contains carbon monoxide or after the addition of 
that gas.^® 

Dunstan and Hague later employed a two-stage treatment for the produc¬ 
tion of aromatic compounds. In the first stage, the heating is conducted at 650°- 
800° C. under atmospheric pressure, which converts the paraffin hydrocarbons 
into olefins. In the second, the oleftns are polymerized and condensed by heating 
at 350°-550° C. under pressures of 200 to 2000 pounds per square inch. To 


I. G. Farbenindustrie A.-G., British Patent 366,494, 1930; Chem. Abs., 1933, 27, 1889; French 
Patent 711,331, 1931; Chem. Abs., 1932. 26, 1615. 

I. G. Farbenindustrie A.'G., German Patent 547,080, 1924; Chem, Abs., 1932, 26, 3513: German 
Patent 545,164, 1924; Chem. Abs., 1933, 26, 2987; German Patent 564,404, 1925; Chem. Abs.. 1933, 
27, 991; all patents additions to German Patent 509,406, 1924; Chem. Abs., 1931, 25, 709. 
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” r. G. Farbenindustrie A. G., British Patent 368.257, 1930; Chem. Abs.. 1933, 27, 2157. 
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minimize the production of carbon, the apparatus is constructed of or lined with 
copper, aluminum or stainless steel. 

In the process of Fischer and Pichler methane, pure or diluted with other 
gases, is converted into benzene and other aromatic hydrocarbons by subjecting 
it to a temperature of 1000° to 1100° C. for a period of time not exceeding 1 sec¬ 
ond (best ^ to ¥>o second) in the absence of catalysts or oxygen-containing 
gases. Reaction is secured by passing the gas at a high velocity through narrow 
tubes maintained at the required temperature. Son;e free hydrogen, produced 
at the same time, may be reconverted to methane, e.g., by Reaction with carbon 
monoxide in the presence of a catalyst, and the methane converted into additional 
aromatic hydrocarbons. Later Fischer described an apparatus for this process 
consisting of a tower lined with silica and heated by furnace gases to the desired 
temperature. When sufficiently hot, a reverse (downward) current of methane 
is substituted, the products being removed from the base of the tower. As soon 
as the methane conversion falls off furnace gases are again led in, and the cycle 
is repeated as often as desired. A heat exchanger is arranged to preheat the 
methane and combustion gases alternately. 

Lewis described a procedure for the pyrolysis of natural gas in which about 
90 per cent of the gas is conducted through tubes heated by the combustion of 
the other 10 per cent. The gases formed during the heat treatment are mixed 
with the hot products of combustion and the mixture is expanded, cooled, and 
passed through an absorber for the removal of benzene. The residual gases may 
be burned to yield carbon black and the waste heat utilized in preheating the 
raw gas. 

According to Youker,**® liquid hydrocarbons arc obtained by heating natural gas 
at temperatures above 750° C. under pressures greater than 500 pounds per square 
inch. 

Snelling®®* heated gaseous hydrocarbons at 400° to 649° C. under a pressure 
of 800 to 3000 pounds per square inch and returned a portion of the uncondensed 
gas to the reaction zone for further treatment. The liquid products were sepa¬ 
rated by condensation under a lower pressure. 

Either aromatic or olefinic hydrocarbons may be produced by the pyrolysis 
of mixtures of gaseous hydrocarbons (both saturated and unsaturated) at tem¬ 
peratures of 1(X)0° to 1200° C. and at space velocities of 50 to 100 reciprocal 
minutes or more. For high yields of aromatic hydrocarbons lower space veloci¬ 
ties are required and at higher space velocities olefins or diolefins are formed. 
The reactions may be carried out in two or more stages with the removal of 
light oils or olefinic hydrocarbons after each stage. Also each stage is effected 
at a higher temperature or a lower space velocity than the preceding one. The 
reaction chambers, which should be very narrow in relation to their other dimen¬ 
sions, may be made of carborundum, graphite or heat-resisting alloys. If the 
walls are coated with alumino-silicate refractories, such as sillimanite, an in¬ 
creased proportion of naphthalene is obtained. The intermediate products of 
pyrolysis include propylene, ethylene and acetylene, and the final ones are light 
oils, methane, hydrogen and carbon. For example, a gaseous mixture consist¬ 
ing of 45 per cent methane, 24 per cent ethane, 21 per cent propane, and 10 per 

•• British Patent 316,126,1928; Ckem. Abs., 1930, 24. 1649; French Patent 686,040, 1928; Chcm. 
Abs., 1930, 24, S764. 

« British Patent 319.340, 1928; Brit. Chetn. Abs. B, 1930, 408. 

“U. S. Patent 1,854,20,S, April 19, 1932; Chem. Abs., 1932, 26, 3364; British Patent 316,999, 
1929; Brit. Chem. Abs. B. 1930. 937. 

«U. S. Patent 1,800,586, April 14, 1931; Ckem. Abs., 1931, 25, 3467. 

U. S. Patent 1,880,189, Oct. 27, 1932; assigned to Gasoline Products Co., Inc.; Brit. Chem. 
Abs. B, 1933. 852. 
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cent butane gave 0.32 gallon of light oil per 1000 cubic feet in a one-stage 
treatment, and 1.08 gallons in a three-stage treatment.** 

An apparatus for the conversion of methane into aromatic liquid hydrocar¬ 
bons, described by Otto,®* consists of a modified coke-oven setting, in which the 
gas is passed through channels in the brickwork or in which the ovens themselves 
are used as contact chambers. The necessary heat is provided by the combustion 
of gas in an adjoining chamber, with heat exchangers between the ingoing and 
outgoing gases to increase the economy of the system. A temperature range of 
1040® to 1060® C. yields the best results with pure methane. 

Wheeler and Fletcher*® developed an apparatus for carrying out endothermic 
gas reactions, such as the pyrolysis of gaseous hydrocarbons to produce aromatic 
liquids, at temperatures above 1000® C. and at high space velocities. It consists 
of a series of unpacked reaction chambers which are long, deep, and very narrow 
and are placed between long, deep heating-flu.>s. The width of these chambers is 
about one-half inch and they are made of refractory material. After the desired 
reactions have taken place the products are passed through heat exchangers for 
preheating the incoming gaseous reactants. 

In the process of Wheeler and Francis*^ the pyrolysis of hydrocarbon gases 
to liquid hydrocarbons is combined with the production of carbon bisulphide 
without seriously affecting the yields of aromatic hydrocarbons normally obtained. 
The gaseous hydrocarbons are mixed with sulphur vapor and the mixture passed 
through a heated reaction zone at a high temperature and a high space velocity. 
Instead of sulphur vapor, substances which yield sulphur at high temperatures 
(e.g., hydrogen sulphide) may be substituted. Ihe apparatus of Wheeler and 
Fletcher can be used for this purpose, and all of the sulphur is said to be con¬ 
verted into carbon bisulphide. 

According to Bampfylde,** reaction chambers for the pyrolysis of hydro¬ 
carbons may be constructed of, or surfaced with, a special iron alloy containing 
10 to 16 per cent of aluminum and as much as 6 per cent chromium. Such 
alloys are particularly useful in the treatment of gaseous paraffinic or olefinic 
hydrocarbons at 550® to 1250® C. to yield aromatic hydrocarbons, and in the 
formation of liquid polymers from gaseous olefins at 350® to 500® C. under 
elevated pressures. 

The conversion of methane, or a gas rich in methane, into liquid hydrocarbons 
may be accomplished by bringing it into contact with catalysts consisting of, or 
coated with, chromium or graphite at 800® to 1200° C. The catalysts are heated 
either indirectly or by an electric current passed through them.** 

Benzene and other aromatic hydrocarbons are obtained from ethane, propane, 
or butane, or mixtures of these hydrocarbons, by passing them downwards 
through a brick-packed tower at 800® to 950° C. The velocity of the gases 
through the tower is adjusted according to the temperature in the various sec¬ 
tions.*® 

Several processes of the Ruhrcheniie A.-G. relate to the conversioii of 
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aliphatic hydrocarbons, such as methane, into aromatic hydrocarbons in two 
stages. In the first stage acetylene is formed and in the second stage this hydro- 
carbon is polymerized to aromatics. In one procedure,®^ a partial transformation 
of the aliphatic hydrocarbons to acetylene is effected by heating to temperatures 
exceeding 1600® C. for a very short heating period (less than 0.001 second). 
The resulting gas mixture is then heated for a longer period at 450® to 1000® C. 
In this second stage catalysts may be employed. The gases are heated electrically, 
and the heat of the exit gas is used to preheat the incoming gases or to generate 
steam. In the second stage the temperature is maintained by the heat content of 
the gas from the first stage. In a modification,®* the gas is heated in the first 
stage to temperatures above 1120® C., at reduced pressure, for somewhat longer 
periods (not more than 0.5 second). The resulting gas mixture is then subjected 
to a second thermal treatment by passage throfigh an apparatus having hot walls 
(e.g., at 580° C.) opposite cold walls (75® C.), which may be water-filled tubes. 
Catalysts, such as a mixture of aluminum oxide and potassium oxide, can be 
used.®* 

Coxon ®* developed a method for the thermal treatment of gaseous paraffin or 
olefin hydrocarbons in which the gases to be pyrolyzed are preheated by mixing 
with another heated gas. The mixed gases are then passed into the reaction zone 
where they are kept, for a short time, at the temperature necessary for the con¬ 
version reactions. 

Wheeler ®* suggested that the hydrogen, formed simultaneously with aromatic 
hydrocarbons during the pyrolysis of metliane or ethane, be removed from the 
gaseous products of pyrolysis before these are subjected to further thermal treat¬ 
ment. This may be accomplished in several ways, as for example, by leading 
the gases over copper oxide heated to 250® C., by diffusion, or by converting the 
hydrogen into methane by catalytic reaction with the requisite quantity of carbon 
monoxide. 

The conversion of olefins into aromatic hydrocarbons for use in antiknock 
motor fuel is of importance in the possible utilization of vapor phase cracking 
gas which contains large proportions of lower olefins.®* Conversion is effected 
in two stages. In the first stage the olefins are led over a hot catalyst (such as 
charcoal at 400® C.) at high pressures (e.g., 40 atmospheres). The liquid 
hydrocarbons are dehydrogenated in a second stage by passage over a catalyst 
of ammonium molybdate at 600® C. under 5 atmospheres pressure. 

Other catalysts suggested for converting olefins into liquid hydrocarbons of 
low boiling point are, (1) gold, silver or copper in the form of turnings or 
gauze or as the lining of the reaction tube; (2) compounds of the alkali metals, 
particularly oxygen-containing compounds, to which may be added other metallic 
salts or oxides; and (3) salts of the acids of phosphorus, boron or antimony, 
their reduction products, or the acids or anhydrides themselves in the solid 
form supported on a carrier. Materials such as iron or nickel which promote 
the formation of carbon are excluded, as are also rough surfaces. For this 
reason the interior of the reaction vessel may be lined with copper, silver quartz 
or ferrosilicon or may be constructed of materials comprising free silica.®** 

«British Patent 373,249. 1931; Brit. Chem. Abs. B, 1932, 832. French Patent 711,515, 1931; 
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The gases should be free from sulphur. Methane, or gases containing or yield¬ 
ing methane, may be added and the residual gases after pyrolysis may be recircu¬ 
lated. At temperatures of 300° to 400° C. the products consist principally of 
liquid olefins and at 500° C. benzene and naphthenes predominate. The latter 
are converted to aromatics by catalytic dehydrogenation at temperatures above 
500° C.®^ If desired, the olefins may be isolated first from the olefin-containing 
gas (by fractional liquefaction or absorption) and then converted into liquid 
hydrocarbons.®® 

Certain alloys have been proposed also as catalysts, among which may be 
mentioned brass, bronze, manganese-copper, or tinned, galvanized or chromium- 
plated iron and copper.®® * 

Ramagc suggested passing water gas mixed with gaseous olefins, of not 
more than five carbon atoms per molecule, at atmospheric pressure through a 
series of tubes containing finely divided iron maintained at 537° to 965° C. (1000° 
to 1500° F.). The issuing gases contein large proportions of aromatic hydro¬ 
carbons which can be condensed or scrubbed out. 

The conversion of mixtures of olefins and acetylene into higher hydrocarbons 
can be effected at high temperatures under any pressure without carbon deposi¬ 
tion if the heated gases come into contact only with elements of Group IV (tin, 
silicon, lead, or carbon as graphite^, or with zinc or aluminum or alloys of the 
latter metals. Thus, an oil is obtained when a mixture of ethylene and acetylene 
is led through an aluminum tube containing silicon and heated externally to 
a temperature of 525° to 600° C. At lower temperatures using a manganese- 
copper tube lined with tin, this gaseous mi.xture yielded a condensate containing 
about 13 per cent butadiene. Benzene hydrocarbons are obtained when tubes of 
manganese-copper or brass, lined with zinc, are employed.^®^ 

According to Wheeler and McAulay,'°® olefinic gases are converted into 
aromatic hydrocarbons by passage through tubes heated to temperatures above 
1000° C. at space velocities exceeding 50 reciprocal minutes. For example, 
ethylene conducted at a space velocity of 6400 reciprocal minutes through a 
reaction zone maintained at 1100° C. gave about 30 per cent of light (aromatic) 
oil. The exit gases contained about 8 per cent acetylene. 

For the production of higher-boiling olefinic or aromatic hydrocarbons,^®* 
gaseous olefins are heated under pressures as high as 1000 atmospheres at 350° 
to 800° C. in the presence of small pieces or bricks of elemental silicon or a 
ferro-silicon alloy containing a large proportion of silicon. The apparatus is 
made of materials resistant to the action of hydrogen sulphide and which do 
not catalyze the deposition of carbon. Such materials are “V2A” steel or steel 
containing molybdenum and tungsten or alloys of chromium and nickel. The 
operating conditions may be varied to produce a preponderance of either higher 


** Wtetzel and Pfaundler, U. S. Patent 1,910,910, May 23, 1933; assigned to I. G. Farlten- 

Industrie A.-G.; Chetn. Abs., 1933, 27, 3942. 

*^1. G. Parbenindustrie A.-G., British Patent 291,137, 1927; Brit, Chem. Abs. B, 1928, 560. 

Sec also Mittasch, Pier, Wietzel and Langheinrich, U. S. Patents 1,913,940 and 1,913,941, June 
13, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem, Abs., 1933, 27, 4390. 

I. G. Farbenindustrie A.-G., British Patent 309,199, 1927; Brit. Chem. Abs. B, 1929, 424. 

Winkler and Hacuber, U. S. Patent 1,894,255, Jan. 10, 1933; Chem. Abs., 1933, 27, 2454; 
Mittasch, Wietzel and Pfaundler, U. S. Patent 1,893,804, Jan. 10,^ 1933; Chem. Abs., 1933, 27, 

2293; iMth patents assigned to 1. G. Farbenindustrie A.-G. Cf. British Patent 269,593, 1926; Brit. 


Chem. Abs. B. 1928, 702. . , ^ ^ 

IJ. S. Patent 1,812,372, June 30, 1931; assigned to Coals and Chemicals, Ltd.; Bnt. Chem. 
Abs. B, 1932, 669; British Patent 335,353, 1929; Chem. Abs., 1931, 25, 1259; Canadian Patent 

299,494, 1930; Chem. Abs.. 1930, 24, 2866. ^ ^ _ 

G. Farbenindustrie A.-G., British Patent 316,422. 1928; Chem. Abs., 1930, 24, 1649. 
I’ritish Patent 332,998, 1929; assigned to Imperial Chemical Industries Ltd,; Chem. Abs., 


I, G. Farbenindustrie A.-G., 336,234, 1929; Brit. Chem. Abs. B, 1931, 10. Winkler and 
Hacuber, U. S. Patent 1,868,127, July 19, 1932; assigned to I. G. Farbenindustrie, A.-C.; 
Chem. Abs., 1932, 26. 5101. 



188 


CHEMISTRY OF PETROLEUM DERIVATIVES 


olefins or aromatic hydrocarbons. Egloff heats the gas which separates from 
the distillate resulting £ron\ the cracking of oils to about 650° to 1000° C. under 
superatmospheric pressure. The pressure is then lowered and the gases sub¬ 
mitted to the action of ultraviolet light. 

Ethylene or its homologues are also polymerized by heating in the presence 
of an inert liquid such as mineral oils, vegetable oils, phenols, water or “Edeleanu 
extract”.^®®** A high temperature and pressure are maintained. For example, 
ethylene is heated with paraffin oil to 420° C. under a pressure of 45 atmospheres. 

Propylene, or gases containing 20 per cent or more of propylene, may be 
converted to aromatic hydrocarbons or acetylene by pyrolysis at 700° to 900° C. 
in an apparatus constructed of nickel-chromium steel or of silica.^®* Hercourt 
suggested a method for the removal of organic or mineral impurities from 
crude benzene and other hydrocarbons by bringing the liquids into contact 
with aluminum in the presence of steam. The aluminum is previously acti¬ 
vated by traces of mercury or salts of mercury. 

Rembert mixed crude oil in finely divided form with non-oxidizing gases 
preheated to above 1350° C., attaining almost instantaneously an equilibrium tem¬ 
perature above 500° C. Thd mixture was then passed through an elongated 
reaction zone, at the end of which the gases were led into a liquid such as oil 
or water to cool them instantly to stop reaction. 


Manufacture of Diphenyl 

The pyrolysis of aliphatic hydrocarbons eliminates hydrogen from the mole¬ 
cule and forms various types of unsaturated hydrocarbons, followed (on con¬ 
tinued pyrolysis) by cyclicization of the unsaturated hydrocarbons to yield aro¬ 
matics and finally condensed or polycyclic compounds. In the preceding discussion, 
the reactions leading to the formation of aromatic hydrocarbons have been con¬ 
sidered in some detail. Such reactions include not only dehydrogenation and 
cyclicization but also in many instances a splitting of the molecule with the 
simultaneous formation of hydrocarbons of low molecular weight (e.g., methane, 
ethane and ethylene). Aromatic hydrocarbons, unless they have aliphatic side- 
chains, do not exhibit such reactions, but undergo condensation accompanied by 
the elimination of hydrogen. 

In 1866 Berthelot observed that benzene vapors when passed through a 
red-hot tube are converted to a considerable extent into diphenyl, according to 
the reaction: 


2C«H. —>- C.H,C.H5 + H, 

The production of this hydrocarbort, however, has been put on a commercial 
basis only during the past decade. In the petroleum industry diphenyl has been 

»«* U. S. Patent 1,904,362, April 18, 1933; assigned to Universal Oil Products Co.; Chem. 
Abs., 1933, 27, 3601. 

iwb Bataafsche Petroleum Maatschappij, British Patent 331,186, 1929; Chem. Abs., 1931, 25, 
114; French Patent 690,935, 1930; Chem. Abs., 1931, 25, 1259. 

Groll, British Patent 369,351, 1930; assigned to Bataafsche Petroleum Maatschappij; Brit. Chem. 
Abs. B, 1932, 670. French Patent 725,114, 1931; Chem. Abs., 1932, 26, 4823. 

French Patent 736,378, 1931; Chem. Abs., 1933, 27, 1499. 
iMb U. S. Patent 1,892,534, Dec. 27, 1932; assigned to Tidewater Oil Co.; Chem. Abs., 1933, 
27 2293. 

chim., 1866, (4) 9, 454; Bull. soc. chim., 1866, (2) 6, 274; Compt. rend., 1866, 63, 789; 
Ann., 1867, 142, 252. 

^^’^This reaction was investigated also by Schmidt and Schultz. Bcr., 1872, 5. 682; Ann., 1880, 
203. 118; pigiati, Ber., 1894, 27. 3387; McKee. J.S.C.I., 1904, 23, 403; Smith and Lewcock, J.C.S., 
1912. 101, 1453; Rittman, Byron and Egloff, Ind. Eng. Chem., 1915, 7, 1019; Zanetti and Egloff, Ind. 
Eng. Chem., 1917, 9, 350. The equilibrium constants of this reaction at temperatures of 845*, 900*. and 
920* C. have been determined by Vvedenskli and Frost, /. Gen. Chem. (Russia), 1932, 2, 542; Chem. 
Abs., 1933, 27, 888. 
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employed as a material for high temperature vapor phase heat transfer.A 
eutectic mixture of 26 per cent diphenyl and 74 per cent of diphenyl oxide 
as well as mixtures of diphenyl and naphthalene have been suggested for the 
same purpose. 

The manufacture of diphenyl has been described by Scott.“® Benzene vapor 
is passed through a metal coil immersed in a lead bath maintained at 600® to 
650® C. As the vapors leave the coil they bubble up through the molten lead into 
a similar coil which is immersed in a second lead bath kept at 750® to 800® C. 
The diphenyl so produced is conducted at a high velocity into a water-cooled 
condenser. In another process the benzene vapors are led through a reaction 
chamber at 800® C. containing contact agents which minimize the deposition 
of carbon.^^^ Such substances are the sulphides of cobalt, iron, copper, molyb¬ 
denum, arsenic, tin or zinc; the chlorides of nickel or antimony, potassium 
chromium sulphate, or the metals selenium, arsenic, silicon, antimony, or molyb¬ 
denum. Other catalysts which have been suggested for the dehydrogenation in¬ 
clude difficultly fusible oxides, vanadates, chromates, tungstates, molybdates, 
aluminates, and zincates, such as those of calcium, magnesium, titanium, cerium, 
zirconium, thorium and beryllium.^^^* 

Covers used a bath of molten cryolite or other non-metallic liquid at 
750® C., and heated the benzene vapor to 650° C. prior to its passage through 
these liquids. A conversion of eight per cent was obtained. In another process 
tlie vapors of benzene are brought into contact with a catalyst, consisting of 
80 parts of potassium carbonate, 50 parts of thorium oxide and 5 parts of cobalt 
oxide, maintained at a temperature of 760® C. 

An apparatus for this reaction has been described also by Hixon and his 
collaborators.^^^ Their results indicated that the optimum temperature for the 
conversion is about 740® C. The yields of diphenyl in all instances were in¬ 
creased by using pressures greater than atmospheric. At a temperature of 
740® C., a pressure of 8 atmospheres, and a rate of flow of about 400 cc. of 
benzene vapor per 164 cc. of available reaction space per hour, about 20 per 
cent of the benzene is pyrolyzed to diphenyl. Under the same conditions the 
chemical efficiency of the process may reach 98 per cent, i.e., only a negligible 
formation of by-products occurs. Increasing the rate of flow decreases the 
proportion of diphenyl formed. Complex diaryl compounds having boiling points 
higher than diphenyl are obtained by vaporizing pure commercial benzene or 
commercial 90 per cent benzene.^^^^ The benzene is first heated to a tempera¬ 
ture just below that at which diaryl compounds are formed, and is then rapidly 
raised to a point at which complex diaryl compounds result. 

As a heat transfer substance in the manufacture of lubricants, see Reid, Refiner, 1929, 8 (10), 
63; 1930, 9 (1), 98. For the same purpose in other indu.stries, see Badger, Monrad and Diamond, 
Ind. Eng. Chcin., 1930, 22, 700; Montillon, Rohrbach and Badger, ibid., 1931, 23, 763. For the 
thermal properties of diphenyl, see Chipman and Peltier, Ind. Eng. Chem., 1929, 21, 1106. 

Grebe, Chem. Met. Eng.. 1932, 39, 213. 

Dow, U. S. Patent 1,893,051, Jan. 3, 1933; asjsigned to Dow Chemical Co.; Chem. Abs., 1933, 
27. 2227. 

Itritish Patent 312,902, 1929; a.ssigned to Federal Phosphorus Co.; Brit. Chem. Abs. B, 1930, 
453; U. S. Patent 1,894,283. Jan. 17, 1933; assigned to Swann Research Inc.; Chem. Abs., 1933, 
27. 2459. Also, Durgin and Jenkins, U. S. Patent 1,894,266, Jan. 17, 1933; assigned to Swann 
Research Tnc.; Chem. Abs.. 1933. 27, 2459. The formation of analogous compounds from toluene 
and from xvlene in a similar manner has been described by Carothers and Scott, British Patent 
338,631, 1929; assigned to Federal Phosphorus Co.; French Patent 37,449, 1929, addition to French 
Patent 667,840; Chem. Abs., 1931, 2S. 2436. 

Federal Phosphorus Co., French Patent 715,017, 1931; Chem. Abs.. 1932, 26, 1626. 

**’• I. G. Farbenindustrie A.-G., British Patent 356,189, i930; Brit. Chem. Abs. B, 1932, 95. 

HritLsh I'atent 341.024, 1929; Brit. Chem. Abs. B. 1931, 386. French Patent 683,230, 1929; 
Chem. Abjt.. 1930, 24. 4524. 

*** I. G. Farbenindu.strie A.-G.. r»ritish Patent 369.613. 1930; Chem. Zentr., 1932. 2, 925. 

Hixon, Work. .Alessandroni. (Clifford and Wilkems, Ind. Eng. Chem., Anal. Ed., 1931, 3. 289. 

m« Federal Phosphorus Co.. (German Patent 581,046. 1933; Chem. Abs., 1933, 27. 5082; French 
Patent 37,449. 1929; Chem. Abs., 1931, 25, 2436; addition to French Patent 667,840, 1929; Chem. 
Abs., 1930, 24. 1394. 



Chapter 6 

Action of Aluminum Chloride on Hydrocarbons 

Many examples of the pronounced influence exerted by various catalysts on 
the thermal reactions of hydrocarbons have been noted in the preceding pages. 
Anhydrous aluminum chloride, however, is unique in this respect and therefore 
it is desirable to discuss its effect on the thermal decomposition of each series 
of hydrocarbons separately. Aluminum chloride induces molecular disintegra¬ 
tion of higher hydrocarbons at relatively low temperatures, the products being 
low-boiling saturated hydrocarbon oils. It is also an active agent for polymeriz¬ 
ing unsaturated hydrocarbons, though at higher temperatures the decomposition 
reaction (producing low-boiling paraffin hydrocarbons) occurs simultaneously 
with that of polymerization. Whatever may be the mechanism of catalysis by 
other active bodies, the action of aluminum chloride is a purely chemical process 
through reactions forming double compounds with certain hydrocarbons, prob¬ 
ably unsaturated ones. 

Friedel and Crafts, whose names are associated with certain classic reac¬ 
tions catalyzed by aluminum chloride, were the first to notice that it might be 
employed in the production of light oils from heavier ones by cracking.^ In 
1881 Gustavson * found on treating hydrocarbons obtained by fractionating Amer¬ 
ican gasoline or Caucasian kerosene with anhydrous aluminum bromide and hydro- 
bromic acid that two layers were formed. The lower layer had the approximate 
composition AlBr 3 *C 4 H 8 and decomposed at 120° C. to yield gaseous hydro¬ 
carbons. 

Since that time, processes for the production of gasoline from heavy petroleum 
fractions using aluminum chloride have been developed by the Continental 
Caoutchouc and Gutta Percha Co.,* Gray,* Cobb,® Koetschau,® Heusler,^ Alex¬ 
ander and Taber * and by McAfee, whose processes, mentioned below, have been 
used in a commercial way. 

Production of Gasoline with Aluminum Chloride 

The two most important processes advocated for the production of gasoline 
from heavier oils by treatment with aluminum chloride are those of Gray and of 
McAfee. The latter process has been exploited by the Gulf Refining Co. and 

‘British Patent 4,769, 1877, to Abel; Chcmische Industrie, 1878, 1, 411. See Heusler, Z. angew. 
Chem., 1896, 9, 288. Cf. Friedel and Gorgeux, Compt. rend., 1898, 127, 590; Chem. Soc. Abs., 1899. 
76 (1), 181. 

•Ber., 1881, 14, 2619; Chem. Soc. Abs., 1882, 42, 374. /. Russ. Phys. Chem. Soc., 1880, 13, 

149; Chem, Zentr., 1881, 353; Chem. Soc. Abs., 1882, 42, 27. 

•British Patent 7,112, 1914; J.S.C.I., 1915, 34, 826. French Patent 469,948, 1914; J.S.C.I., 
1915, 34. 19. 

«U. S. Patents 1.193,540 and 1,193,541, Aug. 8, 1916; Chem. Abs., 1916, 10, 2402. British 
Patents 17.838 and 17,839, 1913; J.S.C.L, 1914, 33. 1044. Canadian Patents 152,216 and 152,217, 
1913; Chem. Abs., 1914, 8, 1344. 

■U. S. Patents 1.322,762 and 1,322,878, Nov. 25, 1919; assigned to Standard Oil Co. of New 
Jersey; J.S.C.L, 1920, 39, 98A. 

•U. S. Patent 1,325,299, Dec. 16. 1919; Chem. Abs., 1920, 14. 466. 

Y German Patent 83,494; 1894; Chem. Zentr., 1895, 2. 1142. 

*17. S. Patent 1,381|098, June 14, 1921; assigned to Gulf Refining Co.; J.S.C.L, 1921, 40, 839A. 
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the former by The Texas G>mpany. Gray stated in the description of his 
process that the low-boiling products of the reaction possess end-points approxi¬ 
mately the same as the temperature at which the decomposition is effected, and 
in operating at a temperature of 550® to 600® F. (288® to 316® C.) a dephleg- 
mator should be used to return the higher-boiling fractions to the still. 

McAfee emphasized not only the conversion of high-boiling hydrocarbons to 
lower-boiling ones but also the improvement in the quality of the residue in the 
reaction vessel. For a description of the McAfee process and an account of its 
numerous details the original references should be consulted.® The operation 
is conducted by adding 5 to 8 per cent of anhydrous aluminum chloride to the 
oil, previously dried at 300® to 350° F. (150° to 175° C) for some time, and 
heating the mixture to 550® F. (290® C.) or higher in a still fitted with a stirring 
device. A differential condenser returns all the products of the reaction except 
those of desired volatility. It is possible to obtain from 15 per cent to as high 
as 60 per cent yields of gasoline, consisting principally of saturated hydrocar¬ 
bons, from a single distillation whose period is limited by various factors to 
24 to 48 hours. Because aluminum chloride sublimes at 181®-185® C., sus¬ 
tained high temperatures cause a loss of catalyst, which can be avoided by 
pressure operation. 

Some details of the reactions taking place during such a process have been 
supplied by Dubrov, Lavrovsky, Goldstein, Fish and Mikhnovskaya.^® In addi¬ 
tion to the splitting of the larger molecules into smaller ones, polymerization, 
rearrangement and carbonization take place simultaneously; and because of the 
content of hydrogen in the original hydrocarbons, the maximum yield of light 
products which can be expected is limited to 70 per cent. The gasolines so pro¬ 
duced contain large percentages of saturated hydrocarbons of the naphthene 
and aromatic types; in one instance analysis indicated that the gasoline contained 
about 5 per cent aromatics, 41 per cent naphthenes, and 38 per cent paraffins. 
The residual oils after the distillation of the gasoline and kerosepe fractions are 
said to be high grade lubricants of a saturated character. 

The rate of decomposition of the oil by aluminum chloride is materially de¬ 
creased by the presence of potassium and, particularly, sodium compounds. On 
the other hand, as much as 1 per cent of ferric chloride, silicon tetrachloride or 
aluminum oxide does not affect the yield. About 10 per cent of aluminum chloride 
is used in the preparation of gasoline, but about 5 per cent is sufficient when 
lubricating oils of high viscosity-index and low pour points are desired. It 
was noted also that paraffin wax which had been treated with aluminum chloride 
readily yielded solid acids on oxidation. Waterman and van Soest obtained 
small yields of gasoline (18 to 23 per cent) on cracking Rangoon paraffin wax 
with aluminum chloride. 

After treatment with aluminum chloride and removal of the products, the 
residue in the still consists of granular coke of little value containing aluminum 


•ind. Eng. Chem., 1915, 7, 737; ReHner, 1928, 8 (8), 57. Also the following U. S. Patents 
assigned to the Gulf Refining Co.: 1,099,096, June 2, 1914; 1,127,465, Feb. 9, 1915; 1.144.304. 
June 22, 1915; 1,202,081, Oct. 24, 1916; 1,206,874, Dec. 5, 1916; 1,217,471, Feb. 27. 1917: 1.235.523 
July 31, 1917; 1,277,092, 1,277.328 and 1,277,329, Aug. 27. 1918; 1,326,072 and 1,326,0^3 Dec 
23, 1919; 1,405,054, Jan. 31, 1922; 1,405,734, Feb. 7, 1922; 1,424.574, Aug. 1, 1922; 1.4^6,091, 
‘8,444, Dec. 25, • ... 


Dec. 4. 1923; 1,478,^ 


rcu. /, 

1923; 1,482,438, Feb. 5, 1924; l.Si 


#^v. T, *,-»»o.-TT-r, Aj, Ij 1,501,014, JuW 8, 1924; 1,534,130. 

A^r. 21, 192S; l,54jJ,934^and 1,544,328^, June 30, 1925; 1,568,171, Jan. 5, 1926; 1,578,052 and 1,578,053, 


Mar. 23, 1926; 1,608,328 and 1,608,329, Nov. 23. 1926; 1,636,144. 


^ . ----- July 19, 1927; McAfee and Roberts, 

L690,990, Nov. 6, 1928; 1,814,397, July 14, 1931. McAfee and^Barnes, 1,774,559, Sept. 2, 1930. 
Cf. also Prichard and Henderson, 1,476,219, Dec. 4, 1923, and 1,577,871, Mar. 23, 1926; both assign^ 
to Gulf Refining Co. See also Stevens and Adams, U. S. Patent 1.915,206, June 20. 1933; assigned 


to Gulf Refining Co.; Ckem. Abs., 1933. 27. 4385. 

‘•ATe/t. Khoa., 1932, 22, 19; Chem. Abs., 1932, 26, 2853, 4941. 
«J. Inst. Pet. Tech., 1928. 14. 756; Chem. Abs., 1929, 23. 967. 
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chloride/* and heavy oils which can be worked up into lubricating and similar 
oils. 

Graetz^® treated dehydrated and refined Gabian petroleum (initial boiling 
point 217° C.) with increasing amounts of aluminum chloride; he obtained a 
maximum yield (about 75 per cent) of products distilling up to 210° C. with 
9 per cent of aluminum chloride. With crude petroleum, the same maximum 
amount of light products was found but 14 to 15 per cent of aluminum chloride 
had to be used. This was due to the effect of water, sulphur and oxygenated 
compounds in the crude. He maintains that the mechanism of the cracking is 
first, the formation of a hydrocarbon-metal chloride complex and second, break¬ 
ing of the complex at the distillation or decomposition temperature of the metal 
chloride accompanied by the severing of the carbon chain. The minimum crack¬ 
ing temperature of oil is 160° C.; at 200° C. the reaction is fairly fast. The 
aluminum chloride complex is stable up to 180°-190° C., it is fairly active at 
190°-210° C. and completely decomposed at 230°-240° C. It would therefore 
be better, according to Graetz, to carry out the cracking at 240° to 245° C. He 
also found that sulphur, stannic, mercuric, cupric, ferric and sodium chlorides 
form complexes with oil on heating for some time, but in order that cracking 
may be catalyzed by a metal chloride the latter must be volatilizable or decom¬ 
posable between 190° and 210° C. The complexes formed by chlorides boiling 
at a lower temperature (sulphur chloride and stannic chloride) decompose below 
the minimum cracking temperature; the high-boiling chlorides such as ferric 
chloride are very stable so that cracking cannot take place below 250°-260° C. 

The economic success of any of these processes depends largely upon the 
cost of the aluminum chloride.^* Methods have been developed for producing 
this material at a cost low enough to permit of its extensive use in the in¬ 
dustries.^® Aluminum chloride was first prepared by Oerstedt by passing dry 
chlorine gas over alumina mixed with powdered charcoal and ignited in a 
porcelain tube. It was from this compound that Wohler succeeded in isolating 
the element. He also observed that on heating aluminum to redness in a cur¬ 
rent of chlorine, aluminum chloride was formed and sublimed, a method still 
used for the preparation of the purest samples. 

A general procedure for obtaining anhydrous chlorides by heating the oxide 
of the metal with phosgene was proposed by Chauvenet.^* The treatment of 
oxide ores with carbon monoxide or carbon, and chlorine or with phosgene was 
described by Brode and Wursten,^® Alexander,^® McAfee,"' and McAfee and 
Roberts.** 

McAfee*® described the large-scale production of this material by the Gulf 

” Sludge obtained from previous operations may be used instead of fresh aluminum chloride 
according to Tilicheycv and Kuruindin; Ncft. Khos., 1930, 1, S86; Brit. Chem. Abs. B, 1931, 1081. 

” .'inn. office not. comb, liquidcs, 1927, 2, 69; Chem. Abs., 1927, 21, 3737. 

See Simon, Chimie ci Industrie, 1930, 24, 1317; Brit. Chem. .'lbs. B, 1931, 245. 

” I'or a historical account of methods of preparing aluminum chloride see Kranzlein, **Aluniinum* 
chlorid in der organischen Chemie,” Verlag Chemie, (I.m.b.H., Berlin, 1932, 9. 

Poggendorff’s Ann., 1825, S, 132; cf. Ferussac, Bull. Sci. Mathem., 1826, 275. 

” Poggendorff’s Ann., 1827, 11, 146. 

Con^t. rend.. 1911, 152, 87; Chem. Soe. Abs., 1911, 100 (2), 109. 

*•1. G. Farfjcnindustrie A.-G., German Patent 502,844. 1925; Chem. Abs., 19.10. 24, 5441. See 
German Patents 525,186 and 525,560, 1927; additions to 502.884; Chem. Abs., 1931, 25. 4365, 4668; 
abo see German Patent 524,712, 1926; U. S. Patent 1,809,158, June 9, 1931; Chem. Abs., 1931. 25. 
4365. 

**U. S. Patent 1.366,626. Jan. 25. 1921; J.S.C.I.. 1921, 40, 179A. 

« IJ. S. Patents (all assigned to Gulf Refining Co.) 1,217,471, Feb. 27, 1917; /..9.C./., 1917, 36. 
456; 1.543.934 and 1,.544.328, June 30, 1925; J.S.C.I., 1925, 44, 671B; 1,578,052, March 23, 1926: 
Brit. Chem. Abs. B, 1926. 439. 

*• IJ. S. Patent 1,690,990. Nov. 6. 1928; assigned to Gulf Refining Co.; Brit. Chem. Abs. B, 
1929. 54; see also McAfee. U. S. Patent 1,814,397, July 14, 1931; assigned to Gulf Refining Co.; 
Chem. Abs., 1931. 25. 5255. 

••Refiner, 1928, 8 (8), 57; Ind. Eng. Chem., 1929, 21. 670. 
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Refining Co. Crude bauxite ore is calcined in an internally heated fotary kiln 
at about 1800® F. (980° C.) to drive off moisture. It is then mixed with coking 
coal in the proportion of 1 part of coal to 3 parts of bauxite by weight; the 
mixture is pulverized, mixed with a liquid binder and briquetted; and the bri¬ 
quettes are preheated to about 1500° F. (815° C.) to expel volatile matter, 
forming a hard composition of 82 per cent bauxite and 18 per cent carbon. 
The hot briquettes are charged into a vertical chlorinating furnace, and the 
temperature is raised to 1600° F. (870° C.) by a short air-blow, after which 
chlorine is passed downwards through the charge for 8 to 10 hours. Aluminum 
chloride passes from the bottom to a firebrick cooler and is deposited as a 
pqwder, 75 per cent passing a 10-mesh screen.* 

The disadvantages of treatment with aluminum chloride as a refining process 
are the cost of the reagent, the production of corrosive hydrogen chloride fumes 
during the process, and the difficulties of ffisposing of the coke residues. The 
gasolines produced by this process, however, contain mainly saturated hydrocar¬ 
bons and are therefore more stable toward oxidation than those from the usual 
cracking operation. The use of other anhydrous chlorides such as ferric chloride, 
antimony chloride, stannic chloride, titanium chloride, and zinc chloride has been 
investigated but none of these is known to be used at present. 

Lidov found that in the production of low boiling hydrocarbons from high 
boiling ones it is advantageous to form the anhydrous catalyst during the process. 
For example, solar oil is mixed with iron or with aluminum, heated for 2 to 3 
hours at 250° to 280° C, and during this time a current of dry hydrogen 
chloride gas is passed into the mixture. In this manner a yield of 65 per cent 
of benzine, of specific gravity 0.865, is obtained with iron and 75 per cent with 
aluminum. The highest yield of aromatic compounds is obtained by operating 
at 600° C. and under a pressure of 18 atmospheres. Bespolov and Degtyareva 
investigated the possibilities of* refining cracked gasoline with aluminum chloride. 
They found at least 1 per cent by weight of aluminum chloride necessary to pro¬ 
duce a marketable gasoline. The sulphur content was reduced by about 50 per 
cent, but gum formation and odor increased in storage. 

Action of Anhydrous Aluminum Chloride on Paraffin Hydrocarbons 

Pictet and Lerczynska treated various higher fractions of American and 
Russian petroleum with 10 per cent of aluminum chloride and obtained benzine 
fractions corresponding to almost pure paraffin hydrocarbons. When the re¬ 
siduum had been freed from aluminum chloride by washing with water, there 
remained a black pitch, resembling asphalt, partly soluble in alcohol and ether 
and completely soluble in chloroform. Analysis of this pitch showed it to consist 
of 92.2 per cent carbon and 7.2 to 7.6 per cent hydrogen, corresponding to the 
empirical formula C^H^. Pictet and Lerczynska were of the opinion that alumi¬ 
num chloride caused the splitting off of side chains from naphthene hydrocarbons 
and polymerization of the unsaturated residue. Zelinsky -• obtained similar re¬ 
sults with heavy petroleum oils and also found that the lower fraction (boiling 
up to 70° C.) of the gasoline obtained by the aluminum chloride process con¬ 
sisted largely of paraffin hydrocarbons. The lower petroleum fractions boiling 
up to 125° C. were found to be much more resistant to the action of the chloride 

See, for example, Stanley, J.S.C.L. 1930, 49, 349T. Pictet and Lerczynska, Bull. soc. chim., 
1916, 19, 326. Menschutkin, J. chim. phys., 1911, 9, 538; Chem. Soc. Abs.. 1911, 100 (1), 992. 

^Petroleum, 1917, 12, 413; Chem. Abs., 1919, 13, 3005. 

Aterb. Ncft. Khoc., 1931, Nos. 11-12, 88-90; Chem. Abs., 1932, 26. 2309. 

Bull. soc. chim., 1916, 19, 326; Chem. Soc. Abs., 1916, 110 (1). 785. 

** Techn. Wirtschaftl. Sochr., 1922, 193; Chem. Zentr., 1923, I, 476; Chem. Abs., 1924, 18, 1746. 
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than the higher ones. Naphthenes were entirely absent from the products of 
the action of aluminum chloride on paraffin wax, only paraffin hydrocarbons be¬ 
ing present. 

Comprehensive study of the behavior of aluminum chloride with hydrocarbons 
was conducted by Grignard and Stratford*® who determined the action of 20 
to 30 per cent of this reagent on various pure hydrocarbons at temperatures 
ranging from 120° to 150° C. All the paraffin hydrocarbons studied, namely 
octane, diisobutyl, decane, diisoamyl, and heptadecane, split off n-butane. When 
the molecule contained ten or more carbon atoms butane was §plit off simultane¬ 
ously from both ends. The unsaturated residues polymerized with the production 
of complex hydrocarbons. ^ 

Cox*® found that when nonane was heated for 8 hours at 110° to 120° C. 
with aluminum chloride, butane was produced, and concluded that the residual 
pentene was partly converted into cyclopentane, this view being supported by 
the fact that cyclopentane is not affected by heating with aluminum chloride. 

Further work on the action of aluminum chloride on the paraffin hydrocarbons 
was reported by Jurkiewicz and Kling.*® Decomposition was effected in sealed 
glass tubes over the temperature range 250° to 500° C. Methane was not con¬ 
verted into higher hydrocarbons but hydrogen was evolved and carbon deposition 
was noticed at 500° C. Ethane began to decompose at 320° C. and at 410° C. 
the formation of oily substances and carbon had begun, becoming appreciable 
at 500° C. These oily substances, which were considered to be addition com¬ 
pounds of aluminum chloride and hydrocarbons, were encountered also with other 
hydrocarbons studied. Synthesis of higher hydrocarbons from isobutane was 
noted at 245° C. The temperature range 370° to 390° C. was considered to be 
a critical one, above which the reaction of aluminum chloride is no longer 
specific. The observation was made that the resistance of paraffin hydrocarbons 
to the action of aluminum chloride decreases with* increasing molecular weight. 

Schneider®^ studied the action of aluminum chloride on hexane and isohexane 
and found that a synthesis of more complex molecules occurs, as well as decom¬ 
position to smaller ones. The gaseous decomposition products consisted of 
butane, a little propane, pentane and unchanged hexane, but no methane. The 
liquid residues consisted of hydrocarbons boiling higher than the original mate- 
ri^. Unsaturated hydrocarbons were retained in the aluminum chloride sludge 
and were recovered by decomposing it with ice water. 

Butane was reported ** as the principal constituent of the gas produced by 
the action of aluminum chloride on various Russian petroleum oils. 

Summing up, therefore, we may conclude that the lower paraffin hydrocarbons 
are relatively resistant to the action of aluminum chloride, the synthesis to 
higher hydrocarbons taking place at elevated temperatures accompanied by some 
decomposition. The higher hydrocarbons, on the other hand, react at much lower 
temperatures and tend to split off lower hydrocarbons (chiefly butanes) followed 
by polymerization of the unsaturated residues. 

Action of Anhydrous Aluminum Chloride on Olefins 

The chief action of aluminum chloride on olefins is one of polymerization 
but this reaction may be obscured by extensive decomposition resulting in the 

^Compt. rgnd., 1924, 178, 2149; Chetn. Soc, Abt., 1924, 126 (1), 841. 
soc. chim., 1925, 37, 1549; Chem. Abs.» 1926, 20, 899. 

^Prcemysl Chem., 1929, 13, 481; Chem. Abs., 1930, 24, 1338. 

Abstracts Sci. Tech. Publications. Mass. Inst. Tech., 1928, 72. See also Thesis. Mass. Inst. 
T««*., 1931; ibid., 1931, 55; Chem. Aits., 1931, 25. 5175. ’ 

* Dubrov, Lavrovsky, Goldstein, Pish and Mikhnovskaya, he. cit. 
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formation of lower paraffins and higher-boiling hydrocarbons of lower percentage 
hydrogen than the original hydrocarbon.®® At ordinary temperature and pressure 
anhydrous aluminum chloride slowly adsorbs ethylene but most of the olefin is 
recovered on heating, only a small amount of residual red oil being obtained.®* 
Isobutene and aluminum chloride yield colorless oils, and also dark red oils 
which contain 11.5 per cent aluminum and further react with isobutene. Leen- 
derste, Tulleners and Waterman ®® observed that the chloride has very little effect 
on isopropylethylene at —80^ C. A slig^it rise in the temperature, however, 
brought about ^e formation of viscous and sticky polymerized bodies. 

Szayna ®® investigated the reaction between the lower olefins and aluminum 
chloride. He noted that ethylene reacted Vith fiifficulty at 100® C. and 150® C., 
yielding only small quantities of condensed pr^ucts. Under similar conditions 
other olefins gave a gas, liquid hydrocarbons, and an organo-metallic compound. 
The gas was composed exclusively of butane. The lower-boiling liquids were 
chiefly paraffins and the heavier fractions consisted of cycloparaffins together 
with small amounts of unsaturated hydrocarbons. The organo-metallic compound 
was a dark brown viscous oil, decomposable by water, and had the empirical 
formula AlCla(C 4 Hx)n. The oil from this complex, after hydrolysis, corre¬ 
sponded with either (CaHia)^ or (CgHia)^, and its properties indicated the 
presence of cyclic unsaturated hydrocarbons. 

Ipatiev and Rutala ®^ studied the influence of catalysts, such as aluminum and 
zinc chlorides, on the condensation of ethylene under pressure. In the presence 
of zinc chloride at 70 atmospheres pressure polymerization took place at 275® C., 
the liquid products consisting of pentane, isopentane, hexane and higher paraffins, 
together with olefins of 6 to 9 carbon atoms.®® Under 70 atmospheres pressure 
at ordinary temperature freshly prepared aluminum chloride induced polymeriza¬ 
tion to a greenish-red liquid containing paraffins in the lower fractions. At 
200® C., only a carbonaceous residue was obtained. Prior to the work of Ipatiev 
and Rutala on ethylene, the polymerizing effect of aluminum chloride on other 
unsaturated hydrocarbons had been demonstrated by Heusler,®® and the polymeri¬ 
zation of amylene in the presence of that reagent had been studied by Aschan 
and by Engler and Rutala.*^ The latter investigators found that the lower-boiling 
products consisted chiefly of paraffins, the cycloparaffins predominating in the 
fractions boiling above 175® C. Furthermore, they obtained an oil containing 
87 per cent carbon, having a composition corresponding to CnH^n.® and possessing 
the properties of naturally occurring lubricating oil.** Steinkopf and Froutid*® 
observed that the reaction of aluminum chloride on turpentine oil yields products 
of a nature similar to those obtained from straight-chain olefins. 

Stanley ** examined the reaction between aluminum chloride and ethylene under 
pressures up to 50 atmospheres at ordinary and elevated temperatures in the 


** For a review of theories of polymerization see Carothers, Chem. Reviews, 1931. 8, 3S3. 

"Hunter and Yohe, J.A.C.S., J933, 55, 1248. 

**Rec. trav, chim., 1933, 52, 515. 

** Preemysl Chem., 1928, 12, 637; Chem. Abs., 1929, 23, 1384. 

« Ber., 1913, 46, 1748. s 

" Unsaturat^ hydrocarbons of high molecular weight are said to be produced by contacting olefins 
at high temperatures, but below 300* C., for about 100 seconds with aluminum chloride; 1. G. Farbeh- 
Industrie A.-G., French Patent 718,346, 1931; Chem. Abs., 1932, 26. 2986. Also Pure Oil Co., French 
Patent 680,038, 1929; Chem. Abs., 1930, 24, 3799; recommends the use of temperatures of 260* to 
540* C. with pressures of 40 to 120 atmospheres for polymerization of ethylene and propylene. 
angew. Chem., 1896, 9, 288, 218. 

" Ann., 1902, 324, 26. 

" Ber., 1909, 42. 4610, 4620. 

" Ber., 1910, 43, 388; also Engler and Halmai, ibid., 1910, 43, 397. 

** Ber., 1914, 47. 411. 

^J.S.C.I., 1930, 49, 349T. ‘See also Nash, Chem. Age {London), 1932, 26, 234; and Nash, 
Stanley and Bowen, Pet, Times, 1930, 24, 799; /. Inst. Pet. Tech., 1930, 16, 830; Chem, Abs., 1931, 
23, 1664. 
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presence of a diluent such as aromatic-free petroleum ether. At ordinary tem¬ 
peratures the reaction was rather slow, and yielded a free oil (an oil not combined 
with aluminum chloride) aad a viscous, pasty organo-metallic compound from 
which some oil which had combined was obtained on decomposition with water. 
The free oil consisted mostly of liquid saturated hydrocarbons containing from 
10 to 45 carbon atoms per molecule. The lower-boiling fractions were paraffins 
but the main part of the oil consisted of saturated hydrocarbons of the formula 
CnHjn, presumably cycloparaffins. The oil liberated from the organo-metallic 
compound consisted of a complex mixture of hydrocarbons with from 10 to 
more than 50 carbon atoms per molecule, apparently unsaturated and containing 
less hydrogen than required by the formula CnHai,. The oil was regarded as 
being composed of unsaturated hydrocarbons of the olefin series mixed with 
hydrocarbons of lower hydrogen content (probably unsaturated cyclic hydro¬ 
carbons). Stanley found that the condensation of ethylene under pressure was 
much more rapid at higher temperatures but the life of the catalyst was shortened 
under these conditions and gaseous paraffin hydrocarbons appeared. As before, 
free oil and aluminum chloride double compounds were formed but these differed 
considerably from the products obtained at lower temperatures. The organo- 
metallic complex tended to contain greater proportions of combined carbon with 
rising temperature. The free oil formed at higher temperatures was clear and 
contained large proportions of low-boiling constituents. The low-boiling frac¬ 
tions consisted of paraffin hydrocarbons of five or more carbon atoms. The 
higher-boiling fractions contained compounds deficient in hydrogen corresponding 
to the formulas and probably polynuclear naphthenes. 

The primary reaction was considered to be polymerization to higher olefins 
which combined with the aluminum chloride to form organo-metallic complexes. 
Isomerization of some of the higher olefins to the corresponding cycloparaffins 
sufficed to explain the formation of the saturated free oil at lower temperature. 
At higher temperatures the processes of polymerization and isomerization were 
attended by extensive decomposition, resulting in the splitting off of lower paraffins 
with subsequent polymerization of the unsaturated residues. These tliree reac¬ 
tions, namely, polymerization to higher olefins, isomerization of these olefins to 
the corresponding cycloparaffins, and the splitting off of lower paraffin molecules 
from the more complex hydrocarbon molecules, are undoubtedly the principal 
changes which occur through the action of aluminum chloride on olefin hydro¬ 
carbons. 

Henderson and Gangloff^® isolated numerous compounds of olefins and alumi¬ 
num chloride formed by passing the unsaturated hydrocarbon into a solution of 
aluminum chloride in methyl or ethyl alcohol. Thus, in methyl alcohol ethylene 
formed a substance of the approximate formula AlCl 3 *C 2 H 4 *CH 30 H*ri 20 , and 
amylene gave AlCla-QHjo-CHaOH. There appears to be little doubt, according 
to these investigators, that in the catalytic oil-cracking processes, the catalyst com¬ 
bines with certain products of the reaction, thus preventing the distillation of 
the unsaturated potion of the oil. 

The polymerizing action of aluminum chloride on olefins requires special 
consideration on account not only of the theoretical interest associated with the 
reaction but also of the great technical importance which processes of this char¬ 
acter are assuming, particularly in the production of synthetic lubricants. The 
action of aluminum chloride on hydrocarbons is undoubtedly a special case of the 
Friedel-Crafts reaction, which is also catalyzed by other anhydrous chlorides. 

1916, 38, 1382; 1917, 39, 1420. 
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Thus, Pictet and Ijerczynska found that anhydrous ferrous or ferric chlorides 
could be similarly used in the cracking of hydrocarbons; but their action is 
weaker and requires higher temperatures than aluminum chloride.^^ 

The polymerization of gaseous olefins by aluminum chloride to yield viscous 
oils capable of use as lubricants is receiving attention, especially in countries 
where supplies of crude petroleum are not available. The question of the pro¬ 
duction of synthetic lubricants is discussed in a separate section later. 

Although this discussion has been restricted largely to the action of aluminum 
chloride on olefins, it should be noted that the polymerizing action of zinc chlo¬ 
ride has been investigated by Kondakov and that qf boron trifluoride by But¬ 
lerov and Gorianov and by Otto and his associates.®® According to Otto,®^ oils 
which very closely resemble lubricating oils in tbeir flash points and viscosities re¬ 
sult from the polymerization of ethylene in the presence of boron fluoride. These 
polymerizations, however, are discussed with greater detail in Chapter 26. 


Action of Anhydrous Aluminum Chloride ok Cycloparaffins 


According to Gurwitsch and Moore,®® naphthenes combine with aluminum 
chloride to form orange-colored viscous liquids, which are decomposed by water 
to yield condensation products, cyclopentane derivatives being decomposed more 
quickly than cyclohexane derivatives. On the other hand, Cox ®® found that cyclo¬ 
pentane is not affected by heating to 110° to 120° C. with aluminum chloride 
and Koetschau ®* observed that cyclohexane and methylcyclopentane are produced 
by heating hexane at 120° C. under pressure with the chloride. 

Transformation of cyclohexane to methylcyclopentane derivatives, as well as 
dehydrogenation of cyclopentane derivatives, has been noted in other instances. 
Unger ®® reported that acetyl chloride reacts with cyclohexane in the presence of 
aluminum chloride to yield derivatives of methylcyclopentane and methylcyclo- 
pentene. According to Nenitzescu and Cantuniari,®® methylcyclopentane, under 
the same conditions, forms 2-acetyl-1-methylcyclopentane and 2-acetyl-1-methyl- 
cyclopentene. The formation of the unsaturated ketone was shown to result from 
the presence of water in the aluminum chloride. During the reaction between 
cyclohexane and acetyl chloride: some acetaldehyde is produced. The hydrogen, 
required for the reduction of acid chloride to the aldehyde is apparently de¬ 
rived from the saturated ketone formed by the reaction of cyclohexane and acetyl 
chloride. Another instance of a similar reduction is that occurring when 2-acetyl- 
1-methylcyclopentane dissolved in cyclohexane is treated with benzoyl chloride 
and aluminum chloride. No reaction was detected between the cyclopentane de¬ 
rivative and benzoyl chloride which was reduced to benzaldehyde with the simul¬ 
taneous formation of an equivalent quantity of the hydrocarbon from the 

cyclohexane. 

Nenitzescu and Cantuniari observed that when cyclohexane is boiled for 
several hours with anhydrous aluminum chloride, it is practically unchanged, but 


^ Bull. soc. ckim., 1916, 19. 32^ Chem. Soc. Abs., 1916, 110 (1), 78S. 

Nash and Mason (/nd. Eng. Chem., 1934, 20, 45) reviewed the action of halogens and halogen 
compounds, particularly aluminum chloride, on the heat treatment of hydrocarbons. 

*/. Russ. Phys.-Cnem. Soc., 1892, 24, 309; Chem. Soc. Abs., 1893, 64 (1), 382. 

^ Ann., 1873, 169, 147; Ber., 1873. 6, 561; Chem. Soc. .Abs., 1873, 26, 873. 

"•Hofmann, Otto, and Stegemann, U. S. Patent 1,885,060, Oct. 25, 1932; Chem. Abs., 1933, 27 
1006. 


Brennstoff Chem., 1927, 8. 321; Brit. Chem. Abs. B, 1927, 930. 

•• **Scienti6c Principles of Petroleum Technology,’* D. Van Nostrand Co., Inc., New York 1932 102 
**Bult. soc. chim., 1925, 37. 1549; Chem. Abs., 1926, 20, 899. 

••Z. angew. Chem., 1921. 34. 406; Chem. Abs., 1921. 15, 4006. 

"Ber., 1932, 65, 467. Cf. Hopff, Ber., 1931, 64, 2739. 
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under the influence of aluminum chloride containing water it is converted largely 
into methylcyclopentane. The maximum yield is about 20 per cent. The same 
equilibrium can be reached by starting with methylcyclopentane. No evidence of 
the formation of dimethylbutane was obtained. 

Zelinsky and Tarassova pointed out that the isomerization of cyclohexane 
to methylcyclopentane does not take place quantitatively during the Friedel-Crafts 
reaction, but rather that its extent depends upon the experimental conditions. 
Furthermore, the production of unsaturated ketones by the reaction between acetyl 
chloride and cyclohexane is diminished by using an excess of aluminum chloride. 
In other words, an excess of aluminum chloride restricts the dehydrogenation of 
cyclohexane. The use of a poisoned catalyst (for example, technical aluminum 
chloride containing 3 per cent ferric chloride) increases the proportion of un¬ 
saturated ketones formed. The hydrogen liberated during the dehydrogenation 
reaction reduces the acid chloride to the aldehyde. 

An unusual molecular rearrangement was observed by Hopff.®® When cyclo¬ 
hexane is treated with carbon monoxide in the presence of aluminum chloride 
hexahydrobenzaldehyde is not formed but l-methyl-2-cyclohexanone. Here no 
contraction of the ring takes place but rather a migration of a group from 
the nucleus to form a side chain. 

Treatment of cyclohexane with aluminum chloride or bromide followed by 
dehydrogenation over a platinized carbon catalyst yielded methylcyclopentane, 
benzene, and dimethylcyclobutane. Aluminum bromide was found to dehydro¬ 
genate the latter compound to 1,2-dimethyldicyclo-[0,1,1]-butane, to which hy¬ 
drogen adds yielding 1,2,3-trimethylcyclopropane.®® These various steps, begin¬ 
ning with cyclohexane, may be illustrated as follows: 
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Zelinsky and Smirnov®^ noted that the decomposition of heptanaphthene (iso¬ 
lated from petroleum) by aluminum chloride in the presence of hydrochloric acid 
resulted in the formation of isobutane and an aluminum chloride-hydrocarbon 
complex AlClj C^Hg. 

From their work on the decomposition of Galician, Austrian, American and 
Caucasian heavy oils by anhydrous aluminum chloride, Pictet and Lerczynska 

« Ber., 1932, 6S. 1249. 

•• Ber., 1932, 65. 482. 

•Zeliniley and Turova-Pollak, Bcr., 1932, 65. 1171. 

^ Brennsioff'Chem., 1925, 6, 249; Chem, Soc. 1925, 128 (1), 1125. 

^ Bull. soc. chim.» 1916, 19, 326; Chem. Soc. Abs., 1916, 110 (1), 785. 
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concluded that side chains split off from naphthenic hydrocarbons with formation 
of a paraffin and the unsaturated cyclic residue polymerizes. This conclusion 
was substantiated by the comprehensive work of Grignard and Stratford/^ These 
latter workers found that, by heating at 120® to 150® C. in the presence of 20 to 
30 per cent of aluminum chloride, cyclohexane and methylcyclohexane are not 
changed, but both 1,2- and 1,4-diinethylcyclohexanes are isomerized to the 1,3- 
compound, the 1,4-coinpound isonierizing more readily. Derivatives of cyclohex¬ 
ane with side chains of 2 or 3 carbon atoms are converted by isomerization 
chiefly into the 3-methyl derivatives. For example, 1,3-diethylcyclohexane yielded 
largely tetramethylcyclohexane and only small quantities of butane. The three 
isomeric butylcyclohexanes form paraffins to the extent of 13 to 15 per cent, the 
products being n-butane from the normal and secondary isomers and a mixture 
of n- and isobutanes from tertiary butylcyclohexane. The principal reaction is 
an isomerization to a mixture of tetramethylcyclohexanes. Amyl- and isoamyl- 
cyclohexanes are decomposed to the extent of 70 per cent and 42 per cent, re¬ 
spectively, both yielding butane. Isomerization also occurs to form a mixture 
of tetramethyl- and pentamethylcyclohexanes. 

It appears, therefore, that cyclohexane, cyclopentane and their immediate 
homologues are fairly stable toward anhydrous aluminum chloride. Cyclohexane 
and its derivatives, however, oftentimes undergo molecular rearrangement or 
dehydrogenation. Derivatives of the naphthene hydrocarbons, particularly those 
with long side chains, tend to split off the side chains with the formation of 
lower paraffin hydrocarbons (and subsequent polymerization of the unsaturated 
cyclic residue), or to isomerize to other polymethylene derivatives. 

Action of Aluminum Chloride on Aromatic Hydrocarbons 

The most important reaction of aluminum chloride with aromatic hydrocarbons 
yields polynuclear hydrocarbons by dehydrogenation. This dehydrogenating ac¬ 
tion is facilitated by substances capable of taking up hydrogen.®* Friedel and 
Crafts ®® found that at 180° C. in the presence of aluminum chloride benzene 
yields diphenyl, toluene and ethylbenzene, together with some ditolyl. As shown 
by Homer,®® these changes take place even more readily with naphthalene, which 
yields dinaphthyl and higher hydrocarbons. 

The condensation of higher aromatic hydrocarbons to produce otliers con¬ 
taining a larger number of aromatic nuclei also takes place under the influence 
of aluminum chloride. Scholl and his collaborators,®’^ who paid particular atten¬ 
tion to the use of aluminum chloride in the production of polynuclear aromatic 
substances, found that dinaphthyl could be readily converted into perylene. 



•*Compt, rend., 1924, 178, 2149j Chem. Soc. Abs., 1924, 128 (1). 841. 

•* Kranzlein, **Aluminunichlorid in der organischen Chemie,” Verlag Chemie, Berlin, 1932, 79. 
** Compt, rend., 1885, 100, 692; Chem. Soc. Abs., 1885, 48, 654. See also Anschutz and Immendorf, 
Ber., 188i 18. 657; Chem. Soc. Abs., 1885, 48, 769. 

^J.C.S., 1907, 91, 1103; Chem. Abs., 1907, 1, 1551. 

" Scholl, Seer and Weitaenbock, Ber., 1910, 43, 2202; Chem. Soe. Abs., 1910, 98 (1), 616. 
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and that phenyl-a-ketonaphthalene was dehydrogenated at 140° C. to yield ben* 
zanthrone ; 



Aluminum chloride can also act as a dehydrogenating agent without effecting 
nuclear condensation. For example, Scholl and Seer*® have shown that it is 
possible to obtain anthracene by treating 9,10-dihydroanthracene with aluminum 
chloride. 

- cco 

H H 

A similar dehydrogenation of 9,10-diphenyl-9,10-dihydroanthracene to 9,10-di- 
phenylanthracene has also been shown to take place.^® 

Besides these dehydrogenation reactions, aluminum chloride also causes a rear¬ 
rangement and splitting off of side chains in certain benzene derivatives. Thus 
Copisarow observed that when commercial xylene is heated at its boiling point 
with 3 to 20 per cent of its weight of aluminum chloride about one-half of the 
xylene is recovered unchanged, toluene is obtained in a yield of about 20 per 
cent together with a small quantity of benzene, and about 30 per cent of the 
original xylene is converted into substances of higher boiling points, probably 
higher homologues of benzene. I^court^® reported that at room temperatures 
p-ter-butyl-toluene reacts with anhydrous aluminum chloride yielding isobutane, 
toluene, di- and tri-biityltoluene, some unchanged hydrocarbon and a high-boiling 
residue. Under the same conditions p-cymene yields benzene, toluene, xylene, 
3,5-diisopropyltoluene, unchanged cymene and a high-boiling residue. 

Industrial Applications of the Polymerization of Olefins by Aluminum 
Chloride and Other Halides 

Much attention is being directed toward the polymerization of the very 
abundant supplies of olefins, particularly the gaseous ones, to high molecular 
weight hydrocarbons, especially with a view to producing synthetic lubricating 
oils.''* Otto found, for example, that the oils produced by the action of boron 
trifluoride on ethylene under pressure have lubricating properties. The work 
of Stanley (already discussed) on the production of oils from the polymeriza¬ 
tion of ethylene by anhydrous aluminum chloride is of interest in this connection. 

•Scholl and Seer, Monatshcfte, 1912, 33, 1; Chcm. Soc. /lbs., 1912, 102 (1), 271; Ann., 1912, 
394, 111; Chcm. Soc. Abs.. 1913, 104 (1). 56. 

•Ber., 1922, S5, 330; Chcm. Abs., 1922, 16, 2505. 

•Barnett, Cook and Nixon, J.C.S., \927, 504. 

^^J.C.S., 1921, 119, 1806. 

soc. chim. Belg., 1929, 38, 1; Chcm. Abs., 1929, 23, 2431. 

• See Nash, J. Inst. Fuel, 1930, 3, 347. Petrov, Khim. Tvcrdogo Topliva, 1931, 2, No. 11-12, 108*20. 
Proaress in the manufacture of synthetic lubricating oils has been reviewed by Nasth, /. Inst. Pet. 
Tech., 1930, 16. 313. 

Brennstoff-Ckem., 1927, 8, 321; Chem. Abs., 1928, 22, 1465. This subject is treated in Chapter 26. 
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Brownlee^* produced a low cold-test lubricating oil (pour test, —68® F.) by 
the polymerization of the liquid olefins in cracked gasolines with anhydrous 
aluminum chloride. A similar process was proposed by the Braunkohlen Produkte 
A.-G.^® Gaseous olefins may also be polymerized by passing them under slight 
pressure through a suspension of aluminum chloride in gasoline or some other 
liquid medium at ordinary temperatures.^^ Krauch reported that when gaseous 
olefins are passed into suspensions of aluminum chloride in petroleum ether 
polymerization to lubricant hydrocarbons of high molecular weight takes place. 
When the middle oils are used as the medium, not only do polymerization reac¬ 
tions occur but there is also a condensation betyreen the middle-oil hydrocarbons 
and the olefins. The result is that from the thin middle oil, highly viscous oils 
somewhat similar in properties to lubricating oils derived from natural petroleum 
are produced. 

The production of lubricating oils by the polymerization of olefins, particu¬ 
larly those from the cracking of paraffin wax, was described by Sullivan, Voor- 
hees, Neeley and Shankland.^® Such oils are characterized by high flash point; 
high specific gravity, relatively small changes in viscosity with temperature, 
excellent color, low Conradson carbon, and low susceptibility to oxidation. Fur¬ 
thermore, since no wax-like substances are formed during the polymerization 
process these oils also possess low pour tests. The method of producing such 
oils may be described briefly as follows: The crude wax is cracked at atmospheric 
pressure at a temperature of 950° to 1000° F. (510° to 540° C.). A distillate 
having an end point of about 500° F. (260° C.) is separated from the products 
of cracking and this is polymerized by stirring with aluminum chloride (50 grams 
per gallon of distillate) for 18 hours at 210° F. (99° C). The stirring is then 
stopped and the tar which settles is withdrawn. The remaining oil is next 
steamed until the desired viscosity is reached. In one example, the products so 
obtained consisted of about 10 per cent of light distillate, 80 per cent of an oil 
of 90 seconds Saybolt viscosity (at 210° F.), and about 10 per cent of tar. 

Zherdeva treated cracked fractions boiling between 150° and 280° C. 
with 3 per cent aluminum chloride for 30 hours at 60° to 70° C. under atmos¬ 
pheric pressure. Two layers were formed, the upper containing a synthetic oil 
(amounting to 30 to 40 per cent) of low pour point and good viscosity index. 
On oxidation with air at 150° C. for 24 hours, carboxylic acids formed. 

The products obtained by cracking mineral oils or tars, brown-coal tar oils 
or petroleum residues may be polymerized in the presence of anhydrous halides, 
such as aluminum chloride or boron fluoride, to yield lubricating oils.®^ The 
cracking operation can take place in the presence of metallic catalysts (e.g., 
porous iron or nickel), or decomposition may be accomplished by first forming 

"British Patent 141.753, 1920; Chem. Ahs., 1920. H. 2549; U. S. Patent 1.374,277. Apr. 12. 
1921; C/um. Ahs., 1921, IS, 2682; N<it. Pci. News, 1919, 9, 35. Cf. U. S. Patent »,309,432, July 8, 
1919; Chem. Ahs., 1919, 13, 2274. 

"French Patent 608,425, 1925; Brit. Chem. Ahs. B, 1927, 245. 

" Soc. Ricard, Allenet et Cie. (Soc. anon. des. distilleries des Deux-Sevres), British Patent 202,311, 
1923; Chem. Ahs., 1924, 18, 275. U. S. Patent 1.745.028, Jan. 28. 1930; Brit. Chem. Ahs. B, 1930, 276. 

Proc. Second Inter. Conference Bituminous Coal, 1928, 1, 32; Oil & Gas 1929, 27, 156, 158, 
160; Chem. Ahs.. 1929, 23. 2284. See 1. G. Farbenind. A.-G., British Patent 275,664, 1926; Chem. 
Ahs., 1928, 22, 2463; Krauch and Muller-Cunradi, Canadian Patent 278,741, 1928; Chem. Ahs., 
1928, 22. 2829. 

^ Ind. Eng. Chem., 1931, 23, 604. This article gives a very complete account of methods for 
the polymerization of ethylene. See also Sullivan, Voorhees, Oak and Barnard, J. Soc. Automotive 
Engrs., 1931, 29, 40; Chem. Ahs., 1932, 26. 5409. 

"Sullivan and Voorhees, Canadian Patent 319,995, 1932; assigned to Standard Oil Co. of Indiana: 
Chem. Ahs.. 1932, 26, 2586. British Patent 355,214, 1929; Chem. Ahs., 1932, 26, 4169. French 
Patent 690.966. 1930; Chem. Ahs., 1931, 25. 1376. 

AWf. Khoz., 1932, 24. 236; Chem. Ahs.. 1933. 27. 5177. 

1. G. Fartienindustrie A.-C., German Patent 540.014, 1927; French Patents 712,912, 1931; 
713.149 and 713.150. 1931; Chem. Ahs., 1932, 26, 1770. 

" I. G. Farbenindustrie A.-G., British Patent 354,441, 1930. 
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the chlorine derivatives of the hydrocarbons and then eliminating hydrogen 
chloride from these by heating in the presence of aluminum oxide, zinc chloride, 
or other similar catalysts.*^ Before condensation with aluminum chloride, aro¬ 
matic hydrocarbons (naphthalene or anthracene) can be mixed with the products 
described above. 

In producing lubricating oils by the polymerization of olefins, the addition of 
finely divided aluminum, or zinc ** or nickel ** to the aluminum chloride, accord¬ 
ing to Howes, increases its activity. Hagemann •• reported that the activity of 
the catalyst is reduced by the presence of oxygen or sulphur compounds. 

Weizmann and Legg*^ proposed to polymerize butylene at a temperature of 
—10° C. in the presence of a catalyst such as aluminum chloride to form naph¬ 
thene hydrocarbons in quantitative yields. It has also been stated that un¬ 
saturated hydrocarbons (isobutylene and amylene) can be polymerized by sub¬ 
jecting them to the action of the addition compounds of aluminum chloride, or 
other metallic chlorides, and substances other than olefinic hydrocarbons. Ex¬ 
amples of such addition compounds are those of aluminum chloride with nitro¬ 
benzene,, acetone and benzoyl chloride."® Haeuberpolymerized liquid olefins 
by heating them in the presence of the addition compound of ethylene and alumi¬ 
num chloride, prepared by leading ethylene through a suspension of aluminum 
chloride in a saturated hydrocarbon at 40° to 60° C. 

When gases rich in lower olefins such as ethylene, propylene, butylene 
and amylene, are passed into liquid hydrocarbons containing catalysts of the 
Friedel-Crafts type (aluminum, zinc, or ferric chlorides), oils which may 
be used as lubricants are obtained. The activity of the catalysts may be increased 
by the addition of mercuric or uranyl chloride. Temperatures up to 200° C. are 
recommended and either atmospheric or higher pressures may be employed.®” 
According to Petrov, Antzus and Pozhiltzeva,®^ synthetic lubricating oils from 
cracking gas and aluminum chloride contain a smaller amount of aromatics when 
the reaction temperature is low. They also find that the synthetic oils are more 
homogeneous than natural mineral oils. 

The polymerization of mineral and tar oils free from paraffin wax and 
boiling from 200° C. to 300° C. has been carried out by heating them below crack¬ 
ing temperatures in the presence of anhydrous aluminum chloride and finely 
divided metals or metalloids. For example, brown-coal tar (100 parts), having 
a viscosity of 2.8° Engler at 20° C., is stirred with 9 parts of aluminum chloride 
and 1 part of zinc dust at 180° C. for 8 hours. Copious evolution of hydrogen 
sulphide takes place but there is no cracking. Lubricating oil (46 per cent by 
weight) of a viscosity of 24° Engler at-20° C. together with burning oils is 

** I. G. Farbenindu.strie A.-G., British Patent 363,823, 1930. 

** British Patent 363,846, 1931; assigned to Imperial Chemical Industries, Ltd. 

‘^British Patent 372,763, 1931; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem, Abs. B, 

1932, 715. See also I. G. Farbenindustrie A.-G., British Patent 318,311, 1928; Brit, Chem. Abs. B, 
1929 883. 

“"Erddt M. Tecr, 1931, 7, 464, 478; Chem. Abs^ 1932, 26, 2583. 

” U. S. Patent 1,395,620, Nov. 1, 1921; J.S.C.J., 1921, 40, 903A; British Patent 165,452, 1916; 
J.S.C.I., 1921, 40, 67SA. 

** Bataafsche Petroleum Maatschappij, British Patent 358,068, 1930. French Patent 716,159, 1931; 
Chem. Abs., 1932, 26, 2197. See also 1. G. Farbenindustrie A.-G., British Patent 358,495, 1930; 
Chem. Abs., 1932, 26, 4945; British Patent 316,701, 1928; Brit. Chem. Abs. B, 1929, 932. Michel, 
Punas and Galle, German Patent 548,578, 1927; Chem. Abs., 1932, 26, 4168. 

* German Patent 557,305, 1929; assigned to I. G. Farbenindustrie, A.'G.; Chem. Abs., 1933, 
27, 304. 

*•1. G. Farbenindustrie A.*G., British Patent 299,086, 1927; Brit. Chem. Abs. B, 1928, 919. Also 
French Patent 650.799, 1928; Chem. Abs., 1929, 23. 3341. British Patent 366,502, 1930; Chem. Abs., 

1933, 27. 2030. French Patent 669,793, 1929; Chem. Abs., 1930, 24, 1970. French Patent 743,531, 
1933; Chem. Abs.. 19.13, 27. 3812. 

•*/. Aff>/ied Chem. ( 1932. 5. 790; Chem. Abs., 1933, 27. 186; Re/iner, 1933. 12, 293. 
See also i. G. harbenindustrie A.-G., British Patent 320,846. 1928; Brit. Chem. Abs. B, 1930, 180. 
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obtained.®* Unsaturated oils from sulphur dioxide extracts of hydrocarbon oils 
may be polymerized with aluminum chloride below ISO® C.®® 

Another process for converting mixtures of hydrocarbons (from the destruc¬ 
tive hydrogenation of coal, the cracking of oils, or the low-temperature carboniza¬ 
tion of coal) into products of higher boiling points consists of subjecting them 
to the action of a halogen, or halogen-exchanging substance, and a halide of an 
element from the third to eighth group of the periodic table.®* The operation is 
generally conducted at a temperature below 100® C. As an example, 10 parts 
of middle oil, with a boiling range of 200® to 270® C., are treated with 1 to 2 
parts of chlorinated methanes and 1 part of aluminum chloride at a temperature 
below 40® C. in a diluent such as benzene. According to a process developed 
by Chappell,®® hydrocarbon oils containing naphthenes may be condensed with 
chlorinated gaseous hydrocarbons in the presence of aluminum chloride. The 
products are drawn into a second reaction rone where they are treated with 
more aluminum chloride at a higher temperature; decomposition into gasoline and 
high-boiling oil is said to take place. A viscous lubricating oil (yield 50 to 60 
per cent) can be produced from paraffin wax or hydrocarbons having a mean 
molecular weight of 170 to 250 in the presence of aluminum chloride and agents 
such as chlorine, oxygen and sulphur.®® 

According to Thomas and Carmody,®^ who were especially interested in syn¬ 
thetic resins from petroleum hydrocarbons, four reactions appear to take place 
when a cracked petroleum distillate is treated with aluminum chloride: 

(1) Reaction of olefins to form high-boiling oily polymers. 

(2) Reaction of olefins with aromatics to form substituted aromatics. 

(3) Polymerization of diolefins and olefins to form resins. 

(4) Reaction of diolefins with substituted aromatics to form resins. 


Reaction 1, while of importance in the production of lubricating oils, is 
detrimental to resin formation. Such oils, because of their high boiling points, 
are difficult to separate from the resin, and their presence in the resin reduces 
its melting point. Such low-melting resins are not generally desirable in the 
paint and varnish industry. 

Reaction 2 does not stop with the monosubstituted compound, and di- and tri¬ 
substitutions often take place. These latter substituted aromatics are often high- 
boiling oils, and therefore the same objections are applicable to them as to the 
oils resulting from reaction 1. 

With reference to reaction 3, Thomas and Carmody®® have shown that when 
a pure diolefin is treated with aluminum chloride no apparent reaction takes place, 
but the addition of an olefin initiates it. For example, isoprcne alone does not 
react with aluminum chloride, but when 2-pentene is added a violent reaction 
takes place. The reaction can be controlled by adding aluminum chloride slowly 
until it is complete. Breaking down the aluminum complex yields two polymers, 
one soluble and the other insoluble in hydrocarbon solvents. The proportion of 
the soluble polymer formed is a function of the amount of 2-pentene present. 


^1. G. Farbenindustrie A.-G., British Patent 318.311, 1928; Brit. Chcm. /fbr. B, 1929, 883. 

** Halloran and Chappell, U. S. Patent 1,893,774, Jan. 10, 1933; assigned to Standard Oil Co. of 


I. G. Farbenindustrie A.-G., British Patent 320.846, 1928; Brit. Chem. Abs. B, 1930. 180. 

MU. S. Patent 1,878,262, Sept. 9, 1932; Brit. Chem. Abs. B, 1933, 614; U. S. Patent 1.891,619. 
Dec. 20. 1932; Brit, Chem. Abs. B, 1933, 740; both patents assigned to Standard Oil Co. of Cali¬ 
fornia. 

MI. G. Farbenindustrie A.-G., British Patent 349,071, 1930; Brit. Chcttr. Abs. B, 1931, 832. See 
also French Patent 669.518, 1929, Chcttr^ Abs., 1930, 24, 1970; and British Patent 322,284, 1928; 
Brit. Chtm. Abs. B, 1930, 94. 

M/Nd. Eng. Chsm., 1932, 24, 1125. 

*»J.A.C.S., 1932, 54, 2480. 
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and the hardness of the resin varies inversely with this component. The in¬ 
soluble polymer, having an empirical formula of C^H^, begins to depolymerize 
at about 116® C., is decomposed by strong acids and gives reddish-violet colora¬ 
tions with phenols. 

Diolefins react with substituted benzenes (reaction 4) to yield hydrocarbon 
resins. This reaction is governed both by the number of substituting groups in 
the benzene nucleus and by their nature. Thus, isoprene reacts very slowly, if 
at all, with benzene, but much more rapidly with toluene and with xylene. With 
the three xylenes, the yield of resin is less with the p-compbund than with o- 
xylene; m-xylene is intermediate. Again, when the benzene nucleus contains a 
substituent group other than methyl, the yield of resin is the greater and its 
color the lighter, the larger and more branched the group. 

Cyclic olefins (which react much more vigorously to yield a harder resin 
of better character) and diolefins follow the same general course of reaction as 
their corresponding straight-chain homologues. 



Chapter 7 

Production of Hydrogen and Carbon by Pyrolysis of 

Hydrocarbons 

The pyrolysis of all hydrocarbons leads ultimately to their resolution into 
carbon and hydrogen.^ Methane is the most resistant of all hydrocarbons to 
heat ^ and is always the most important final product (together with carbon and 
hydrogen) of their thermal treatment. In the initial stages of heating, each 
hydrocarbon follows its own individual decomposition reactions, but the final 
result is always the same, namely, the production of carbon, hydrogen and methane 
in proportions which gradually approach the equilibrium concentrations at the 
particular temperature used of the reaction CH 4 C + ZHj. The dissociation 
is endothermic and, accordingly, the extent of decomposition increases rapidly 
with rise in temperature. The equilibrium concentrations of this reaction have 
been determined (see Chapter 2) and at atmospheric pressure and various tem¬ 
peratures in the presence of nickel are given in Table 45 *: 



Table 45 .—Decomposition of Methane: CHa 

—^ C 4- 2 Hu 


Temp. 

CH 4 H. 

Temp. 

CHa 

H, 

•c. 

-Per Cent- 

•c. 

-Per Cent- 

500 

53.4 46.6 

900 

3.4 

96.6 

600 

29.9 70.1 

1000 

1.8 

98.2 

700 

14.5 85.5 

1100 

1.0 

99.0 

800 

6.8 93.2 

1200 

0.6 

99.4 


Bone and Coward * showed that methane differs from other hydrocarbons in 
that its decomposition is a surface phenomenon even at temperatures of 1200® C. 
and probably above, whereas with ethane, ethylene and other hydrocarbons the 
decomposition takes place throughout the whole mass of gas. However, even 
under favorable conditions, the rate of decomposition of methane is very slow, 
Pring ® finding that heating for 22 hours at 1200® C. or 2 hours at 1500® C. was 
necessary in order to attain equilibrium in this reaction. The experimental re¬ 
sults of Holliday and Exell,® on the dissociation of methane at various pressures 
and temperatures up to 1200® C., suggest a reaction approaching equilibrium but 
bearing no relation to the true reversible equilibrium. They thought this ap¬ 
parent equilibrium resulted from the deposition not of pure carbon but of a 
hydrocarbon possessing a vapor pressure greater than that of carbon. Holliday 
and Exell noticed, as have many other observers, that nickel increases tlie velocity 
of reaction enormously. 

^ Marchand, /. Pr. Chem., 1846, 36, 478. See Bone and Coward, J.C.S., 1908, 93. 1197. 

* See Francis, Jnd. Eng, Chem,, 1928, 20, 277. von Wartenberg, Z. physik, Chem., 1907, 61. 
366; Chem. Soc, Ahs., 1908, 94 (2), 26; Z. physik. Chem., 1908, 63, 269; Chem. Soc. Abs.. 1908, 
94 (2). 676. 

* Scheffer, Dokkum and Al, Rec. trav. chim., 1926, 43, 803. 

^J.C.S., 1908, 93, 1197; see Chapter 2. 

*J.C.S., 1910. 97, 498. 
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The various processes for the production of carbon and hydrogen from hydro¬ 
carbons differ from one another considerably, the conditions being dependent on 
the character of the products desired. The carbon initially formed in the pyrolysis 
of h 3 rdrocarbons. is converted into the amorphous gray variety if subjected to 
high temperatures for too long a time.^ Because of tliis it is necessary to use 
various devices to remove the carbon promptly from the reaction zone if carbon 
black, lampblack and similar types of carbon are the desired products. Moreover, 
in the prc^uction of carbon black it is probably best to employ fairly low tem¬ 
peratures. When harder and coarser forms of carbon are desired, one may use 
high temperatures and fairly long heating periods, that is, conditions which secure 
optimum yields of hydrogen from simple thermal decomposition processes. 

Various materials (metallic iron, nickel and cobalt) are known to catalyze 
the formation of carbon and hydrogen in the pyrolysis of hydrocarbons, but, 
in actual operation, the surfaces of the catalyst soon become covered with a 
layer of carbon which inhibits the catalytic action.® Unless means are pro¬ 
vided for removing the carbon deposit, either blowing it out at high gas speeds 
or burning it off periodically with a current of air or oxygen, the catalyst tends 
to become ineffective. Much attention has been directed to certain other processes 
which are capable of being catalyzed efficiently but in which the activity of the 
contact materials is not vitiated by carbon deposition. Among these are the reac¬ 
tions of methane with steam or carbon dioxide: 

CH*-hH,0 —>- CO-f3H, 

CH4*f2H,0 —Ca-f4H, 

CH 4 + CO. —2CO 4- 2H, 

and the partial catalytic oxidation of methane with oxygen at high temperatures: 
CH4 + ^0, —CO + 2H. 

These reactions are discussed fully later (Chapter 10) but it is well to note 
that they all yield mixtures of hydrogen and oxides of carbon and that the 
quantity of hydrogen produced by the introduction of steam is greater than that 
obtained in purely thermal decomposition processes. The manufacture of carbon 
and hydrogen by the direct pyrolysis of hydrocarbons only is considered in this 
chapter. 

The conditions necessary for the production of relatively high grade carbons 
appear to be (1) comparatively low temperatures consistent, of course, with 
sufficient rate of decomposition, but, more particularly, (2) the rapid removal 
of the carbon from the hot reaction zone before it is converted into the hard 
gray amorphous variety. The carbon formed in some of the earlier thermal 
processes was almost valueless, the hydrogen being usually the product desired. 
For example, in one commercial installation for the thermal decomposition of 
natural gas, only hydrogen was collected. The carbon black simultaneously pro¬ 
duced was grayish in color, contained hard particles, had a high apparent specific 
gravity, and had only one-fifth the tinting strength of ordinary carbon black. 
Naphthalene was also present in some samples, thus impairing its utility in the 
rubber-tire industry. The product found no market although some application 
was made of it in the formulation of cheap paints.® 

The very low yields of carbon black (corresponding to about 5 per cent of 

» Pcrrott, U. S. Bur. Mines Bull, 192, 1922, 59. 

* HolHd^ and Exell, he. cit.; Chamberlin and Bloom, Ind. Eng. Ckem., 1929, 21, 945; Wheeler 
and Wood, Fuel, 1928, 7, 535. See Chapter 2. 

* Neal and Perrott, U. S. Bur. Mines Bull 192, 1922. 
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the total carbon) from its manufacture by the incomplete combustion of natural 
gas (see Chapter 8) have focussed attention on other possible methods of pro¬ 
duction. The earlier processes proposed for the thermal decomposition of natural 
gas were unsuccessful, even though yields as high as 40 per cent of the theoretical 
carbon were obtained, because of the inferior quality of the product.'® Since 
1922 this difficulty has been overcome to a great extent and* carbon blacks made 
in this way have won a place in the market. The thermal decomposition proc¬ 
esses not only yield an increased proportion of carbon but simultaneously pr<kluce 
hydrogen. From 1000 cubic feet of methane it is theoretically possible to obtain 
31.82 pounds of carbon and 2000 cubic feet of hydrogen." In one process 
(Thermatomic), a yield of 7 pounds of carbon is obtained consistently from 
every thousand cubic feet of natural gas.'* Most of the early processes de¬ 
scribed in this chapter appear to have been designed primarily for the production 
of hydrogen, although it is conceivable that some of them might be modified to 
yield carbon for special purposes. 

PiiODUCTiON OF Carbon and Hydrogen by Simple Thermal Decomposition 

In 1886 McTighe proposed a method for the production of carbon by pass¬ 
ing hydrocarbon “vapors through a heated retort and separating the carbon in 
depositing chambers. Later, Purtle and Rowland passed hydrocarbon gases at 
a pressure of 10 pounds per square inch into a closed retort heated to 800® C. 
and periodically removed the deposited carbon by means of a scraper. 

By decomposing hydrocarbon gas in a retort heated electrically at 1300® to 
1800° C. and depositing the liberated carbon on the bottom of the retort, which 
is maintained at a relatively lower temperature, Snee'® prevented the coking 
of the carbon which would otherwise occur at the temperature of decomposition. 

To avoid the presence of such impurities as naphthalene, Fernekes '• pro¬ 
duced lampblack from methane or natural gas by passing the gas through an 
alundum tube heated to a temperature of 1300° to 1700® C. Under these condi¬ 
tions the gas is decomposed into carbon and hydrogen without the formation of 
intermediate products. 

Szarvasy described a process for the production of pure retort carbon by 
passing methane over pieces of carbon heated to a glowing temperature in an 
inclined retort. The carbon forms a dense and strongly adherent deposit on the 
carbon fragments. The carbon particles, whose size is thus increased, are removed 
either intermittently or continuously, and smaller fresh carbon fragments are 
introduced to replace them. The heating is effected electrically, or by combus¬ 
tion of methane-air or hydrogen-air mixtures. The heating by combustion and 
the decomposition reaction may be effected alternately in separate stages in the 
same retort. 

By passing methane through an externally heated chamber composed of pre¬ 
viously formed carbon, or carbon fragments, Szarvasy'® also obtained carbon. 
Since the incandescent walls of the carbon reaction chamber are efficient sur- 

*• Sec Neal and Pcrrolt, U, S. Pur. Mines Bull. 192, 1922. 

“ Moore, Ind. Eng. Ckcm., 1932, 24. 21. 

“ Chem, Met. Eng., 1932, 39, 380. 

“ U. S. Patents 346,168 and 346,169, July 27, 1886; Neal and Perrott, U. S. Bur. Mines Bull. 
192. 1922. 

**U. S. Patent 866,883, Sept. 24, 1907; J.S.C.I., 1907, 26, IlSl. 

*»U. S. Patents 1,036,362 and 1,036,363, Aug. 20, 1912; J.S.C.I., 1912, 31. 885. 

** U. S. Patent 1,066,894, July 8, 1913; assigned to Snee; Chem. Abs., 1913, 7, 3016. 

*^U. S. Patent 1,199,220, Sept. 26, 1916; Chem. Ahs., 1916, 10, 2983. 

«U. S. Patent 1,392,266, Sept. 27, 1921; Chem. Ahs., 1922. 16, 336. Cf. British Patents 158,888, 

158.889 and 158,891, 1921; Chem. Abs., 1921. IS. 1974; British Patent 159,823, addition to 158,891, 
1921; Chem. Abs., 1921, IS, 2174. 
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faces for promoting the dissociation of the methane, carbon-fragment filling may 
be omitted. As the decomposition proceeds the carbon must be removed periodi¬ 
cally, together with the original carbon walls which must be replaced. Part of 
the resulting material may be used for relining the decomposition chambers and 
part for the manufacture of carbon electrodes.^® 

By using a mixture of nitrogen and methane in such an operation it is pos¬ 
sible to obtain a mixture of hydrogen and nitrogen for the synthesis of am¬ 
monia.®® 

Szarvasy and Bensel suggested making soot carbon, retort graphite and 
similar products from natural gas by continuously passing the gas through a 
heated retort. A yield of 65 per cent carbon is thus obtained and the hydrogen 
produced simultaneously can be used for heating the retort or for other pur¬ 
poses. Szarvasy ®® also proposed conducting natural gas or other hydrocarbon 
gas into a chamber maintained at a temperature at which decomposition of the 
gas occurs. The reaction chamber has walls with holes blocked by a porous 
carbon deposit or other pervious material and is heated, at least in part, by com¬ 
bustible gases passing through the walls and burning in immediate proximity to 
them. 

Bunte®® investigated the decomposition of coal gas by passing it through 
porcelain tubes, both unpacked and packed with iron filings or coke. The gas 
produced at a temperature of 1100° to 1200° C. had no illuminating value hut 
showed an increased volume and higher hydrogen content. The laboratory studies 
of Bunte were later extended by von Oechelhaeuser ®* to the production of the 
so-called “Dessau balloon gas,^’ containing 80.7 to 84.1 per cent hydrogen, 5 to 
7 per cent methane, 5.1 per cent nitrogen, and 7.3 per cent carbon monoxide. 
For this purpose he passed coal gas at 1200° C. over finely granulated coke in 
common horizontal gas retorts. The carbon produced simultaneously was ob¬ 
tained in two forms, as a finely divided carbon black and as silver-gray crystal¬ 
line needles. 


The Rinckcr-Wolter Process. 


Rincker and Wolter®® produced hydrogen from oils and tars by thermal de¬ 
composition in two generators, somewhat resembling water-gas generators, 
charged with coke and arranged either one above the other or side by side. 
After the first generator is heated to incandescence by an air blast, tar is intro¬ 
duced and partly converted into gas by contact with the glowing coke. This 
gas escapes by expansion. A current of air is then introduced and carries the 
remaining tar vapors into the second generator where more complete gasifica¬ 
tion takes place. At the same time this air blow raises the coke in the first 
generator to incandescence. The process is then reversed; tar is introduced into 
the second generator and the tar vapors and gas are carried with the blast of 
air into the first generator. 

For hydrogen production by this process the coke bed must be maintained at 


** The manufacture of carbon .electrodes is described by Szarvasy in U. S. Patent 1.392.267 
Sept. 27, 1921; Chem. Abs., 1922, 16, 336; British Patent 158,890, 1921; Ckem, Abs.. 1921. 15. 1860* 
“Szarvasy, U. S. Patent 1,417,952, May 30, 1922: Ckem. Abs., 1922, 16. 2759. 

« U. S. Patent 1,398,751, Nov. 29, 1921; Ckem. Abs., 1922, 16, 823. 

** U. S. Patent 1,592,474, July 13, 1926; Ckem. Abs., 1926, 20, 3216. 

**/. Gasbel., 1894, 37, 81; J.S.C.I., 1894, 13, 933; Ckem. Zentr., 1894, 1, 610. 

*•/. Gasbel., 1909, 52, 883; Ckem. Zentr., 1909, 2, 1905; J. Gasbel., 1910, 53, 693; Ckem. Zentr. 
1910, 2, 930. 

“French Patent 346,092, 1904; Ckem. Abs. 1907, 1, 130. German Patent 174,253. 1904; Ckem. 
Abs., 1907, 1, 1198; British Patent 10,42^ 1908; Chem. Abs., 1909, 3, 2501; British Patent 16.027 
1908; Ckem. Abs., 1910, 4. lOS; German Patent 223,148, 1908; Ckem. Abs., 1910, 4, 3134; Canadian 
Pat«t 131,747, 1911; Ckem. Abs., 1911, 5, 1992. French Patents 391,867 knd 391,868. 1908^ 
J.S.C.I., 1908, 27, 1144. 
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a temperature of about 1200° C., since too low a temperature yields a gas so 
poor in hydrogen that subsequent purification is not commercially feasible. At 
the end of the blowing run, oil is sprayed onto the hot coke for several minutes 
and this is followed by a current of steam to clear the sprayer. The gases formed 
by the decomposition pass through water seals to scrubbers and purifiers. By 
careful working it is possible to obtain a gas containing 96 per cent hydrogen, 
1.3 per cent nitrogen, and 2.7 per cent carbon monoxide. The nitrogen content 
is somewhat reduced by passing this gas over heated soda-lime.^® To avoid 
clinkering of the ash of the fuel, Ellis proposed the addition of a small pro¬ 
portion of lime to the coke to flux the ash and thus maintain the requisite fuel- 
bed temperature. 

In a modification of the Rincker-Wolter process,the conversion of liquid 
hydrocarbons into oil gas is effected by contact with glowing coal or coke in 
the normal way, and ga.ses containing hydrogen (water gas) are introduced into 
the oil-gas generator to convert the oil residues into gasified hydrocarbons. This 
also avoids the formation of tar in the oil-gas generator. Two units are em¬ 
ployed, functioning as water-gas generator and oil-gas generator, alternately. A 
portable plant of the Rincker-Wolter type mounted on two ordinary railway flat 
cars was used for the production of hydrogen for military purposes.*® Processes 
similar to the Rincker-Wolter have been described by Frasch,'*® Lowe,®^ and 
Thorssell.®* 

Geisenberger ®® generated hydrogen by decomposing low-boiling hydrocarbons 
such as benzine or other organic materials (bitumen, shale, beeswax, or tur¬ 
pentine) with heat. 

Brunner described a process in which natural gas, crude petroleum or 
garbage grease was converted into hydrogen by passing the gas through a 
furnace and then through a series of vertical standpipes (connected at top and 
bottom) through which water is sprayed to remove carbon and other impurities. 

A gas of high hydrogen content has been produced by the Berlin-Anhaltische 
Maschinenbau-A.-G. from coal gas by a process similar to the Rincker-Wolter. 
Illuminating gas is fir.st freed from carbon dioxide and is then conducted over 
white-hot coke, yielding a mixture consisting almost entirely of hydrogen, carbon 
monoxide and nitrogen. The carbon monoxide is removed by treatment with 
soda-lime and the resulting hydrogen-nitrogen mixture is said to be w^ell adapted 
for many technical purposes. This process was the subject of exhaustive tests 
carried out by Weaver.®® The method, as before stated, consists essentially of a 
decomposition of hydrocarbon oil by passage of the vapors over surfaces suffi- 


*• See Taylor, “Industrial Hydrogen,” Chemical Catalog Co., Inc., New York, 1921, 154. 

« V. S. Patent 1,092,903, April 14. 1914; J.S.C.L, 1914, 33, 550. 

“ lloliandsche Residugas Maatschappij Systeem Rincker-Wolter, British Patent 6,285, 1915; 

J.S.C.I., 1916, 35, 625; Norwegian Patent 27,930. 1917; Chem. Abs., 1917, 11, 2729; Dutch Patent 

2.655, 1918; Chem. Abs., 1919, 13, 904; French Patent 478,836. 1916; Chem. Abs., 1916, 10. 2297; 
Swiss Patent 72,359, 1915; Chem. Abs., 1916, 10, 2635. Cf. Rincker, British Patent 139,451, 1919; 
Chem. Abs., 1920, 14, 2077; U. S. Patent 1,388,145, Aug. 16, 1921; Chem. Abs., 1921, 15, 4046; 
Canadian Patent 181,962, 1918: Chem. Abs., 1918, 12, 763. 

*■* Scientific American Supplement, Sept. 5, 1914, 155. 

“U. S. Patent 1,118,899, Nov. 24, 1914; J.S.C.I., 1915, 34. 19. 

U. S. Patent 1,174,511, Mar. 7, 1916; Chem. Abs.. 1916, 10. 1424. 

** Hritish Patent 288.154, 1928; Brit. Chem. Abs. B, 1929, 719. British Patent 298,190, 1928; 
Brit. Chem. Abs. B, 1930, 143. 

** French Patent 361,492, 1905; J.S.C.I., 1906, 25, 885. Steam may also be used in this proceas. 
See Chapter 10. 

*Mr. S. Patent 1,246.867, Nov. 20. 1917; Chem. Abs., 1918, 12, 297. 

“German Patent 267.944, 1913; Chem. Abs., 1^14, 8, 1663; J.S.C.I., 1914, 33, 190. French 

Patent 466.040. 1913; British Patent 2.054, 1914; J.S.C.J.. 1914. 33, 783. Cf. French Patent 465,575, 
1913; Chem. Abs., 1914, 8, 3491; and British Patent 28.390, 1913; J.S.C.I.. 1914, 33. 256. Sander, 
Z. attficw. Chem., 1912, 25, 2401. This article gives a conmrehensive discussion of the methods of 
producing hydrogen down to that time. See also Chem. Met. Bng., 1911, 0, 157. 

^Chem. Met. Eng., 1923. 28, 764, 939, 1072; Chem. Abs., 1923, 17, 2173, 2477, 2768. 
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ciently hot to decompose the hydrocarbons completely into their elements. In 
carrying this out a blast of air is blown through a bed of coke to heat it to 
incandescence in the usual way. The resulting ‘‘blast gas” is then burned in a 
tower filled with checkerbrick, called the vaporizer. When both coke and brick 
have attained the desired temperature, the oil is vaporized and the resulting 
vapors are allowed to pass first through the column of brick and then through 
the hot coke. The carbon deposited in both chambers is burned out during the 
next air blow and provides part of the fuel necessary for maintaining the re¬ 
quired temperature. 

In preparing hydrogen from crude petroleum or petroleum tar oils, Pictet®^ 
proposed to heat the vapors in such a manner that 18.1 calories are supplied to 
each 16 grams of gas passed through a tube at a temperature of 1200® to 1350° C. 
Similarly, hydrocarbons such as petroleum vapors mixed with steam may be con¬ 
verted into a mixture of carbon monoxide and hydrogen.*® By admitting a regu¬ 
lated quantity of oxygen, Pictet®® found that its combination with the hydro¬ 
carbon material can likewise be made to yield sufficient heat to carry on the 
reactibn. 

Nauss^® proposed to obtain hydrogen from coal gas by first converting its 
carbon monoxide content into methane by catalytic reduction and then subjecting 
the resulting gas to decomposition at 1000° to 1200° C. in retorts containing coke, 
charcoal, or clay, impregnated with nickel, cobalt or iron. 


The Thermatomic Process. 


Undoubtedly the most important of the methods developed for making carbon 
black by thermal decomposition is the so-called Thermatomic process,** the 
basic ideas of which have been described by Brownlee and Uhlinger.*® The 
process consists in heating a furnace lined with refractory brick and filled with 
checkerbrick to incandescence by an upward blast of natural gas and air, shutting 
off the air and allowing the natural gas (admitted from the top at this stage), 
to decompose. The intermittent heating and cracking processes (the latter being 
endothermic) are carried out alternately. Approximately two-thirds of the total 
quantity of carbon black produced is formed by impingement against the refrac- 


« British Patent 13,397, 1911; Chem. Ahs., 1912, 6, 3515. German Patent 257,715, 1910; Chem. 
Ahs., 1913, 7, 2470. 

’"Pictet, British Patent 14,703, 1911; Chem. Abs.^ 1913, 7, 244. See also Chapter 10. 

••Pictet, British Patent 16,373, 1911; Chem. Abs., 1913, 7, 245. Cf. British Patent 24,374, 1913; 
Chem. Abs., 1915, 9, 1242; U. S. Patent 1,134,416, April 6, 1915; Chem. Abs., 1915, 9, 1374; 6erman 
Patent 289,065, 1912; Chem. Abs., 1916, 10, 2508. 

•• U. S. Patent 965,482, July 26, 1910; Chem. Abs., 1910, 4, 2728; German Patent 226,609. 1909; 
Chem. Abs., 1911, 5, 1333; British Patent 2,298, 1910; Chem. Abs., 1911, 5, 2313. 

** This process has been commercially exploited by the Thermatomic Carbon Co. of Pittsburgh, Pa., 
and a plant has been in operation at Sterlington, La. See Chem. Met. Eng., 1932, 39, 380; and 
Moor^ Ind. Eng. Chem., 1932, 24, 21. 

« Canadian Patent 158,273, 1914; Chem. Abs., 1915, 9, 516; U. S. Patent 1,168,931, Jan. 18, 1916; 
assigned to American Nitro-Products Co.; Chem. Abs., 1916, 10, 811; British Patent 5.098. 1915; 
Chem. Abs., 1916, 10, 2393; U. S. Patent 1,265,043, May 7. 1918; Chem. Abs., 1918, 12, 1691; U. S. 
Patent 1,276,487, Aug. 20, 1918; assigned to American Nitro-Products Co.: Chem. Abs., 1918, 12, 
2114; U. S. Patent 1,478,730, Dec. 25, 1923; Chem. Abs., 1924, 18, 735. Canadian Patent 242,163, 
1924; Chem. Abs., 1924, 18, 3689; U. S. Patent 1.520,115, Dec. 23, 1924; assigned to Thermatomic 
Carbon Co.; Chem. Abs., 1925, 19, 710; Uhlinger, U. S. Patent 1,363,488, Dec. 28, 1920; Chem. Abs.. 
1^21, IS, 737; U. S. Patent 1,70/775, April 2, 1929, and 1,718,720, June 25, 1929; both assigned to 
Thermatomic Carton Co.; Chem. Abs., 1929, 23, 4029; Canadian Patents 285,031 and 285.032, 1928; 
toth assijmed to Thermatomic Carbon Co.; Chem. Abs.. 1929, 23, 940. See also Spear and Moore, 
British Patent 307,743, 1928; assigned to Thermatomic Carton Co.; Chem. Abs., 1930, 24. 212; 
Canadian Pa^t 271,013, 1927; Chem. Abs., 1927, 21, 3430; U. S. Patent 1,794,558. March 3, 1931; 
^signed to Thermatomic Carton Co.; Chem. Abs., 1931, 23. 2331. Spear, Canadian Patent 264,324. 
}926; Chem. Abs., 1926, 20, 3697; Canadian Patent 304,622, 1930; assigned to Thermatomic Carton 
Co.; Chem. Abs., 1930, 24, 5950. U. S. Patent 1.880,512, Oct. 4, 1932; assigned to Thermatomic 
Carton Co.; Chem. Abs., 1933, 27, 574. Miller. U. S. Patent 1.857,469. \lay 10. 1932; assigned to 
Ther^ton^ Carbon Co.; Chem. Abs.. 1932. 26, 3884. U. S. Patent 1,881,325, Oct. 4, 1932; as- 

Chfm. Abs., 1933, 27. 574. Boardman, U. h. Patent 1.710.469, 
A Thermatomic Carton Co.; Chem. Abs., 1929, 23. 2608. U. S. Patent 

1,638,421, Ang. 9, 1927. 



COLLECTOR 


PRODUCTION OF HYDROGEN AND CARBON BY PYROLYSIS 211 



Fig. 19. —General Arrangement of Plant for Thermal Decomposition of Hydrocarbons. 

(Thermatomic Process. I 
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tory material or comes into contact with it after formation. Such carbon is 
valueless commercially and is left in the furnace to be consumed in the next air 
blow. It is stated that the most desirable operating temperature for the cracking 
process is 1200® to 1400® C. and the mixture of hydrocarbon and resulting gases, 
together with the carbon produced, is subjected to these temperatures for a period 
of 3 to 4 seconds only. 

On issuing rapidly from the furnace, the mixture of gases and carbon is 
passed through a cooling chamber where just enough water is sprayed counter- 
current to the gas stream ** to cool the smoke to a safe temperature for filtering 
through cloth bags without leaving an excess to wet either the bags or the 
carbon. The appended diagram (Fig. 19), which is largely self-explanatory, 
shows the form of apparatus which has been developed, consisting essentially of 
two cracking furnaces, two coolers, and one collector. Moore gave the typical 
analyses shown in Table 46 of the natural gas being used and the resultant gas 
obtained in this process: 


Table 46. —Thcrmafomic Process Gas Analyses, Per Cent by Volume. 


Natural Gas 


Carbon dioxide . 0.4 

Illuminants . 0.7 

Hydrogen . — 

Carbon monoxide . — 

Methane . 93.8 

Nitrogen . 5.1 


Resultant Gas 
0.9 

1.3 
85.4 

1.1 

5.0 

6.3 


This process has been producing the carbon called “Thermax’' since 1922. 
Another brand, called ‘T-33,” which is blacker and finer than Thermax and was 
put on the market later, is made in the same way as Thermax, except that a por¬ 
tion of the resulting gas is recirculated and acts as a diluent for the decomposing 
natural gas. This dilution principle is so effective that it »reduces the average 
particle size to about one-fifth that of Thermax.*® A comparison of the physical 
and chemical properties of these two carbons, as reported by Moore,*^ is given 
in Table 47. 


Table 47. —Properties of Thermatomic Carbons. 


Specific gravity . 

Apparent gravity (kg./cu. meter)... 

Tinting strength* . 

Average particle size . 

Moisture . 

Ash . 

Benzene extract (16 hrs. extraction) 


Thermax 

P-33 

1.80 

1.80 

481.5 

356.1 

14% 

50% 

1.0 micron 

0.23 micron 

0.25% 

0.25% 

0.05% 

0.15% 

0.60% 

1.25% 


• The standard for these tinting strength percentages was Cabot’s channel black. 


Passing natural gas, previously freed from hydrogen sulphide, through a fur¬ 
nace filled with incandescent coke or refractory material for the production of 
hydrogen was proposed by Frank.** The decomposition of the gas begins at 


^ Brownlee and Uhlingcr, U. S. Patent 1,478,730, Dec. 25, 1923. 

^ Hrownlee and Uhlingcr, U. S. Patient 1,520,115, Dec. 23, 1924; assigned to Thermatomic Car¬ 
bon Co. 

^ Ind. Eng. Chem., 1932, 24, 21. 

^ Spear and Moore, Canadian Patent 271,013, 1927; Chem. Abs., 1927, 21, 3430; U. S. Patent 
1,794,558, March 3, 1931: assigned to Thermatomic Carbon Co.; Chem. Abs., 1931, 25, 2331. British 
Patent 307.743, 1928; assigned to Thermatomic Carbon Co.; Chem. Abs., 1930, 24, 212. 

** Lac, eit. 


«U. S. Patent 1,107,926, Aug. 18, 1914; Chem. Abs., 1914, 8, 3359. 
of Organic Substances,” D. Van Nostrand Co., York, 1930, 768. 


See Ellis, ’’Hydrogenation 
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800® C. but complete decomposition into its elements is not obtfiined below 
1200® C. In a similar way Rose prepared a gas containing as much as 98 per 
cent of hydrogen by conducting natural gas or oil vapors over refractory mate¬ 
rials heated to 1650® C.®® Herman*^ produced soot and hydrogen from light 
hydrocarbons, especially natural gas, by contact with highly heated refractory 
surfaces against which the gas is allowed to impinge in a number of finely divided 
currents. Pyzel®^* substantially confines the decomposition to fractions heavier 
than methane by regulating the rate of gas flow and the temperature of the re¬ 
fractory material. The resulting gas is purified and fractionated, the undesired 
compounds obtained thereby being used to heat the refractory material. The 
heat of the cracked products is also utilized by injecting into the hot gas stream 
at various points, further quantities of the gas to be treated.®^** 

The process of Bacon, Brooks and Clark ®* for the production of carbon black 
and practically pure hydrogen from hydrocarbons was devised to insure a satis¬ 
factory yield of both products in continuous operation. It is conducted in such 
a manner that the particles of carbon black remain suspended in the hydrogen 
and are thus rapidly removed from the reaction zone, thereby avoiding deteriora¬ 
tion of the carbon from continued heat treatment. The temperature of decompo¬ 
sition is maintained above 1200° C. and the rate of feed of the hydrocarbon is 
so adjusted that the gas velocity developed is sufficient to sweep the carbon 
particles from the reaction zone. Substantially pure hydrogen is obtained and 
the recovered carbon black has a silky luster. 

Ellis ®® has described a furnace connected to a brick checkerwork chamber 
which may be used for the thermal treatment of hydrocarbons to yield hydrogen. 
Hydrocarbon oil is introduced above a bed of coke heated to a white heat and 
the resulting vapors are passed through the heated checkerwork where further 
decomposition occurs. The furnace is provided with air and steam inlet pipes 
for blowing up the fire and for sweeping out the gases. 

In another process McCourt and Ellis obtained carbon and hydrogen by 
forcing methane through a highly heated porous bed of refractory material at 
such a speed that the carbon particles are removed from the hot reaction zone. 

To produce hydrogen Barth®® decomposed liquid fuels (oils or tars) in a 
furnace and subjected the gaseous products of the decomposition to a further 
thermal treatment in a separate furnace. It is stated that by this method of 
operation, there is an economical use of fuel and the contact mass on which 
hydrogen formation proceeds does not become contaminated with carbon. The 
furnace or vaporization chamber is an iron jacket lined with firebrick and filled 
with a refractory grating or with coarse pieces of refractory material. The 
combustion gases escaping from the generator during the blow-period are passed 
through the refractory grating of the vaporization chamber. Near the end of 
the blow-period the gas contains carbon monoxide and this is burned within the 
vaporization chamber after the admission of air. In this way the heat necessary 


" U. S. Patent 1,254,360, Jan. 22, 1918; Chem. Abs„ 1918, 12, 760; c/. U. S. Patent 1,230.226. 
June 19, 1917; Chem. Abs., 1917, 11, 2271. 

21 Sec also Coinpagnie nationale de niatieres colorantes et manufactures de produits chimiaues 
(^tlblisseinents Kuhlmann), Jtritish Patent 286,291, 1927; Chem. Abs., 1929, 23, 246. 
tJerman Patent 290,883, 1914; Chem. Abs., 1917, 11, 883. 

U. S. Patent 1,896,420, Feb. 7, 1933; assigned to Shell Development Co.; Chem. Abs. 1933 
27, 2769. 

Pysel^^Brbish Patent 391,532, 1933; assigned to Bataafsche Petroleum Maatschappij; Chem. 

‘•»U. s' Patent i,220,391, Mar. 27, 1917; Chem. Abs., 1917, 11, 1733. See Ellis, “Hydrogenation 
of Organic Substance.s.” I>. \*an Nostrand Co.. New York, 1930, 765. yurogenauon 

“ U. S. Patent 1,092,903, April 14, 1914; Chem. Abs., 1914, 8, 2038. 

«IJ. S. Patent 1,276.385, Aug. 20, 1918; Chem. Abs., 1918, 12, 2114; McCourt, Canadian Patent 
187,661, 1918; Chem. Abs.. 1919. 13. 169. ’ 

» V. S. Patent 1,172,925, Feb. 22, 1916; Chem. Abs., 1916, 10, 1091. 
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for vaporizing the liquid fuel is provided. After the air supply is shut off, the 
vaporized oil is passed into the vaporization chamber and thence through the 
glowing charge of coke in the generator. The coke is maintained at about 
1000° C, if illuminating giis is to be made, but a higher temperature is necessary 
for the production of hydrogen. The oil vapors are passed through the generator 
alternately in opposite directions, that is, first from above and then from below. 

Snell ing*® proposed to heat organic compounds capable of reversible thermal 
dissociation in a closed chamber, the walls of which are more permeable to 
hydrogen than to other substances. . The hydrogen formed is withdrawn through 
the permeable walls during the reaction. Battig®^ produced hydrogen from 
methane or other hydrocarbons by passing them successively through a preheated 
chamber containing a latticework of bricks, an apparatus heated to the tem¬ 
perature necessary for decomposition, a chamber in which carbon is deposited, 
and a cooling chamber also packed with bricks. When the last chamber becomes 
unduly heated, the supply of gas is shut off and air or oxygen is passed through 
the apparatus in the reverse direction to burn away the carbon and to reheat the 
preheating chamber. The carbon may be deposited on coke, iron, or on ores for 
subsequent smelting. Steam and oxygen may also be used in the decomposition 
to produce carbon dioxide and hydrogen.®® A similar process has been described 
by Vinther.®® The carbon which deposits on the refractory during the decompo¬ 
sition is burned to carbon monoxide, which is then burned to preheat a second 
chamber, thus rendering the process cyclic and independent of an external fuel 
supply. 

Nelson®® proposed to make refined lampblack by decomposing hydrocarbon 
oils at 500° to 700° C. in the absence of air. The liberated carbon is collected 
in a condensing chamber (maintained at 400° C.) and the gases pass on and 
are condensed, the non-condensible substances being used later to heat the appa¬ 
ratus. To remove the last traces of volatile matter from the carbon a current of 
hot gas (e.g., that obtained in the process) may be passed over it. 

Burwell®^ described the production of hydrogen and carbon of good quality 
by the thermal decomposition of hydrocarbons. In his process a stream of natural 
gas or vaporized petroleum hydrocarbon preheated to a temperature just short 
of decomposition (about 150° to 450° C.) is mixed with a diluent (hydrogen) 
heated to 1200° to 1300° C. This mixture is allowed to remain in a heated zone 
until substantially complete decomposition of the hydrocarbon material is effected. 
The products are then passed to a cool settling chamber where the carbon sepa¬ 
rates. The resulting gas, consisting largely of hydrogen, is divided into two 
portions, the major portion being retained in the closed circuit (i.e., used as a 
gaseous diluent for further decomposition of hydrocarbon material), and the 
remainder withdrawn for purification. By varying the hydrocarbon raw material 
and the ratio of the gaseous diluent to gaseous decomposition products in the 
mixture, the quality of the carbon produced can be changed. A similar process 


“•U. S. Patent 1,124,347, Jan. 12, 1915; J.S.C.L, 1915, 34, 249. Cf. U. S. Patent 1,596.070. 
Aug. 17, 1926; Chetn. Ahs., 1926, 20, 3337. / i.^yo.u/u. 

w Ilntish Patents 271,483 and 271,491, 1926; Chem. Abs., 1928, 22, 1658; French Patent 634 711 
1927; Chem. Abs., 1928, 22, 3980; French Patent 635,670, 1927; Chem. Abs., 1928, 22, 4737; Canadian 
Patent 284,117, 1928; Chem. Abs., 1929, 23, 677. U. S. Patent 1,726,87^ l&ept. 3, 1929; Chem. 

1929, 2^ 5282. C/. U. S. Patent L831,943, Nov. 17, 1931; assigned to I^atentverwertungs A.-G. “Ai* 
pina' iChem. Abs., 1932, 26, 813; French Patent 698,484, 1930; Chem. Abs., 1931, 25, 3136. 

“ Battig British Patent 294,113,^1927; Chem. Abs., 1929, 23, 1999. French Patent 35,613, 1928, 
addition to French Patent 634,716; Chem. Abs., 1930, 24, 4125. 

»U. S. Patent 1,817,726, Aug. 4. 1931; Brit. Chem. Abs. B, 1932, 466. 

••British Patent 172,035, 1920; J.S.C.L, 1922, 41, 6SA. 

4!®* Chemical Corporation; Chem. Abs., 
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has been proposed by Day.®* Burwell ®* obtained hydrogen containing 0.2 per 
cent methane and 0.7 per cent carbon monoxide by passing a hydrocarbon oil 
through two retorts, the first heated at 950® to 1000® C., and the second at 1140® 
to 1170° C., with settling chambers after each for the removal of carbon black. 
A similar method of using two heating chambers with one expansion chamber 
was proposed by Fischer for the manufacture of lampblack. 

Finely divided carbon and a mixture of hydrogen and nitrogen in the ratio 
of 3 to 1 are obtained by Wilcox®** in the following manner. An active com¬ 
bustion of fuel gas takes place in the retort. The fuel gas passes countercurrent 
to tlie hydrocarbon gas and air, maintaining thereby a temperature of about 
1100° C. The nitrogen and hydrogen produced may be used in the synthesis of 
ammonia. In Burke's ®*’* method for the production of carbon black, gaseous 
hydrocarbons diffuse into a stream of highly heated gas. The flow of gas is 
maintained in a non-turbulent stream. Pi cheated natural gas may be subjected 
first to a cracking temperature and the cracked stock passed through a series of 
chambers.®*® Each of these chambers has a temperature lower than the cracking 
temperature and contains cool hydrogen. The gas thus undergoes a “shocking” 
treatment, carbon black being recovered from the “shocked” stock. 

On passing methane preheated to 800® C. through a vertical graphite or 
carborundum tube, Padovani ®*‘* obtained higher hydrocarbons along with carbon 
and hydrogen. The tube was heated to 1000° to 1300° C., and was so dimen¬ 
sioned that the ratio of area of contact (square centimeters) to volume (cubic 
centimeters) was 0.25 to 1. The heating period was 0.5 to 6 seconds and the 
pressure was approximately 1 atmosphere. 

The distribution of the products of the thermal decomposition of a hydrocarbon 
gas in a cool inert gas to collect and separate them was described by Lewis.®® 

A process for making carbon in which vapors of hydrocarbons are passed at 
such a rate through a bed of incandescent coke maintained at 1000® to 1200° C. that 
the gases emerge at a temperature of 600° to 700° C., has also been suggested.®® 
The carbon formed is swept out of the reaction chamber by the gaseous products. 

In another process hydrocarbon vapors pass through a mass of ignited fuel 
and are converted into carbon, hydrogen and methane.®’^ The temperature of 
the fuel is so regulated that the methane in the hydrocarbon gases, as well as 
that formed by decomposition of the higher hydrocarbons, is decomposed by 
contact with the surface of the fuel and all the carbon liberated is retained on 
the surfaces of the fuel. According to Perry,®® the hydrocarbons may be sepa¬ 
rated from the gas and used again. The fuel bed may be treated with steam 


"U. S. Patent 1,804,249, May 5, 1931; Brit. Chem. Abs. B, 1932, 828; Chem. Abs., 1931, 25, 3781. 
** U. S. Patent 1,819,732, Aug. 18, 1931; assigned to Alox Chemical Corporation; 6rii. Chem. Abs. 
B 1932 492 

’ •♦U.’S. Patent 1,528,324. March 3, 1925; Chem. Abs., 1925, 19, 1477. 

U. S. Patent 1,918,362, July 18, 1933; Chem. Abs., 1933, 27, 4889. U. S. Patent 1,892,862, 
Jan. 3, 1933; Chem. Abs., 1933, 27. 2255. See also Brownlee, U. S. Patent 1,920,352. Aug. 1, 1933; 
Chem. Abs., 1933, 27, 4889; U. S. Patent 1,909,163, May 16, 1933; Chem. Abs., 1933, 27, 3787. 

U. S. Patent 1,902,797, Mar. 21, 1933; assigned to General Atlas Chemical Co.; Chem. Abs., 
1933 27 3299. 

Starr, U. S. Patent 1,903,247, Mar. 28, 1933; Chem. Abs., 1933, 27, 3321. 

•^British Patent 395,893, 1932; Brit. Chem. Abs. B, 1933, 851. 

" U. S. Patent 1,536,612, May 5, 1925; assigned to Goodyear Tire and Rubber Co.; J.S.C.I., 1925, 
44, 557B. 

Soc. d'6tudes et realisation dite Ereal, BriUsh Patent 353,100, 1929; Chem. Abs., 1932, 26, 3632. 
Cf. British Patent 342,034, 1928; Chem. Abs., 1931, 25, 4369. See also Yunker, U. S. Patents 
1,901,884, 1,901,885, and 1,902,746, Mar. 21, 1933; assigned to Natural Gas Hydrogen Corp.; Chem. 
Abs., 1933, 27, 3299. 

Humphreys and Glasgow, Ltd., French Patent 716,343, 1931; Chem. Abs., 1932, 26. 2305; 
Terzian, British Patent 365,912, 1931; assigned to Humphreys and Glasgow, Ltd.; Brit. Chem. Abs. B, 
1932. 298. 

“British Patent 370,289, 1931; assigned to Humphreys and Glasgow, Ltd.; Brit. Chem. Abs. B. 
1932, 547; French Patent 722,627, 1931; Chem. Abs., 1932. 26, 4141; U. S. Patent 1,848,654, March 8, 
1932; assigned to United Gas Improvement Co.; Chem. Abs., 1932, 26, 2832. 
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to decompose the deposited carbon with the production of water gas, from which 
more hydrogen is recoverable. The hydrocarbons and steam may also be passed 
through the fuel bed simultaneously. 

In the procedure developed by Hillhouse,®®* a shower of incandescent carbon 
is allowed to fall through the gas. An axial dame is maintained in the chamber 
and serves to . heat the carbon. 

Lewis •* obtained a mixture containing 15 to 7Q per cent hydrogen by passing 
natural gas, stripped of its heavier constituents, through a tube heated at 600^ 
to 900® C. At this temperature no free carbon is formed. 'The cyclic hydro¬ 
carbons produced in this pyrolysis may be removed by condensation. The gas 
may be burned to yield carbon black (see Chapter 8). 

Garner’® decomposes natural gas thermally to yield a gas of low calorific 
value and carbon black. For use as a fuel, the gas resulting from the decompo¬ 
sition is mixed with untreated natural gas in such proportions that the higher 
calorific value is obtained. 

Fjor drying carbon black, the use of the combustible gases formed in the 
pyrolysis has been suggested.’^ 

Other processes for the decomposition of methane or natural gas have been 
developed by the Ruhrehemie A.-G. and by the Bataafsche Petroleum Maat- 
schappij. In the formerthe gas is heated at 900® to 1200° C., producing a 
gaseous mixture containing up to 60 per cent hydrogen which can be used for 
the autogeneous welding of metals. In the latter the hydrocarbon mixture is 
heated in a vessel resembling a blast-furnace stove, and after cooling, the resulting 
gas is scrubbed to remove lampblack, tar, and naphthalene. The hydrogen can be 
separated from the other gaseous products (ethylene or propylene) by fraction¬ 
ation (see Chapter 4). The cracking of natural gas in water-gas generators to 
produce carbon black and gases rich in hydrogen was investigated by Odell.’* 

Carbon having the crystalline structure of graphite was obtained by Hofmann 
and Groll ’® by dropping benzene (boiling at 60® to 70® C.) from a capillary 
through a vertical quartz tube heated to 950® C. 

Carbon and hydrocyanic acid, according to Poindexter,’® are the products of 
heating a mixture of ammonia and natural gas, kerosene vapor or other hydro¬ 
carbon material. 

Decomposition Effected by Partial Combustion of Hydrocarbons 

In many of the methods thus far described, the heat required for the reaction 
is obtained from some external source or from an incandescent fuel bed and 
in others the temperature is maintained by combustion of the deposited carbon. 
The thermal conditions necessary for the decomposition may be secured by 
partial combustion of some of the hydrocarbon material itself, the basis of a 
number of processes. Carbon monoxide, one of the products of the combustion, 
is itself capable of decomposing or of burning to carbon dioxide and brief men¬ 
tion of a few processes in which this occurs is .also included in the discussion. 
Another larger and better-known group of methods in which incomplete com- 

«• U. .S. Patent 1.892..S59. Dec. 27, 19.12; Chem. ^bs., 19.1.1, 27, 2284. 

•British Patent 309,488, 1929; Brit. Chem. Abs. B. 1930, 936. 

**(1. S. Patent 1,767,357, June 24, 1930; assigned to Standard Oil Develoonient Co.; Brit. Chem. 
Abs. B. 1931, 191. ' 

Society Fair liquide (Soc. anon, pour l'6tude et rexploitation des proced^s Georges Claude). 
French Patent 705,874, 1930; Chsm., Abs., 1932, 26, 266. 

•British Patent 350,413, 1928; Chem. Abs., 1932, 26. 2023. 

•Dutch Patent 25,305, 1931; Chem. Abs., 1932. 26, 2023. 

• U. S. Bur. Mines. Kept, of Investigations 2991, 1930; Chem. Abs., 1930, 24. 2577. 

^*Ber.. 1932, 6$, 1257. 

•U. S. Patent 1,562,914, Nov. 24, 1925; Chem. Abs., 1926, 20. 481. 
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bustion of some of the hydrocarbon material maintains the decomposition tem¬ 
perature is discussed in Chapter 8, where deposition of carbon from flames is 
considered. This, too, is apparently a purely thermal decomposition induced by 
the heat of combustion of a portion of the hydrocarbon supply. It is perhaps 
well to anticipate also at this point two other means of maintaining the tem¬ 
perature required to effect decomposition which will be discussed later, namely, 
the electric arc and metallic baths maintained at high temperature. 

Frost and Nix^^ proposed the manufacture of gases and carbon black by 
the incomplete combustion of petroleum vapor in a closed chamber. Darrah 
introduced fuel oil into a current of heated g^ases containing insufficient oxygen 
for complete combustion to obtain a high grade lampblack. Poindexter,^® to 
prepare a carbon pigment, heated natural gas to a temperature slightly below the 
point of decomposition and then mixed it with air at a higher temperature in 
an amount insufficient for complete combustion. 

The oxidation of methane or its homologues with air or oxygen, and carbon 
dioxide has been used by Bradley in making lampblack. The reacting gases 
are mixed in such proportions and at such temperatures, that enough additional 
heat is generated by the exothermic oxidation of the hydrocarbon to compensate 
for that consumed by the endothermic reaction of the carbon dioxide with the 
hydrocarbon. The carbon monoxide produced in the reaction is converted to 
carbon dioxide, which is then separated and utilized again. Goodwin mixed 
air and a hydrocarbon gas or vapor in a reaction chamber, heated to a tempera¬ 
ture above the maximum attainable by combustion of the mixture, to produce 
finely divided carbon. Lewis partially burned hydrocarbons and allowed the 
flames to impinge on metallic surfaces, obtaining a deposit of carbon black. 

The reduction of carbon monoxide or dioxide by finely divided carbon has 
also been proposed as a method of manufacture of carbon black.®* 

A process of producing carbon black described by Matlock®® consists in 
burning hydrocarbon gases in a furnace with a regulated supply of air. On 
passing upward through the furnace the gas and air mixture encounters a zone 
of burning gases. After cooling the resulting gaseous product, the carbon is 
separated. Bone ®® obtained hydrogen by using a proportion of oxygen or air 
with the hydrocarbon gas large enough to avoid deposition of carbon and passing 
the gaseous products over coke at a temperature of 1200° C. Steam may be 

added and austenitic steels or silica may be used for the apparatus. A similar 

process has also been proposed by the I. G. Farbenindustrie A.-G.®® 

Carbon monoxide has received some consideration as a possible source of 
finely divided carbon on account of the ease with which it decomposes into free 
carbon and carbon dioxide in the presence of metallic catalysts at temperatures 
of about 300° C. and over, according to the reaction: ®® 

2CO —C-I-CO, 

"British Patent 16,623, 1908; Chcm, Abs., 1909, 3, 2501; U. S. Patent 977,000, Nov. 29, 1910; 
Chem. Abs., 1911, S, 782. 

S. Patent 1,448,655, Mar. 13, 1923; Chem. Abs., 1923, 17, 1886. 

«U. S. Patent 1,402,957, Jan. 10. 1922; Chem. Abs., 1922, 16, 1018. 

•®U. S. Patent 1,396,018, Nov. 8, 1921; Chem. Abs., 1922, 16, 618. 

** U. S. Patent 1,758,152, May 13, 1930; as.signed to Delano Land Co.; Chem. Abs., 1930, 24, 3331. 

«• U. S. Patents 1,881,084 and 1,881,085, Oct. 4, 1930; Brit. Chem. Abs. B, 1933, 693. 

•• Tarup, Canadian Patent 175,937, 1917; see Perrott, U. S. Bur. Mines Bull. 192, 1922. 

** U. S. Patent 1,798,614, March 31, 1931; assigned to Monroe-Louisiana Carbon Co.; Brit. Chem. 
Abs. B. 1931, 1083. 

** British Patent 349,471, 1930; assigned to Imperial Chemical Industries, Ltd.; Chem. Abs., 1932, 
26. 2023. 

British Patent 349,060, 1929; Chem. Abs., 1932. 26, 2023. 

“See Deville, Compt. rend., 1864, S9, 873; Compt. rend., 1865, 60, 317; Bell, J.C.S., 1869, 22, 
203. An excellent account of the decarbonization of carbon monoxide i.s given by Marek and Hahn, 
^'Catalytic Oxidation of Organic Compounds in the Va]k>r Phase," Chemical Catalog Co., Inc., New 
York, 1932, 108. 
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Processes have been described for the production of a finely divided carbon 
by decomposing carbon monoxide at 600® to 1000® C. in the presence of iron or 
iron oxide.*^ Other catalysts (nickel or cobalt and their oxides) have also been 
proposed,** A vaporized carbonyl of a metal of the iron group was proposed 
as a catalyst for this reaction by Kramer and Bub and by Haag.®® The reaction 
is carried out at about 400° C. under 100 atmospheres pressure. Grosskinsky ®‘ 
prepared lampblack by splitting carbon monoxide or hydrocarbons using as 
catalysts, metals or oxides of the iron group obtained by decomposition of com¬ 
pounds other than their carbonyls. 


Decomposition Effected in the Electric Arc 

The decomposition of gaseous and liquid hydrocarbons by the electric arc is 
discussed in Chapter 9. Several such methods, however, in which carbon and 
hydrogen are produced by the decomposition follow. 

Winkler®* observed the formation of carbon and non-condensible gases from 
heavy California oils by the action of an electric arc (Birkeland-Eyde) in hydro¬ 
gen. By passing an electric arc between carbon electrodes immersed in various 
organic liquids contained in an ice-cooled flask, Tarczynski ®* obtained precipitated 
and colloidal carbon. 

Hutchins®* proposed a process in which a film of tar or oil on a revolving 
carbon or graphite disc is subjected to the action of one or more electric arcs 
in an air-tight casing. The gas and lampblack are drawn off through a pipe 
by a fan. The lampblack is separated by a filter and part of the gas is drawn 
off and part is returned for further treatment. Instead of the electric arc, one 
or more oxyhydrogen, oxyacetylene, or other high-temperature gas flames may be 
used.®* 

Jakowsky ®* made a study of electrical methods of manufacturing carbon 
black. Attempts to dissociate natural gas with various types of nitrogen- 
fixation apparatus (‘‘spreading arc'") were made, but the experiments indicated 
these methods to be impracticable. Both an intermittent and a continuous type 

** T. G. Aarts, British Patent 246,130, 1925; Chem. Abs., 1927, 21, 488; H. C. J. Aarts, British 
Patent 278,745, 1926; assigned to General Carbonalpha Co.; Chcm. Abs., 1928, 22, 2571; C. J. G, 
Aarts, British Patent 308,351, 1928; Chem. Abs., 1930, 24, 212; French Patent 671,488, 1929; them. 
Abs., 1930, 2^ 2256; J. G. Aarts and H. C. J. Aarts, French J^atent 674,545, 1929; assigned to General 
Carbonalpha Co.; Chem. Abs., 1930, 24, 2845. The use of this finely divided carbon as a fuel and a 
lubricant is described by J. G. Aarts in British Patent 246,132, 1925; Chem. Abs., 1927, 21, 488; 
German Patent 497,617, 1925; Chem. Abs., 1930, 24, 4140; German Patent 483,285, 1925; Chem. Abs., 
1930, 24. 474. 

** Dyche-Teague, British Patent 160,561, 1919; Chem. Abs., 1921, IS, 2342; British Patent 268,853, 
1925; them. Abs., 1928, 22, 1498; U. S. Patent 1,670,599, May 22, 1928; Chem. Abs., 1928, 22. 
2493. Ewan, British Patent 294,759, 1927; assigned to Cassel Cyanide Co., Ltd.; Chem. Abs., 1929, 
23, 2000; British Patent 314,163, 1928; assigned to Imperial Chemical Industries, Ltdj Chem. Abs., 
1930, 24, 1188. Schmidt, U. S. Patent 1,894,126, Jan. 10, 1933; assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 2540. 

** U. S. Patent 1,803,855, May 5, 1931; assigned to I. G. Farbenindustrie A.-G.: Chem. Abs., 1931, 
2S, 3781; cf. I. G. Farbenindustrie A.-G.; French Patent 700,252, 1930; Chem. Abs., 1931, 25. 3781; 
British Patent 286,845, 1927; Brit. Chem. Abs. B, 1928, 357; British Patent 319,140, 1928; Brit. 
Chem. Abs. B, 1929, 968. 

**German Patent 540,864, 1929; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 26, 
2285; cf. I. G. Farbenindustrie A.-G., French Patents 704.424 and 704,425. 1930; Chem. Abs., 1931. 
25. 4671. 

German Patent 551,534, 1929; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 26, 
4924. C/. I. G. Farbenindustrie A.-G.; British Patent 321,402, 1928; Brit. them. Abs. B, 1930, 90; 
British Patent 327,548, 1929; Chem. Abs., 1930, 24, 5117. 

”/. Franklin Inst., 1914, 178, 97. 

•• Z. Elektrochem., 1916, 22, 252; J.S.C.I., 1916, 35, 889. 
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Chem. Abs., 1919, 13, 1752. 
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apparatus, however, gave considerable proportions of carbon, which caused short- 
circuiting of the electrodes and lead-in tubes, as it formed in a fluffy deposit. 
By washing out the carbon with water or oil as formed, this difficulty was 
overcome and the apparatus thus modified worked satisfactorily in continuous 
operation.®^ The effects of pressure, enriching the gas with gasoline, use of high- 
frequency current, and passing the gas and arc through apertures in mica discs 
were investigated. The decomposition of liquid hydrocarbons was also effected 
in such an apparatus. Lower voltages and higher currents could be used with 
oil. It was found that oxygen compounds such as creosote broke down more 
easily than paraffins but they tended to form pitch and gummy residues. Carbon 
black obtained by such electrical processes compared favorably with the better 
grades of the commercial product both in tinting strength and particle size. 
Unlike ordinary commercial black, it does not tend to agglomerate when dis¬ 
persed in oil. The non-condensible gases formed in the electrical production of 
carbon black from oils (ontain approximately 10 per cent methane, 50 per cent 
hydrogen and 35 per cent unsaturated hydrocarbons. The manufacture of alco¬ 
hols from these unsaturated hydrocarbons (see (Thapter 11) was considered. In 
their experiments on the decomposition of methane in the high-tension arc, 
Stanley and Nash also obtained up to 20 per cent of finely divided carbon and 
a gas containing up to 14 per cent acetylene and 2 per cent ethylene. 

Hydrogen is also produced by passing hydrocarbons through an electric arc. 
A gas containing 14 per cent methane and 86 per cent hydrogen, for example,®® 
may be treated in this way to obtain a gas containing 7 per cent acetylene and 
93 per cent hydrogen. Coke-oven or natural gas may be converted to a gas con¬ 
sisting almost entirely of hydrogen by a similar process.^®® Bethenod ^®^ effected 
decomposition by immersing high-fusing conductors heated to above 800® C. 
in the liquid under treatment. By this method, anthracene oil can be made to 
yield hydrogen and acetylene. 

Eisenhut'®^ proposed to make carbon, hydrogen, and acetylene by subjecting 
hydrocarbon vapors under pressure to the action of an electric arc at tempera¬ 
tures above 2500° C. Hydrocarbons such as methane are passed through the 
arc at such a rate that the ratio of the rate in cubic meters per hour to the 
power of the arc in kilowatts is below 0.6. The gases containing the soot can 
be directed into a cooled chamber and the lampblack separated by cooling in 
stages.^®® 

Processes for the purification of carbon black generally involve heating the 
black to temperatures high enough to drive off volatile hydrocarbons. For ex¬ 
ample, the carbon obtained by the action of an electric arc on a hydrocarbon oil 
can be freed from water and unchanged oil by heating at 350° to 400° C., 
according to Gobert.^®* 

wjakowsky, U. S. Patent 1,597,277, Aug. 24, 1926; Chem. Ahs., 1926, 20, 3337. 
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I. G. Farbenindustrie A.-G., British Patent 307.529. 1927; Chem. Ahs., 1929, 23, 5282. 

British Patent 316,905, 1928; Chcm. Ahs., 1930, 24. 1806; French Patent 643,927, 1927; Chem. 
Ahs., 1929, 23, 1740. 

German Patent 523,627, 1929; assigned to I. G. Farbenindustrie A.-G.; Chem. Ahs., 1931, 
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1932, 26, 266. 
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Decomposition Effected in Baths of Molten Metals 

Lampblack and hydrogen were obtained by Masson by passing a com¬ 
bustible mixture of air and methane, or other hydrocarbons, through a bath of 
molten magnesium, copper, silver, nickel or slag maintained at a temperature 
of 1100® C. (2000® F.). In passing through the bath, the hydrocarbon is dis¬ 
sociated into its elements and the carbon as formed is blown out by the hydrogen. 
On leaving the bath, the reaction products are cooled as quickly as possible to 
120® C. (250® F.) and the lampblack is precipitated, in order'to produce a soft 
and fluffy product. The hydrogen can be used as a fuel to maintain the tem¬ 
perature of the bath. Paris,^®® on the other hand, suggested the use of a metal 
of lower melting point, such as lead. On leading the hydrocarbon vapors through 
the mass of molten lead the lampblack formed floats on the surface of the liquid 
and is removed by a stream of gas. Bahr proposed the use of fused iron and 
fused copper at 1300® C. in a similar process. 

For producing hydrogen, methane is blown into a foth of molten iron at a 
temperature of 1200® to 1300® C. in a method described by Tyrer.^®® The carbon 
liberated by the decomposition dissolves in the iron and is subsequently removed 
by blowing with air or a gas containing oxygen. Alternatively, the methane 
and air can be blown continuously into opposite ends of a reaction chamber pro¬ 
vided with a partition dipping below the surface of the iron to prevent mixing 
of the gaseous products in the two sections. Additional air may be admitted 
above the iron in the oxidation section to oxidize the carbon monoxide formed. 
A catalyst (nickel) may be added to the iron bath, together with manganese to 
increase the solubility of the catalyst and the carbon in the iron. Steam may 
also be mixed with the methane. 


Carbon and Hydrogen from Acetylene 


The explosive nature of mixtures of air and hydrocarbons is well known.^®® 
Any mixture with air containing from 3 to 82 per cent of acetylene, for example, 
is explosive.!^® Most hydrocarbons require a high temperature for decomposition 
into carbon and hydrogen, as pointed out previously. This is because the disso¬ 
ciation reaction is endothermic, that is, non-explosive. However, acetylene is an 
exception. Heated at moderately high temperatures without oxygen it undergoes 
an exothermic (explosive) dissociation into carbon and hydrogen. Rimarski 
found that pure acetylene decomposes spontaneously in the presence of iron 
surfaces heated to 510® C. at a pressure of 2.05 atmospheres. Below this tem¬ 
perature, even on raising the pressure, no indication of explosive decomposition 
was observed. The effect of other metals and metal powders in promoting this 
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explosive decomposition was also studied by Rimarski and Konschak.^^* Acety¬ 
lene is slowly decomposed at 180® C. by iron, cobalt, nickel and silver powders, 
and at 200® C. by copper powder. Copper decomposes acetylene with explosive 
violence at 460® C., but with ferric oxide, cupric oxide and manganese oxide 
(Mna 04 ), the temperature need be no higher than 240® to 310® C. Such sub¬ 
stances as aluminum oxide, silicon dioxide and active carbon also promote explo¬ 
sion at these temperatures. 

The decomposition of hydrocarbons, especially acetylene, with or without air, 
has been used to make a special quality of carbon black. This black, usually 
referred to as acetylene black, is very soft and fluffy and has an inherent bluish 
tinge which makes it desirable for some purposes.^^* Refuse calcium carbide, 
such as a grade too finely divided or having too low' a content of carbide to be 
marketable, is a source of acetylene for conversion to this by-product black. 
Neap** stated that a carbon made by burning acetylene (see Chapter 8) is of 
better color than that made by explosion.**'* 

Hubou**® produced acetylene black and hydrogen by exploding acetylene in 
a closed vessel in the absence of air by an incandescent tube or wire or by an 
electric spark. Frank **® decomposed a mixture of acetylene and carbon monoxide 
or dioxide to produce a carbon free from tarry condensation products. 

In the process used by Machtolf.**^ acetylene under pressures of up to about 
6 atmospheres was exploded by an electric spark to produce hydrogen and lamp¬ 
black. Mixtures of hydrocarbons with oxides of carbon or other gases, which 
cannot be exploded at ordinary temperature and under pressure, have been found 
by Gollmert*** to explode if heated and to yield finely divided carbon. Com¬ 
bustion of a mixture consisting of acetylene, an indifferent gas and a metal 
carbonyl can be provoked by a single short charge of energy, a method proposed 
for the production of carbon.**® Other methods of exploding or otherwise 
decomposing acetylene by heat have been suggested by Morehead,*-® Pictet,*-* 
Wegelin,*®- and Bosch.*-® Pictet proposed to decompose hydrocarbons con¬ 
taining acetylene in a tube, the first portion of which was heated to about 5()0® C. 
At this temperature acetylene decomposes into its elements with a considerable 
evolution of heat, wliich renders the continuous decomposition independent of 
external heat. In like manner Waterman and Tulleners *®** decompose ethylene 
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explosively, by heating in an autoclave at 350® C. under a pressure of about 170 
atmospheres. 

Apparatus for the explosive decomposition of acetylene has been described 
by Machtolf and by the Hydrocarbon A.-G. fiir Chemische Produkte.'^o 
Rimarski and his co-workers reported that detonation must be avoided in the 
commercial manufacture of acetylene black. This is done by holding pressures 
at or below a definite low starting pressure or by diluting acetylene with a gas 
such as hydrogen or oil gas. 


Decomposition Effected in the Presence of Catalysts 

With catalysts the thermal decomposition of hydrocarbons to carbon and 
hydrogen can be effected at somewhat lower temperatures than those ordinarily 
required. Cantelo studied the thermal decomposition of methane in the pres¬ 
ence of silica gel, manganese dioxide, calcium oxide, bone black, and mixtures of 
copper and copper oxide, nickel and nickel oxide, and iron and ferric oxide, and 
suggested the use of such catalysts to lower reaction temperatures to improve the 
quality of the black produced. As pointed out previously, the activity of catalysts 
is impaired when carbon is deposited on their surfaces, and therefore some pro¬ 
vision must be made for its removal or for preventing its deposition. 

An investigation of the decomjtosition of a kerosene fraction, boiling from 
200® to 230® C., by passing its vapors over heated pumice impregnated with 
metallic cobalt, iron, nickel and manganese was made by Kanning and Brown .^20 
They noted that the catalyst was poisoned by carbon deposited at low tempera¬ 
tures, although no such effect was observed at high temperatures. The ability 
of these catalysts to decompose kerosene vapors decreases in the order given. 
Cobalt was effective as a catalyst for continuous conversion at temperatures 
abov^ 500° C. Increasing the temperature increased the proportion of hydrogen 
in the gaseous products and decreased the proportion of methane. Although in 
all cases increasing the temperature increased the decomposition of the kerosene 
vapors, at higher temperatures an increase was noted in the percentage of hydro¬ 
gen in the gaseous products in the presence of cobalt and nickel. Under similar 
conditions with iron and manganese catalysts the percentage of methane was 
increased. When a nickel catalyst was used a relatively large percentage of 
unsaturated hydrocarbons was formed in contrast to only traces with cobalt. 
With both nickel and manganese large quantities of paraffin hydrocarbons other 
than methane were also formed. In the presence of iron at 400® C. the gas 
contained the largest percentage of hydrogen (90.5 per cent) and with nickel at 
390° C. it had the greatest percentage of methane (46.4 per cent). 

In the decomposition of hydrocarbons at temperatures below 1000® C., the 
formation of soot may be avoided by using two catalysts of different powers.'-*** 
The gas is led over the less active catalyst first, and hydrogen and higher hydro¬ 
carbons are produced. 

Good yields of carbon black were obtained by Bancroft by decomposing 
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methane at 1200® C. or higher. In his process the hydrocarbon gas is passed 
between the concave bottom of a flame-heated combustion chamber and a rotating 
steam- or water-cooled drum, the surface of which is parallel with the hot surface 
of the combustion chamber. The heating surface may be composed of copper, 
nickel, or other materials exerting a catalytic effect. The carbon formed is 
subjected to a high temperdture for only a short time, being quickly removed 
from the cracking zone and scraped from the rotating drum. 

Crommetf, Hawkins and Wheelock^®^ passed methane or other hydrocarbon 
gases through a tube lined with palladium, nickel, manganese, or a similar metallic 
catalyst and heated externally to about 700® C. The carbon black formed in 
good yield is pushed out of the tube at regulaf intervals by a ram. The tem¬ 
perature of the catalyst should be varied somewhat (for example, between a 
temperature of 700® and 750® C. with palladium) by providing a secondary vary¬ 
ing source of heat. 

For the decomposition of unsaturated hydrocarbons (ethylene, acetylene and 
diacetylene) to produce carbon black the use of a metal cf the iron group (nickel 
or cobalt) or its oxide has been suggested as a dehydrogenating catalyst by 
Schmidt and Grosskinsky.^** The hydrocarbons are treated at a temperature of 
300® to 450® C. under a pressure of 30 to 100 atmospheres. The reaction may 
be effected similarly under reduced pressure and in the presence of other 
gases such as hydrogen, water vapor, oxides of carbon, and methane. Activators 
(alkali or alkaline-earth metals or oxides of zinc, cadmium, copper, chromium, 
vanadium, molybdenum, uranium, or alkalies) may be used with the catalyst.^** 
The deposition of iron or nickel catalysts on supports such as charcoal or mag¬ 
nesium oxide for use in the catalytic decomposition of methane into carbon and 
hydrogen was suggested by Griinstein.^** 

Haag, Schlecht and Schubardt employed a metal carbonyl in effecting the 
dehydrogenation of olefins and diolefins to carbon black. A catalyst composed 
of nickel or iron (prepared by decomposing a carbonyl compound) and an alkali 
metal compound, such as potassium carbonate, was proposed by Haag.^®^ Other 
suggested catalysts include a mixture of at least two solid oxides which are not 
reduced to metals in the process.^®® Such mixtures may be made from the oxides 
of aluminum, boron, zirconium, silicon, cerium, thorium, and the alkaline earths. 
The decomposition can also be effected in the presence of mixtures of metallic 
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oxides of the iron group with acid-forming oxides of metals of groups IV, V, 
or VI of the periodic system or the compounds formed between oxides of metals 
of these two types (nickel vanadate) may be substituted. 

Since the efficiency of catalysts decreases as they become coated with carbon, 
they may be allowed to fall through the heated gas stream.^*® The deposition 
of carbon on any particular particle is thus minimized and fresh catalyst is 
always present. The catalysts may be readily separated from the carbon, for 
example, by flotation, magnetic separation or solution in an acid. To overcome 
this decreasing efficiency it has been proposed to use the catalysts in the form 
of balls or cylinders which roll freely in a rotating furnace and which by this 
continuous motion remove the sooty deposit from the active surface.^*^ Decom¬ 
position may also be conducted in a non-sparking electric field in the presence of 
these catalysts.*** 

In the catalytic decomposition of hydrocarbons lining the reaction chamber 
with materials which produce no appreciable decomposition (silver, copper, 
chromium, or their alloys, or ferrosilicon) has been proposed to prevent clogging 
of the apparatus.*** 


Decomposition Effected with Chlorine and Chlorine Compounds 


A number of methods of making carbon in which a hydrocarbon is treated 
with chlorine or a chlorine compound have been advanced.***“ Thus, Averill *** 
burned natural gas in an atmosphere of chlorine, forming hydrogen chloride and 
lampblack. Mott *** heated chlorine and methane to yield carbon tetrachloride, 
which was subsequently heated with more methane to produce lampblack and 
hydrochloric acid. 

Winter*** burned a mixture of hydrocarbon (vapor or gas) and chlorine in 
an atmosphere of air to obtain high yields of a very pure carbon and hydrogen 
chloride. Such a flame consists of a highly luminous 'interior zone where the 
chlorine'reacts with the hydrocarbons, and an outer oxidation mantle. Gaseous 
products are separated from the carbon by filtration or electrical precipitation 
and are washed with water to remove the hydrogen chloride. 

The use of chlorine or of hydrogen chloride in the production of carbon black 
has also been described by Baxter. In one process the hydrocarbons are cracked 
in the vapor phase in the presence of hydrogen chloride and the resulting products 
are further treated with chlorine to yield carbon and hydrogen chloride.*** A 
chlorinated hydrocarbon can be mixed with untreated hydrocarbon (as for ex¬ 
ample, carbon tetrachloride with methane) and the mixture subsequently 


Rataafscbe Petroleum Maatschappij, French Patent 731,652, 1932; Chem. Abs.. 1933. 27. 816: 

British Patent 381,072, 1932; Brit. Chem, Abs. B. 1932, 1119. . o . 

G. Farbenindustrie A.-G., British Patent 357,135, 1930; Brit. Chem. Abs. B. 1931. 1083: 
British Patent 361,837, 1930; Brit. Chem. Abs. B, 1932, 170. 

I. G. Farbenindustrie A.-G., British Patent 340,239, 1929; Chem. Abs., 1931, 25, 4096. 

Schmidt and Grosskinsky, U. S. Patent 1,813,514. July 7, 1931; assigned to I. G. Farbenin¬ 
dustrie A.-G.; Chem. Abs., 1931, 25, 5257. 1. G. Farbenindustrie A.-G., Briti^ Patent 326.913. 1929: 
Brit. Chem. Abs. B, 1930, 545. 

1. G. Farbenindustrie A.-G., British Patent 358,178, 1930; Chem. Abs., 1932, 26, 4924. 

Nash and Ma.son (/nd. Eng. Chem., 1934, 26, 45) reviewed the action of halogens in the heat 

treatment of hydrocarbons. 

U. S. Patent 1,238.734, Sept. 4, 1917; Chem. Abs., 1917, 11, 3393. 

*«U. S. Patent 1,259,121, Mar. 12, 1918; assigned to National Carbon Co.; Chem. Abs., 1918, 12, 


‘^British Patent 317,165, 1928; assigned to Imperial Chemical Industries, Ltd.; Chem. Abs. 
1929, 24, 1941; Imperial Chemical Industries, Ltd., German Patent 552,466, 1929; Chem. Abs., 1932, 
26. 4425. 

British Patent 346,858, 1930; assigned to Imperial Chemical Industries, Ltd.; Chem. Abs., 
1932, 26, 1730. 
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burned.^^* Best results are obtained from such mixtures in which the total 
chlorine does not exceed the equivalent of hydrogen.' The carbon black obtained 
by such processes can be freed of volatile matter by dispersing it in a gas, such 
as nitrogen, carbon dioxide or steam, at temperatures of 150° to 900° The 

hydrogen chloride formed can be used again either as such or as a source of 
chlorine.'*® 

In another process,'®' in which hydrogen, acetylene, ethylene and carbon black 
are the products, methane is treated at temperatures of 950° to 2000° C., at 
pressures varying from 760 mm. to 25 mm., for periods varying from about 15 
seconds to 0.01 second, the required pressure and time of heating required de¬ 
creasing with rising temperature. The gases formed are continuously withdrawn 
by suction, a halogen or halogen compound is used as a catalyst, and the ratio 
of the surface to the volume of the apparatus varies from about 3:1 at 950° to 
30: 1 at 2000° C. in this method. 

Petroleum Coke 

Petroleum coke is a hard, porous, glistening material, varying in color from 
slate-gray to black, left as the solid residue from the destructive distillation of 
petroleum hydrocarbons. In appearance it is similar to the so-called by-product 
coke made from coal. There are two types of petroleum coke, namely, that 
produced in coking stills and that formed in cracking operations. The first has 
been a product of the refining industry for more than a half-century, while 
the latter has become the principal petroleum coke since the adoption of cracking 
processes (generally introduced about 1915). Although the quantity of coke 
formed in coking-still operations has remained fairly constant for many years, 
the production of cracking-still coke has increased from approximately 200,000 
tons in 1921 to nearly 1,100,000 tons in 1928.'®® 

In coking stills, crude oils are distilled (usually at atmospheric pressure) 
until all but about 8 per cent of the volatile constituents of the residue have been 
driven off. This leaves a layer of coke at the bottom, which may range from 
6 inches thick from a Mid-Continent crude to 30 inches from a Mexican crude. 
The distillation is a batch operation and the still is allowed to cool between runs 
so that the coke can be broken up and removed. 

Cracking stills are usually operated continuously, often under increased pres¬ 
sure. The greater part of the coke formed is deposited in the reaction chamber 
where a substantial part of the conversion occurs, and its quantity depends upon 
the character of the charging stock, the temperature, the duration of heating 
and the pressure. 

From a chemical point of view, petroleum coke is to be regarded not as an 
elementary form of carbon but as a mixture of hydrocarbons containing high 
percentages of carbon and small percentages of hydrogen,'** Many hy^ocar- 
bons of high melting point comprising the final distillation products of petroleum 
have been isolated and studied.'®* These are probably intermediates in the 

l!ritish Patent 343,477, 1929; assigned to Imperial Chemical Industries, Ltd.: Chem, Ab* 
1931, 25, 4369. 

British Patent 343,108, 1929; assigned to Imperial Chemical Industries, Ltd.; Ch#m. Abs, 
1931, 25, 4368. 

British Patent 343,676, 1930; assigned to Imperial Chemical Industries, Ltd.; Chem. Abs 
1931. 25, 4368. 

International Industrial and Chemical Co., Ltd., British Patent 352,688, 1929; assigned to Soc. 
industrielle des hvdrocarbures et derives; Chem, Abs., 1932, 26, 3341. 

Swanson, U. S. Bur. Mines Economic Paper 9, 1930. 

^ Morrell and EglofT, J.S.C.I., 1932, 51, 467. See also Gurwitsch and Moore, “The Scientific 
Principles of Petroleum Technology," D. Van Nostrand Co., New York, 1932, 335. 

comprehensive review of this field is given by Zaloziecki and Cans, Chem.-Ztg., 1900» 24, 
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pyrolytic decomposition of hydrocarbons to form petroleum coke.^®* Morton**® 
obtained from petroleum residues a yellow-green material, crystallizing in needles 
with a pearly luster. This tnaterial, which appeared to be isomeric with anthra¬ 
cene, was called viridine and later thallene}^’^ A compound called pctrocene was 
obtained by Tweddle by the redistillation oi petroleum residues.*®* It was a green 
crystalline body having a specific gravity of 1.206 and from it, by distillation, 
were separated various fractions which were called carbocate, carhopctrocene, 
and thallene. Hemilian *** isolated a hydrocarbon from the highest boiling por¬ 
tions of American petroleum. This compound crystallized from benzene in shining 
yellow plates melting above 300° C. and was also called petrocene. From Morton’s 
thallene, Smith*®® isolated picene, which had previously been described* and 
obtained in the distillation of brown coal by Burg.*®* Graebe and Walter *®* 
also isolated picene (see Chapter 2), melting at 330° to 335° C., from the residues 
of the distillation of Californian petroleum. 

Prunier and David *®® separated a green crystalline body by the redistillation 
of petroleum residues. This appeared to be a mixture of the fluorescent coloring 
matter of American petroleum with aromatic hydrocarbons of higher molecular 
weight than those known at the time. The carbon content of this material varied 
from 88 to 96 per cent. On treating it with various solvents, Prunier*®^ suc¬ 
ceeded in isolating a granular crystalline substance soluble in carbon disulphide 
and in hot chloroform. On evaporating a solution in the latter solvent, a reddish- 
brown residue, corresponding to the formula (CeHa)^, remained. From this 
residue, other bodies evidently belonging to a new series of hydrocarbons and 
having equally high carbon contents were isolated. Thus, from its solution in 
a mixture of alcohol and a little chloroform there were crystallized yellowish 
slender needles with a pearly luster, melting at 260° C., nearly insoluble in alcohol, 
ether and warm chloroform, but soluble in petroleum, benzene, and acetic acid. 
This compound, also corresponding to the formula (C 6 H 2 )n, formed two picrates 
having the formulas C 24 H 8 CeH 8 (N 02)30 and C 24 H 8 - 2 CeH 3 (N 02 ) 30 , melting at 
185° and 135° C., respectively. 

Prunier and Varenne **® also examined the dark, spongy, brittle residue left 
in the retorts from the distillation of petroleum, the so-called petroleum coke. 
A portion of this residue was soluble in carbon disulphide and this extract (con¬ 
taining 93 to 95 per cent carbon) was separated into fractions by means of 
various solvents. The alcohol-soluble fraction was a pale yellow viscous, oxy¬ 
genated substance, the ether-.soluble fraction was a mixture of orange-colored 
crystalline hydrocarbons and oxygenated compounds, and the acetic acid-soluble 
fraction was dark brown and appeared to be the substance to which the fluores¬ 
cence of petroleum was due. The insoluble portion contained 97.4 to 98.0 per 
cent carbon. 

Sadtler and McCarter *®®‘ separated several hydrocarbons occurring in petro¬ 
cene. One, melting at 280° C., had the composition of a dimethylanthracene. 

Brooks ilnd. Eng. Chcm., 1926, 18, 518) believes coke results through the intermediate formation 
of complex bcnzenoid hydrocarbons. 

»••/. Franklin Institute, 1872, 64, 1872. 

Chem. News, 1876, 34, 188. 

^*Zalozicckt and Cans, he. cit.; also Chem. Soe. Ahs., 1879, 36, 309. 

1877, 9, 1604; Chem. Soc. Abs., 1877, 32, 867; Chem. Zentr., 1877, 2. 

Monit. scient., 1880, 22, 68. 

'^Bet., 1876, 9, 1207; Chem. Soc. Abs., 1877, 31, 96; Ber., 1880, 13, 1834; Chem. Soc. Abs., 
1881, 40, 179. 

1881, 14, 175; Chem. Soc. Abs., 1881, 40. 284. 

^ Compt. rend., 1878, 86, 991; Chem. Soc. Abs., 1879, 36, 309; Bcr., 1879, 12. 366. 

^Compt. rend.^ 1879, 88. 316; Chem. Soc. Abs.. 1879, 36. 447; Ber., 1879, 12, 843. 

“•Bull. soc. chtm., 33. 567; Compt. rend., 1880, 90, 1006; Chem. Soc. Abs., 1881, 40, 239; Chem. 
Zentr., 1880, 339, 548; Ber., 1880, 13, 1141. 

*^Amer. Chem. J., 1879, 1, 30; Chem. Soe. Abs., 1881, 40, 1128. 
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although its properties did not agree with those of any of the then 
known isomers. The hydrocarbon melting at 178® appeared to be a monomethyl- 
anthracene. Both of these substances were undoubtedly contaminated with 
chrysene, a compound having a higher percentage of carbon and which was 
extremely difficult to remove. Divers and Nakamura isolated a yellow and 
a colorless hydrocarbon, both corresponding to the’formula (€ 4113)0 and melting 
at 280°-285° C., from the last portions of the distillation of a Japanese petroleum. 
From a Russian mazout, de Boissieu^®* similarly obtained a substance melting 
at 145®-150®C. The isolation of a hydrocarbon, C 24 H 13 , called cracArrnr, from 
the pitch of a Saxon lignite tar has been reported by Klaudy and Fink.'®® This 
compound was believed to be identical with the hydrocarbon (C 4 H 3 )„ obtained 
by Divers and Nakamura and with benzerythrene, formed in passing benzene 
vapor through a red-hot tube.'^® 

Zaloziecki and Cansisolated a series of hydrocarbons corresponding to the 
general formula CnHan-oo ^rom crude petrocene and to this series they have 
given the name petrocenes. The melting points of the various hydrocarbons 
were 140°, 147°, 153°, 155.5°, 168°, 191.5°, 205°, 216°, 221.5°, 228°, 245°-247° 
and 250.5° C. The compound melting at 250.5° C. had the composition 
and yielded a picrate melting at 178° and a bromo-derivative melting at 276° C. 
When treated with various oxidizing agents no well-defined products were formed 
but with fuming nitric acid, yellow nitro-derivatives were obtained. 

According to Zerbe and Eckert,''** the destructive distillation of pitch yields 
naphthalene, acenaphthene, fluorene, phenanthrene, carbazole, anthracene, methyl- 
anthracene, acridine, fluoranthene, naphthofluorene, pyrene, chrysene, and phenyl- 
naphthylcarbazole. 

Proximate analyses of cracking- and coking-still cokes, reported by Morrell 
and Egloff,"^ are given in Table 48: 


Table 4S.—Proximate Analyses of Cracking- and Coking-Still Cokes. 

Coke Source from Volatile Fixed B.T.U. 

Fuel Oils Moisture Matter Carbon Ash Sulphur per lb. 

-Per Cent- 


Cracking stills 
Mid-Continent . 

... 0.50 

8.07 

Panhandle, Texas_ 

... 3.31 

14.00 

Arkansas . 

... 0.11 

12.28 

Kentucky . 

... 0,39 

11.65 

Pennsylvania . 

... 0.20 

11.39 

California . 

... 0.47 

18.03 

Coking stills 

0.6 

2.1 


0.3 

3,9 


91.81 

0.05 

0.83 

15,645 

81.12 

1.59 

0.45 

15,573 

87.15 

0.46 

4.18 

15,898 

87.42 

0.54 

0.06 

16,403 

87.42 

0.99 

0.22 

16,248 

80.49 

0.91 

1.09 

15,295 

95.8 

1,5 

0.5 

14,480 

94.1 

1.0 

0.7 

14,900 


Petroleum coke had been a valueless by-product during early years of petro¬ 
leum refining but has lately been utilized in many diverse ways. The greater part 
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Chem. Atg., 1893, 17, 70. 
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Schultz, Ber., 1878, 11, 95; Chem. Soc. Abs., 1878, 34, 323; Schmidt and Schultz, .*}>(»., 1880, 
203. 118; Chem. Soc. Abs., 1881, 40, 435. 

Chcm. Ztff., 1900. 24, 553; C7rrm. Soc. Abs., 1900, 78 (1), 593. 

Brennstoff-Chem., 1933, 14, 1; Brit. Chem. Abs. B, 1933, 210. 

J.S.C.I., 1932, SI, 467. Analyses have previously lieen given hy Lidov, J. Rvss. Phys.^Chem. 
Soc.. 1882, 14, 323; Chem. Soc. Abs., 1883, 44, 408. Doeltz, Chem. /Ag., 1906. 30, 585; and Lang' 
bein, Chem.-Ztg., 1906, 30, IMS; and analyses of ash by Shirey, InJ. ting. Chem., 1931, 23, 1151. 
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is being used as a fuel/’* for which purpose it possesses many advantages over 
powdered coal. Petroleum cake ignites at a lower temperature, the flame propa¬ 
gates faster, the ash content is lower, and it is more easily pulverized.”* For 
domestic use, briquettes of petroleum coke are said to be an excellent fuel.”* 
Building blocks are made from petroleum coke by mixing the coke with about 
one-third as much of a bindes formed from Portland cement and petroleum coke 
fines.”** Other uses include the manufacture of carbon electrodes,”* carbon 
brushes, crucibles, dry cells, and in the form of bricks for electrolytic cells and 
furnace linings. As it is a reducing agent it has found use in some metallurgical 
processes and in the reduction of barite to barium sulphide for the manufacture 
of lithopone. According to Swanson,”’ it is also finding application in the 
ceramic, cement and abrasives industries as a fuel. Swanson also states that 
California fruit growers use it for their orchard fires and according to Morrell 
and Egloff it is now being used for curing ' hickory smoked hams/' 

A number of methods for the production of petroleum coke have been de¬ 
scribed. Nomi distilled petroleum tar destructively at 500® to 600® C. To 
obtain coke in the form of irregular scales. Perry heated a thin layer of 
coal tar, pitch, petroleum, or asphalt on a hot drum. Murray and Ricketts 
produced coke from oil residues by bringing hot gases into contact with them 
as they flow in a thin film over the inner surface of a coking chamber. Distilla¬ 
tion of heavy hydrocarbon liquids to hard low-volatile cokes was accomplished 
by Jennison and Faben’** by passing gases produced by the combustion of car¬ 
bonaceous fuel into the liquids. Campbell and Herthel and Gullette re¬ 
duced heavy oils to coke in cylindrical vessels, removing the coke subsequently 
en bloc. An apparatus for the production of petroleum coke was described by 
Steinschneider,”* and Tz ’** proposed a method of operating cracking units to 
produce ash-free petroleum coke. Also, heavy oils may be sprayed into an oven 
chamber heated from below by horizontal flues. Part of the hot combustion gases 
from the flues mixed with air is passed in with the oils to attain the temperature 
necessary for cracking.^**® 

Petroleum coke formed in the cracking of oils can be removed from the 
residues by filtration. EgloflF and Benner obtained purified carbon by wash¬ 
ing the residue from the filtration with solvents. The removal of finely divided 
solid material from distillation gases by washing with water heated to such a 


Egloff, Oil and Gas J., Oct. 4, 1923, 22. 188, 194, 196. Morrell and Egloff, J.S.C.I., 1932, 51, 
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temperature that the hydrocarbons ordinarily solid are separated from the gases 
in the liquid state has also been described.^®® 

A method of calcining petroleum coke in a rotary kiln was proposed by 
Walden.^®® In his method of making carbon black, Oberle treated finely dis¬ 
integrated petroleum carbon with superheated steam. An activated carbon can 
also be pr^uced ^®^ by heating petroleum coke in the presence of water and 
lime to a temperature of 480® to 510® C or by mixing petroleum coke with 
sawdust and acid sludge followed by treatment with highly superheated steam. 

Steinkopf and Winternitz ^®® determined the asphalt content of various oils 
and the amounts of coke formed from them, both in vacuo and at atmospheric 
pressure. They found that 40 per cent of tlie hard asphalt present and from 
40 to 60 per cent of the soft asphalt were converted into coke. Distillations under 
reduced pressure yielded less coke than distillations at atmospheric pressure. 
The best yields of coke from petroleum tars distilled in gas-oven retorts are 
obtained, according to Allner,^®® at a temperature of 1100® C. 

The graphitization of petroleum coke at 2500® C. and the relative catalytic 
effect of various metals on this process have been studied by Schleifstein.^®* 
Calcium was found to have the least effect, and boron and chromium iiad the 
greatest. All attempts to graphitize petroleum coke in the presence of small 
proportions of silica, even by heating for 15 hours at 2400° to 2500® C., were 
complete failures. 

PURIFICATION OF HYDROGEN 

When hydrogen is generated by the purely thermal decomposition of hydro¬ 
carbons, the only impurities usually present in the product are small amounts 
of hydrocarbons (principally methane) and perhaps some nitrogen. It is extraor¬ 
dinarily difficult to effect complete decomposition of hydrocarbons even at high 
temperatures, since equilibrium in such pyrolytic processes is approached so 
slowly. By the pyrolysis of a Polish natural gas at 1700° C., Mantel obtained 
hydrogen which still contained 0.7 per cent of methane. In many of the proc¬ 
esses already outlined, the resulting hydrogen is contaminated by oxides of carbon 
and small amounts of gaseous hydrocarbons. These impurities are present also 
in gases produced by the reaction of hydrocarbons with steam at high tempera¬ 
tures (see Chapter 10). The present discussion must necessarily be limite<l to 
a brief account of the methods for the removal of only these impurities. 

The purity of the hydrogen required for various purposes varies greatly. 
For certain hydrogenation processes (e.g., coal hydrogenation) a comparatively 
impure gas is probably quite satisfactory. On the other hand, the hydrogen 
employed in the catalytic synthesis of ammonia must be free from traces of 
oxygen, carbon monoxide and water vapor.^®® 

Kloepfer '®®* treated the gases (containing hydrogen and methane) with a 
mixture of 25 to 35 per cent of fused sodium and 70 to 75 .per cent of a xliluent 
such as sodium chloride or carbonate. The mixture was heated to a temperature 
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U. S. Patent 1,564,730, Dec. 8, 1925; Chcm, Abs., 1926, 20, 495. 
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^^PetroUum Z., 1922, 18. 1337, 1369; Chem. Abs., 1923, 17, 2185. 

‘“Com. Chem. Met., 1928, 12, 59; Chem. Abs., 1928, 22, 1732. 

Prgemysl Chem., 1928, 12. 333; Chem. Abs., 1928. 22. 4458. 
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of over 300® C. in order to melt the sodium, but at a low enough temperature to 
keep the diluent solid.<- 


Purification by Fractional Condensation 

One method for obtaining substantially pure hydrogen from mixtures is low- 
temperature fractionation. This process was developed principally for producing 
hydrogen from water gas (a mixture of hydrogen and carbon monoxide 
chiefly) but it has been modifled to produce hydrogen from ^oal gas or coke- 
oven gas. One method for separating the constituents of coke-oven gas by 
fractional condensation has been described by Bronn.^®® The gas, previously 
freed from carbon dioxide by washing successively with water under a pressure 
of 12 atmospheres and with caustic soda, is subjected to a preliminary cooling 
to —^30° C. to —50® C. by heat interchange with the ^ases issuing from the 
system. The gas then enters a separation chamber where it undergoes further 
cooling by the gases already separated. All the constituents are thus condensed 
with the exception of hydrogen, nitrogen, and part of the carbon monoxide. The 
residual" gas, still under a pressure of about 10 atmospheres, is then passed 
through tubes immersed in a bath of liquid nitrogen evaporating under reduced 
pressure. This effects condensation of the carbon monoxide and almost all the 
nitrogen, leaving hydrogen of about 98 to 99 per cent purity. If the gases are 
to be used for the synthesis of ammonia, the residual mixture of hydrogen, 
nitrogen, and carbon monoxide is washed with a stream of liquid nitrogen to 
remove the carbon monoxide completely and a mixture of hydrogen and nitrogen 
results. By treatment with liquid nitrogen under pressure at —180® C. all im¬ 
purities liquefiable at that temperature (hydrogen sulphide, carbonyl sulphide and 
the last traces of carbon monoxide) can be removed from hydrogen from water 
gas.^®® 

Bronn and Fischer ®®® pretreated the gases at a temperature of —60® C., by 
washing them at a relatively low pressure with liquid ammonia and an organic 
solvent for acetylene (acetone). To remove the washing liquid, further cooling 
to —90® C. may be used. 


Removal of Hydrocarbons 


The high solubility of methane and gaseous hydrocarbons generally in kero¬ 
sene, gas oil, and other petroleum fractions is well known and it is possible to 
eliminate hydrocarbons almost completely by scrubbing with such liquids at 
appropriate pressures. To eliminate hydrocarbons from hydrogen it has been 
proposed to wash the gas with benzine under pressure at a temperature below 
—60® C. but above the freezing point of the solvent.*®^ According to Gordon 
and Hughes,2®2 methane may be eliminated from mixtures containing hydrogen 
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and hydrocarbons by washing the gas under 250 atmospheres with a high-boiling 
solvent such as kerosene. 


Removal op Carbon Monoxide 

A number of methods have been suggested for removing carbon monoxide 
from mixtures with hydrogen, for example, from water gas or the gas obtained 
by treating methane with steam or carbon dioxide at high temperatures (see 
Chapter 10). Bosch and Wild*®* proposed to remove traces of carbon monoxide 
by passing the gases through sodium hydroxide at high temperatures and pres¬ 
sures. For example, hydrogen containing 1 per cent of carbon monoxide is 
treated with an 80 per cent solution of sodium hydroxide under 50 atmospheres 
pressure at 260® C. or with a 25 per cent solution under 200 atmospheres at 
240® C. 

Carbon monoxide can be absorbed in an ammoniacal solution of a cuprous 
salt, the method usually used in gas analysis.*®* Huntington*®* proposed to 
remove carbon monoxide from producer gas by using this absorbent and apply¬ 
ing pressure to the gas. The copper solution is regenerated by subjecting the 
absorbent to a vacuum. Williams *®® and Linde *®^ have described similar pro¬ 
cedures. Ueno and Kiniura *®* treated by-product hydrogen with metallic copper, 
a cuprous salt and ammonium hydroxide. 

The Badische Company *®® used ammoniacal solutions of cuprous chloride un¬ 
der pressures above 100 atmospheres for the absorption but later recommended 
the use of solutions with excess ammonia*^® or of ammoniacal solutions of 
cuprous formate or acetate *^^ to overcome some of the corrosive action on the 
iron vessels employed. Dejahn *^* suggested cuprous carbonate. Gordon and 
Hughes eliminated carbon monoxide and unsaturated hydrocarbons from gas 
mixtures with an ammoniacal cuprous solution using pressures of 100 to 250 
atmospheres. 

Frank,*^* in various processes, proposed to conduct previously dried water 
gas over calcium carbide maintained at a temperature between 300® C. and the 
melting point of the carbide to separate pure hydrogen. Under these conditions 
the impurities present in the hydrogen,, according to Frank, reacted as indicated 
below: 


*«U. S. Patent 1,126,371, Jan. 26, 1915; Chcm. Abs., 1915, 9, 697; U. S. Patent 1,133,087, Mar. 
23, 1915; Chem. Abs,, 1915, 9, 1227; both patents assigned to Hadische Anilin- und Soda-Fabrik. 
Badische Anilin- und Soda-Fabrik, British Patent 1,759. 1912; J.S.C.I., 1912, 31, 1180; British Patent 
14,509, 1913; 1914, 33, 256; French Patent 439.262, 1912; 1912, 31, 722. 

A study of carlwn monoxide absorption in ammoniacal cuprous carbonate solutions has been 
made by Hainsworth and Titus, J.A.C.S., 1921, 43, 1. See Chapter 49. 

British Patent 15,310, 1885 ; 1885, 4, 737. 

»«Jtritish Patent 19,096, 1889; J.S.C.I.. 1891, 10, 270. 

Gesellschaft fur Lindes Eismaschinen A.-G., German Patent 289,106, 1914; Chcm. Abs., 1916, 
10, 2508. 

Japanese Patent 31,292, 1917; Chcm. Abs., 1918, 12, 208. 

><» Badische Anilin- und S^a-Fabrik, German Patent 282.505, 1913; Chcm. .4bs., 1915, 9. 2299. 
**• Gaus, U. S. Patent 1,196,101, Aug. 29, 1916; assigned to Badische Anilin- und Soda-Fabrik; 
Chem. Abs., 1916, 10, 2624; British Patent 8,030, 1914; Chcm. Abs., 1915. 9, 2575. 

*11 Badische Anilin- und Soda-Fabrik, British Patent 9.271. 1914; Chem. Abs., 1915, 9, 2801; 
British Patent 20,616, 1914; Chem. Abs., 1916, 10. 956; Dutch Patents 1,273 and 1,274, 1916; Chem. 
Abs., 1916, 10, 1779; German Patent 288,450, 1914; Chcm. Abs., 1916, 10. 2397; German Patent 
289,694, 1914; Chcm. Abs., 1916, 10, 2624; German Patent 288,843, 1914; Chcm. Abs., 1916, 10, 2982; 
Austrian Patent 72,240, 0916; Chem. Abs., 1917, 11, 873. 

*** British Patent 120,546, 1918; assigned to General Chemical Co.; Chem. Abs., 1919, 13, 643. 

*>* British Patent 304,345, 1927; assigned to Imperial Chemical Industries. Ltd.; Brit, Chem. Abs. 
B 1929 233. 

’ German Patent 174.324. 1905; Chem. Abs., 1907, 1, 804; German Patent 177.703, 1903; Chcm. 
Abs., 1907. 1. 1212; British Patent 26,808, 1906; J.S.C.I., 1907, 30, 1091. U. S. Patent 873,853, 
Dec. 17, 1907; Chem. Abs., 1908, 2, 1201. U. S. Patent 964.415, July 12, 1910; Chem. Abs., 1910, 
4. 2726. British Patent 26,928, 1906; Chem. Abs., 1907. 1, 1797. French Patent 371,814, 1906; 
Chem. Abs., 1908, 2, 2606. See J. Gasbcl., 1908, $1, 48; Chem. Abs., 1908, 2, 1337. 



232 


CHEMISTRY OF PETROLEUM DERIVATIVES 


CO-fCaG - 

ca + aCaC, 

3CO, + 2CaC, 
0 4-CaC, — 
2N + aC, - 


CaO + aC 
- 2CaO + 5C 
2CaCO, + 5C 
CaO -f 2C 
CaN.C + C 


Williams proposed to convert carbon monoxide present into methanol, which 
can then be removed by cooling the gases under pressure. Hydrogen containing 
2 to 10 per cent of carbon monoxide is passed under a pre^ure of 900 atmos¬ 
pheres over a catalyst at 400® C. The catalyst is made by heating zinc carbonate 
or a mixture of zinc and chromic hydroxides. Methanol is formed from carbon 
monoxide thus.*'® 

CO -1- 2H, —CH,OH 


Removal of Carbon Dioxide 

Removal of carbon dioxide from gas mixtures is relatively easy. Conversion 
of carbon monoxide to carbon dioxide can be effected with steam in the presence 
of certain catalysts, according to the reaction: 

CO + H,0 C0.4-H, 

This reaction is reversible and unless steps are taken to remove the carbon 
dioxide as it is formed, the resulting gas mixture contains carbon monoxide, 
carbon dioxide and hydrogen in such proportions that further purification be¬ 
comes difficult and expensive. Lime and other alkaline contact materials have 
been suggested for absorbing the carbon dioxide as it is formed.®'^ From the 
work of Engels *'® and others, it appears that the best temperature for this exo¬ 
thermic reaction, which is actively catalyzed by metallic oxides (iron oxide), is 
400® to 600® C. Many processes for effecting this conversion have been devel¬ 
oped but only a few salient points of these need be noted, since they have been 
described elsewhere.*'® The reaction temperature is usually 400® to 600° C. and 
the oxides or iron, cobalt, and nickel dispersed on non-metallic supports have 
been recommended as catalysts.**® Other suggested contact materials contain active 
substances, especially oxygen compounds of copper, chromium, manganese, mag¬ 
nesium, thorium, uranium, beryllium or antimony.**' 

The use of lime water under pressure has also been suggested for washing 
gases for the removal of carbon dioxide.*** Gordon and Hughes washed out 


British Patent 258,887, 1926; assigned to Lazote, Inc.; Brit. Chem. Abs. B, 1928, 230. 

Other processes for the conversion of carbon monoxide to methanol are given by Ellis, "Hydro 
genation of Organic Substances," D. Van Nostrand Co., Inc., New York, 1930, 652-691. 

See, for example, Mond and Langer, British Patent 12,608, 1888; J.S.C.I., 1889, 8. 767; 
duMotay, U. S. Patents 229,338, 229,339 and 229,340, June 29, 1880. Ellenberger, U. S, Patent 
989,955, Apr. 18, 1911; assigned to Chemische Fabrik Griesheim-Elektron; Chetn. Abs., 1911, 5, 2325. 
Siedler and Henke. U. S. Patent 1.181,264. May 2, 1916; Chem. Abs., 1916, 10, 1708. Ellis, U. S. 
Patent 1,173,417, Feb. 29, 1916; Chem. Abs., 1916, 10. 1083. Goold-Adams and Greenwood. British 
Patent 137,340, 1918; J.S.C.I., 1920, 39, 232A. 

“•Dissertation, Karlsruhe, 1911; J. Gasbel., 1919, 62, 477, 493. Levi and Piva, Ann. ckim. appl. 
1914, 1, 1; J.S.C.I., 1914, 33, 310; Chem. Soc. Abs., 1916. 110 (2), 525. Evans and Norton, Ind. 
Eng. chem., 1926, 18, 513. 

“•Ellis, "Hydrogenation of Organic Substances," D. Van Nostrand Co., New York, 1930, 728; 
Taylor, "Industrial Hydrogen." Chemical Catalog Co., Inc., New York. 1921, 60; Marek and Hahn. 
"The Catalytic Oxidation of Organic Substances in the Vapor Phase," Chebiical Catalog Co., Inc., 
New York, 1932, 110. 

“•Soc. I’atr liquide (Soc. anon, pour I'etude et Texploitation des proc6d^s G. Claude), French 
Patent 471,162, 1913; J.5.C.I.. 1915. 34. 163; British Patent 15,053, 1914; J.S.C.I.. 1915, 34. 786. 

•“Larson, British Patent 311,737, 1928; Chem. Abs., 1930. 24, 929; Beekley, Canadian Patent 
284,584. 1928; Chem. Abs., 1929. 23. 1225; both patents assigned to Lazote, Inc. 

•••See, for example, Bosch and Wild, U. S. Patents 1,113,096 and 1,113.097, Oct. 6, 1914; as¬ 
signed to Badische Anilin* und Soda-Fabrik; Chem. Abs., 1914, 8, 3841. U. S. Patent 1,115,776, 
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carbon dioxide, hydrogen sulphide and sulphur compounds with solutions con> 
taining ammonia under pressures from 100 to 250 atmospheres.*** Scrubbing with 
water under pressures up to 200 atmospheres has also been proposed by Gor¬ 
don,*** who subsequently released the pressure to 20 atmospheres to obtain gas 
richer in hydrogen, leaving gases richer in carbon dioxide in solution. He effected 
further separation by repeating the process. 

To absorb carbon dioxide from gases such as those formed in the reaction 
of hydrocarbons with steam (see Chapter 10), A1 *** treated them with an excess 
of steam (above an equimolecular proportion with respect to the carbon dioxide) 
in the presence of a solid alkali carbonate at a temperature above the condensing 
temperature of steam. 

Nov. 3, 1914; Chem. Abs.. 1915, 9, 129; U. S. Patent 1,157,669, Oct. 26, 1915; Chem, Abs., 1916. 9. 
3335; U. S. Patent 1,200,805, Oct. 10, 1916; Chem. Abs.. 1916, 10. 3142; all three patents assign^'d 
to Badische .Anilin- und Soda-Fabrik. Heissler, U. S. Patent 1,672.528, June 5, 1928; assigned to 
.Atmospheric Nitrogen Corp.; Chcm. Abs., 1928, 22, 2644. Mond and Langer, British Patent 12,608. 
1888; J.S.C.I.. 1889, 8, 767. 

British Patent 304,345, 1927; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. Abs. 
B, 1929, 233. 

*** British Patent 311,299, 1928; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. Abs. 
B, 1929. 557. 

U. S. Patent 1,831,731, Nov. 10, 1931; assigned to Bataafsche Petroleum Maatschappij; Chem. 
Abs., 1932, 26, 813. 



Chapter 8 

The Carbon Black Industry. Deposition of Carbon 

from Flames 

The industry classifies blacks, which consist of substantially pure carbon, 
roughly into two divisions, namely (1) carbon black, which is made by im¬ 
pingement of a flame of hydrocarbon gas (usually natural gas) on a surface 
(generally metallic); and (2) lampblack which is deposited as a soot in the 
incomplete combustion of a solid or liquid carbonaceous substance in free space 
(i.e., without impingement).^ Carbon black is more finely divided than lamp¬ 
black and for this reason is generally regarded as superior for use in rubber 
compounding, especially tire tread stock. 

This division of blacks into two classes, carbon black and lampblack, depend¬ 
ing upon the method of deposition, is by no means a satisfactory one, and a 
classification based on methods of manufacture would be more explicit and, for 
the present purpose, more satisfactory. Five such methods have been listed by 
Chamberlin and Rose:^ 

1. Incomplete QombusHon with Impingement. A hydrocarbon gas, burning 
in a limited supply of air, is allowed to impinge on a cool depositing surface. 
The earliest methods for the manufacture of carbon black from natural gas, such 
as the so-called channel, disc, roller, and plate processes which will be described 
in this chapter, were of this type. In point of production these are the most 
important. 

2. Thermal Decomposition. A hydrocarbon gas or atomized oil is subjected 
to thermal decomposition in the absence of air. In this class would fall the 
“Thermatomic” and other processes described in Chapter 7 for the production 
of hydrogen and carbon. 

3. Explosion. A hydrocarbon gas such as acetylene is exploded in a limited 
supply of air, resulting in decomposition to carbon. Some examples of this class 
have already been discussed in Chapter 7 and others will be found in Chapter 9. 

4. Incomplete Combustion without Impingement. A liquid or solid hydro¬ 
carbon is burned in a limited supply of air to produce soot which is collected. 
Lampblack is manufactured in this way. Some processes of this type have been 
mentioned in Chapter 7. 

5. Destructive Distillation. Destructive distillation of organic materials pro¬ 
duces various kinds of charcoals and cokes (e.g., petroleum coke) which are sub¬ 
sequently pulverized for use. 

In Chapter 7 the methods of decomposing hydrocarbons to produce carbon 
and hydrogen (classes 2, 3, 4, and 5 above) were discussed. In this chapter the 
principal emphasis will be placed on those procedures in which the hydrocarbons, 
generally natural gas, are burned with a flame in an insufficient supply of air 
(class 1 above). From a consideration of the mechanism of this latter process. 

‘ C/. Cabot, Reports Eighth Intern. Congress Applied Chem,, 1912, 12, 13. Neal, U. S. Bur. 
Mines Ball. 192, 1922, 1. Wiegand, Ind. Eng. Chem., 1931, 23, 178. 

* Trans. Am. Inst. Chem. Eng., 1929, 22, 155. 
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it has been shown that it, too, is a simple decomposition effected by the ;. heat 
produced by combustion of part of the gas. 


Mechanism of Carbon Black Formation 

The production of carbon black by incomplete combustion of gases containing 
hydrocarbons is not the result of a preferential combustion of the hydrogen of the 
hydrocarbon but is a direct thermal decomposition. Part of the gas burns pro¬ 
ducing oxides of carbon, and the heat liberated is sufficient to cause the decom¬ 
position of another part of the hydrocarbon gas into carbon and hydrogen. 
According to Bone and his collaborators ^ the various processes taking place dur¬ 
ing the combustion of methane can be formulated as follows: 


CH4. 


Oxidation 


>. CH,OH 


Oxidation 


HCHO + H,0 


“ 11 

\ /j 

22.7 

posit 

S CH.(OH). 1 

CM 5, 

■ 1 

1 I 

li 



C + 2H, 


CO -f 2H. 


CO+ H, 


The thermal relationships are indicated in kilogram calories per mole. 

Bone * and his collaborators, as previously pointed out in Chapter 7, found 
that the thermal decomposition of methane is a purely surface effect giving rise 
to a hard graphitic carbon, but the decomposition of ethane, ethylene, and 
higher gaseous hydrocarbons Ukes place throughout the entire mass of the gas, 
leading to a soft form of carbon. It is well known that unsaturated hydrocar¬ 
bons, such as ethylene and acetylene, can be formed by incomplete combustion 
of methane or its homologues and consequently (see Chapter 4) there is a possi¬ 
bility that these unsaturated hydrocarbons, and not methane itself, are the genera¬ 
tors of the finely divided carbon black. 

The function of the metal surface for deposition is twofold.® In the first 
place the liberated carbon is cooled somewhat so that no oxidation changes, or 
an agglomeration of particles, from too prolonged heating can take place. Sec¬ 
ondly, it allows the carbon to be maintained at a high enough temperature for 
sufficient time to free it from empyreumatic substances. Too cold a metal sur¬ 
face prevents the maximum separation of carbon and too hot a surface causes 
loss of carbon by agglomeration., The temperature of the depositing surface 
should normally not exceed 500'* C.® 

When carbon is maintained at high temperatures for any length of time its 
physical and chemical properties tend to change markedly. An agglomeration of 
particles takes place followed by the formation of hard gritty lumps somewhat 
of the nature of graphitic carbon. To obtain the best quality of carbon black 
it is essential to avoid the prolonged action of heat on the carbon black initially 
formed. 


* JJone, Davies, (tray, Henstock. and Dawson, Phil. Trans. Roy. Soc., London, 1915, (.A), 21S, 
275; Chem. Soc. Abs., 1915, 108 (2), 684; Chem. Abs., 1915, 9. 2976; Uone and Townend, **Flame 
and Combustion in Gases,*’ Longmans, Green and Co., New York, 1927, 387, 413, 381. See also 
Perrott and Thiessen, Ind. Eng. Chem., 1920, 12. 324; and Chapter 37. 

* hoc. cit. Cf. Bone and Coward, J.C.S., 1908, 93, 1197. 

® See Perrott. U. S. Bur. Mines Bull. 192, 1922. 

* This was also confirmed later by the work of Plummer and Keller (Ind. F.ng. Chem., 1930, 22. 
1209), who found that the optimum temperature of the depositing surfaces for the production of gas 
black from propane was about 516* C. 
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Wiegand^ has studied the characteristics of two types of flames, namely, a 
round and a flat or “batwing’’ type in black production, and the factors which 
influence quality and yields. Comparison of products from the two flames re¬ 
vealed that the carbon black obtained from a round flame was characterized by 
a grayer color, lower oil absorption and absorptive activity, increased flow char¬ 
acteristics, greater miscibility in rubber but diminished reenforcing effects in 
rubber composition. 

Measurements of the temperature of flames of hydrocarbon gases have been 
made by Loomis and Perrott* and Jones, Lewis, Friauf, and Perrott.® The 
flame temperature is markedly affected by the proportion of combustible gas and 
air in the mixture, of course. The flame temperature reaches a maximum when 
the mixture contains combustible gas slightly in excess of that necessary ,to con¬ 
sume all the oxygen present. The observed maximum temperatures obtained with 
methane, Pittsburgh natural gas, ethane, butane, isobutane, propane, butylene, 
propylene and ethylene increased in that order from 1880° to 1975° C. Thus, 
unsaturated hydrocarbons produce higher maximum flame temperatures than sat¬ 
urated ones. These maximum flame temperatures were found to occur over very 
narrow ranges of gas-air ratios. 

Deposition of Carbon from Natural Gas Flames 

Since natural gas varies widely in composition (see Chapter 1), a difference 
in the yield and quality of the blacks manufactured from gas* from various 
sources is to be expected. Natural gas frequently contains nitrogen, oxygen, 
hydrogen sulphide, and water vapor as well as carbon dioxide. Indeed only small 
proportions of hydrocarbons may be present in the raw gas,* in such rare cases 
as certain wells in Mexicoand New Mexico,^^ and id a number of other 
places”* which discharge gas consisting largely of carbon dioxide. The relative 
proportions of the gaseous paraffin hydrocarbons present in natural gases are of 
special importance in black manufacture. In general, as will be pointed out later, 
a gas containing a moderate content of ethane is better than one which is almost 
entirely methane. West Virginia with its supply of gas high in ethane is a 
particularly favorable location in this respect. 

The yield of carbon black varies from one-half to about two pounds per 
thousand cubic feet of natural gas.^® This variation in yield depends mainly 
upon the process used and the type of product desired and is only slightly affected 
by the character of the gas. Since 31.82 pounds of carbon and 2000 cubic feet 
of hydrogen are theoretically obtainable from one thousand cubic feet of methane, 
the-process of producing carbon black must be regarded as wasteful. Many a’ 
chemist, calculating the theoretical yield of carbon, feels that he is called upon 
to make an effort in the cause of conservation, and perhaps, what is more im¬ 
portant, to produce carbon black at a lower cost. 

That the carbon made by burning artificial gas in a limited supply of air 
could be used to impart to ink a very glossy and intense black was known to 
certain manufacturers of printing ink as early as 1864.*® The first fac- 

^ Jnd. Eng. Ckem., 1931, 23, 178. 

* Ind. Eng. Chcm., 1931. 53, 869. Cf. Jones, Lewis and Seaman, J.A.C.S., 1931. 53. 3992. 

•J.A.C.S., 1931, 53. 869. 

Martin, Ind. Eng. Chcm., 1931, 23, 256. 

Jnd. Eng. Chcm., Sews Edition, 1931, 9, 316. 

For sources of natural carbon dioxide in Belgium, see Guilleaume, Rev. uniicrselle mines, 
1926, (7) 10, 169; Chcm. Abs., 1926, 20. 2728. 

*» See Perrott, U. S. Bur. Mines Bull. 192, 1922, S3. 

“See Neal and Perrott Hoc. cit.) and Cabot (he. cit., also J.S.C.I., 1894, 13, 128). The history, 
manufacture, uses and testing of carbon blacks have also been discussed briefly by Cranor and Ventito 
(.4m. Paint 1931, 15. No. 26, 21). 
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tory for the successful commercial production of carbon black from natural gas 
was erected in 1872. At this plant at New Cumberland, W. Va., the well was con¬ 
nected to a gas holder, from which the gas passed through pipes to gas jets 
arranged in the same horizontal plane beneath slabs of soapstone pierced by a 
number of orifices; these apertures permitted the passage of excess smoke and 
waste gas. The slabs were covered by a domed roof, provided with a damper for 
controlling ventilation. Transverse horizontal scrapers below the slabs were 
supported and travelled in horizontal grooves cut in the lower and opposite sides 
of the dome. The deposited carbon which was removed by these scrapers then 
fell into sheet-iron troughs. The depositing surface was kept cool by pans 
through which water was allowed to circulate cbntinuously. This plant produced 
a carbon black which was inferior in some properties to the product made from 
artificial gas. It was subsequently shown that the dome was superfluous, that 
cast iron was better than soapstone as a depositing surface, and that no beneficial 
results attended the use of air or water for reducing the temperature of the 
cooling surfaces. 

Certain mechanical improvements, particularly in the design and operation of 
the scraping device, took place at this stage. At Gambier, Ohio,^® a competing 
plant was built with a maximum production capacity of 125 pounds per day, 
which brought about a great reduction in the price of carbon black. A con¬ 
siderable advance was made in 1883 by L. Martin and Co. in a small plant at 
Foster Mills, Pa. Here five plates, 24 feet in diameter, cast in segments and 
supported by a central mast rotating with them, were used for deposition of the 
carbon black. Beneath these plates were fixed stationary burners. In the same 
year Blood devised the rotating disc process, using plates of only 3 feet diam¬ 
eter as depositing surfaces. The advantage of this was that ventilating holes 
were unnecessary and the plates could be made in one casting. Beneath eacli 
plate, which was revolved by a ratchet at the center, was a scraper in the center 
of a radial hopper, through which the deposit fell into a longitudinal conveyer. 

Hallock and Blood proposed and later started the manufacture of carbon 
black by the so-called roller process, A burner with a small hole in the top, 
giving a rounded flame, wa^ so placed that its flame impinged on a cast-iron 
roller (hence, the name of the process) rotating at slow speed. Although only 
a small yield of carbon black, generally of inferior color, was produced, the 
black possessed certain advantages which have prevented the complete abandon¬ 
ment of the method. The chief uses of this black are in making lithographic and 
embossing inks and printing ink for half-tone engravings. 

These methods of manufacturing carbon black have been almost entirely super¬ 
seded (except for small quantities of special blacks) by the channel process, 
which was first employed by McNutt in 1892 in a factory erected at Gallagher, 
Pa. In this process, a system of channel beams turned with the flat side down¬ 
wards over a horizontal row of stationary burners was given a^slow reciprocating 
motion. The black was scraped off and removed by a spiral conveyer. Channel 
irons gave a smoother depositing surface than that of unsurfaced cast-iron plates. 

The carbon black deposited on channels may be selectively removed and that 

** This was the plant of Howarth and Lamb. See Ilowarth, U. S. Patent 131,446, Sept. 17, 1872; 
Reissue 6,937, Feb. 22, 1876; and U. S. Patent 161,039, March 23. 1875. For a biblioflrrapny and 
resume of earlier patents see Neal and Perrott (/oc. ctf.) and Cabot Ooc. cit.). 

^*This was the plant of Peter Neff which operated for about 10 to 12 years. A large number of 
patents have been granted to Neff and Fales, most of which Neal and Perrott {toe. cit.) have stated 
to be useless and impracticable. 

>• See A. R. Blood, B. H. Blood, and E. R. Blood, U. S. Patent 387,487, Aug. 7, 1888. 

» Hallock and E. R. Blood, U. S. Patent 205,955, July 16, 1878. See also E. R. Blood, U. S. 
Patent 269,378, Dec. 19, 1881 

»U. S. Patent 481,240, Aug. 23, 1892. 
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deposited on the central longitudinal part of the face of the channels collected 
separately. According to Wiegand,^® the carbon deposited at different portions 
of the channels has varying properties. 

At about this time an attempt to manufacture carbon black by burning petro¬ 
leum vapors, or gas enriched by oil vapor, was made by Dysart and Cabot 
but the use of the product was limited on account of the presence of hard carbon 
particles. In 1902 a plant was built in West Virginia in which the black ob¬ 
tained by the incomplete combustion of natural gas was collected upon a hollow 
channel iron, through which a blast of air was blown to cool the depositing 
surface and to increase the yield of black, but this process has since been 
abandoned. 

From about 1912 onwards attempts were made to produce carbon black by 
the thermal decomposition of hydrocarbons at high temperatures, already de¬ 
scribed in Chapter 7. Numerous advances in tlie incomplete combustion of 
natural gas have also been made in the meantime. 

Martin obtained an increased yield of carbon black by preheating natural 
gas to 200°-S00® C. before burning. Lewis has suggested cooling a portion 
of the flame separately from the action of the surface by a metal wire or rod 
passing through it. An enclosure having heat-insulating walls has also been 
proposed by Lewis to retard the radiation of heat from the plate and flame. 

An electrical method of operating a carbon black plant was suggested by 
Thieme.*® He connected the positive terminal of a 110-volt direct current elec¬ 
tric circuit to a straight iron wire which passed through a luminous gas flame 
and placed above this wire an iron wire gauze connected to the negative terminal. 
Lampblack ^*grows" on the gauze and as soon as the deposit is large enough 
to come in contact with the straight wire an electric circuit is established. A 
small magnet connected in series is activated by this circuit, drawing the gauze 
suddenly sideways and shaking off the lampblack. The circuit is thus broken 
and the process repeated. A very fine carbon, free from lumps, was obtained. 
The same result was observed when the terminals were connected to an induction 
coil so that a short spark passes between them.®® 

Since carbon is an incomplete combustion product of hydrocarbons efforts 
have been made to secure better yields by stifling the flame in some way, for 
example, by mixing an inert gas such as nitrogen or carbon dioxide with the 
hydrocarbon gas.®^ 

Lewis ®® has suggested the exposure of the flame and iron depositing surface 
to ultraviolet light to increase the yield of carbon black in impingement processes. 


»U. S. Patent 1,809,290, June 9, 1931; Ckcm. Abs., 1931, 25, 4368. 

» U. S. Patent 343,446, June 8. 1886. 

“ U. S. Patent 491,923, Feb. 14, 1893. 

• “ U. S. Patent 1,477,511, Dec. 11, 1923; assigned to Carbide and Carbon Chemicals Corp.; Chem. 
Ahs^ 1924, 18. 573. 

»U. S. Patent 1.510,485, Oct. 7, 1924; Chem. Abs., 1924, 18, 3688. 

** U. S. Patent 1,881,084, Oct. 4, 1932; assigned to Columbian Carbon Co.; Chem. Abs., 1933, 
27, 574. 

»Z. Elektrochem., 1912, 18, 131; Chem. Abs., 1912, 8. 1098; German Patent 256,675. 1912; Chem. 
Abs.. 1913, 7, 2111; Z. physik. Chem., 1915, 89, 693; Chem. Abs., 1915, 9, 2347. 

physik. Chem., 1912, 78, 490; Chem. Abs., 1912, 6, 1706. See also Elektrochem. J., 1913, 
20 , 61; Chem. Abs., 1913, 7, 3278. 

See, e.g., Kumbarger, U. S. Patent 1,401,737, Dec. 27, 1921; assigned to Southern Carbon Co.; 
Matlock. U. S. Patent 1,438,542, Dec. 12, 1922; assigned to Monroe-Louisiana Carbon Co.; Lewis, 
U. S. Patent 1,418,811, June 6, 1922, assigned to the Goodyear Tire and Rubber Co.; Chem. Abs., 
1922, 16, 2760; Darrah, U. S. Patent 1,448,655, Mar. 13, 1923; Matlock, U. S. Patent 1,458.351, 
June 12, 1923; assigned to Monroe-Louisiana Carbon ,Co.; Matlock, U. S. Patent 1,508.367, Sept. 9, 
1924; assigned to Monroe-Louisiana Carbon Co.; Bennington, U. S. Patent 1,515,333, Nov. II, 1924; 
Messenger, U. S. Patent 1,577,481, Mar. 23, 1926, assigned to Standard Oil Development Co. See 
Chapter 7. 

" U. S. Patent 1,811,889, June 30, 1931; assigned to Columbian Carbon Co.; Chem. Abs., 1931, 
25, 4983. 
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An apparatus in which an electric current is passed through a flame from 
which carbon black is being deposited has also been described by Lewis.*® 

Minchin and Downer used two conductors for the deposition of carbon, one 
of which may be rotated and from which the carbon may be continuously removed 
and the other, forming the burner, is charged with alternating or direct current 
and held in the flame of the burning hydrocarbon. In this process the yields arc 
increased by removal of the carbon deposit, by maintaining a uniform tempera¬ 
ture, or by cooling. 

An apparatus with thermostatic control for producing lampblack by the com¬ 
bustion of materials such as natural gas has been described by Rumharger.*^ 

Wiegand and Venuto®* agglomerated carbon black, making it less bulky and 
dusty, by wetting it with water, bringing it into contact with gasoline to displace 
substantially all the water, and finally evaporating the gasoline. Rubber-com¬ 
pounding ingredients may be added to the black during the process and pellets 
may be formed. 

The spraying of water into the fumes from the partial combustion of natural 
gas has been recommended by Lewis.®* The water washes out all the free 
carbon and condenses the water vapor formed in the combustion. The carbon 
particles thus deposited are separated from the water. 

Yields of carbon black higher than those obtainable by burning a hydro¬ 
carbon gas with a continuous flame were produced when the gas was burned 
in an atmosphere of compressed air. Francis ** has shown that the yield of 
high-grade carbon black can be trebled, for example, at 100 pounds pressure. 
In this work the very great theoretical and practical significance of the upper 
limit of inflammability of the hydrocarbon gas in luminous flames is clearly 
demonstrated. At atmospheric pressure the upper limit of inflammability of 
methane in air is about 14 per cent. Such a mixture contains 18 per cent of 
oxygen, an amount more than sufficient to combine with all the carbon present 
in the methane according to the reaction: 

(1) CH* + 0, —C0 + H, + H,0 

The low yields usually obtained are due therefore to the fact that an excess of 
oxygen for equation (1) is present. 

Small amounts of carbon are formed by the side reaction; 

(2) CH 4 + O. —C + 2H.0 

The relative amounts oxidized according to (1) and (2) are determined by 
the relative excess of oxygen at some critical point in the flame and by the equi¬ 
librium between the products: 

(3) C + H.0 CO + H, 

It is obvious, therefore, that to effect an appreciable increase in the yield of 
carbon, conditions must be so changed as to diminish the excess of oxygen in 

U. S. Patent 1,881,085, Oct. 4, 1932; assigned to Columbian Carbon Co.; Chem. Abs., 1933, 
27, 574. 

*®Burmah Oil Co., Ltd,, Dritish Patent 357,133. 1930; Brit. Chem. Abs. B, 1931, 1129. 

U. S. Patent 1,797,368, March 24, 1931; assigned to Imperial Oil and Gas Pr^ucts Co.: Chem. 
Abs., 1931, 25, 2839. 

*> Dritish Patent 327,979, 1929; Chem, Abs., 1930, 24, 5118; Canadian Patent 301,071, 1930: 
Chem. Abs., 1930, 24, 3866. 

**0. S. Patent 1,801,436, April 21, 1931; assigned to Columbian Carbon Co.; Chem. Abs., 1931, 
25, 3447. 

Sv.*’*•*"• >•“0.657, Aug. 25, 1931j uripud to UagaoU* 
Petroleum Co.; Br%t. Chem, Abs. B, 1932, 490. 
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the flame by raising the upper inflammability limit of the hydrocarbon or by 
shifting the equilibrium (3) to the left. From the results of Jones,®® Francis 
has shown that the addition oi inert gases or vapors to stifle the flame as pro¬ 
posed by some is futile. 

The upper limit of inflammability of methane in air increases with increased 
pressure in the manner illustrated in Table 49.*® 

Table 49.— Effect of Pressure upon Upper InHammahility Limit of Methane in Air. 


Pressure (atmos.) . 1 10 50 125 

Per cent methane . 13.5 17.0 29.5 45.4 


From this it might be expected that by increasing the air pressure around the 
luminous flame better yields of carbon would be obtained, as Francis proved 
by direct experiments. By burning gas flames in air under pressures of the 
order of 12 to 14 atmospheres, he obtained yields of black of 7 to 8.5 per cent 
(1 pound per 1000 cu. ft. of methane = 3% yield), a decided increase over 
processes operating at atmospheric pressure. The carbon produced in these ex¬ 
periments was equal in tinting power and apparently identical with the best 
grades of carbon black on the market. 

Francis has also calculated the flame equilibria in a methane-air dame at 
various pressures and at 437° C. (the temperature giving results most closely in 
agreement with observed yields) with the results given in Table 50. 


Table 50.— Calcuiatcd Yields of Carbon in Equilibrium 
at 437** C. in a Methane Flame. 


Pressure Upper Inflammability Yield of 

in Atmos. Limit, CH* Carbon 

-Per Cent- 

1 . 13.5 2.93 

2 . 14.1 8.75 

5 . 15.3 16.15 

10 . 17.0 23.1 

20 . 20.5 28,8 

30 . 23.5 32.3 

34 . 24.8 32.7 

40 . 26.5 32.2 

60 . 32.0 30.2 

125 . 45.4 21.6 


The calculated percentage yield of carbon increases rapidly with increasing 
pressure up to about 34 atmospheres and then declines gradually. This decrease 
is due to the increasing amounts of methane which are prevented from decom¬ 
posing by the effect of high pressures upon the equilibrium. 

With natural gas at its present low price the yield of black is not economi¬ 
cally important. It is probably cheaper to burn five times as much gas to produce 
a given amount of black than to install a process such as the one described 
above. Nevertheless, as the supplies of gas begin to diminish, metho<ls capable 
of producing increased yields will take on a new significance, particularly if the 
black produced by them is pf high quality. 

Table 51 shows the yield of carbon black produced from natural gas by 
various processes in different localities, as reported by Neal in 1922.®^ 

** U. S. Bur. Miner. Tech. Paper 490, 1929. 

**Bone and Townend, **Flame and Combustion in Gases,” Longmans, Green and Co., New York, 
1027 , 98, 101. 

« U. S. Bur. Mines Bulletin 102, 1922, 37. 
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Table 51. —Yield of Carbon Black by Various Processes, 


State 

Process 

Carbon Black 
Lbs. per 1000 
Cu. Ft. of Gas 

l^ouisiana 

Oiannel 

0.78 

41 

44 

0.95 


44 

0.80 

If 

Large Plate 

0.80 

West Virginia 

If 41 

44 44 

1.10 

Rotary Disc 

0.95 

44 41 

Roller 

0.8Q 

44 41 

Rotary Disc 

1.00 

44 44 

Channel 

1.12 

44 44 

4< 

1.30 

44 I, 

Rotary Disc 

1.40 

Oklahoma 

Channel 

1.20 

Wyoming 

<1 

1.40 


It is interesting to note, however, that the average yield by the channel 
process since 1922 has not been as low as indicated in the above table. Thus, 
the average yield for the entire United States in 1929 (about 90 per cent of 
which was made by the channel process) was 1.40 pounds per thousand cubic 
feet of gas and this was increased to 1.43 in 1930 and 1.44 in 1931.** The 
therniatomic process (see Chapter 7), in comparison, is capable of giving con¬ 
sistent yields of 7 pounds of carbon black by the thermal decomposition of one 
thousand cubic feet of natural gas.*® 

The principal factors influencing the yield and quality of the carbon black 
produced by the incomplete combustion of natural gas, as given by Chamberlin 
and Rose,^® are (1) pressure of gas, (2) rate of burning, (3) nature of the 
burner tip, (4) composition of gas, (5) position of plate in flame, (6) draft 
conditions, (7) material of plate, (8) motion of plate, (9) shape of plate, (10) 
humidity of atmosphere, (11) barometric pressure, (12) temperature of gas, 
(13) temperature of plate, and (14) uniformity of operating conditions. De¬ 
pendent upon some or all of the above factors are (a) the height of the flame, 
and (b) the composition and (c) temperature of the atmosphere in which the 
flame burns. Burner tips made of lava, a selected steatite, are generally favored 
in the industry.*^ 

Regulation of the air supply is controlled more or less empirically, the color 
of the smoke issuing from the stack being taken as an index. Admission of 
too much air will, of course,- result in too hot a flame and a large proportion 
of the carbon will be burned, while too little air will give a flame in which the 
gas will not be decomposed sufficiently and from which little carbon will deposit. 
Moreover, in the latter case, the carbon produced is likely to be contaminated 
by intermediate products of combustion. The rate of rotation of the cooling 
surfaces also affects the quality rather than the yield of carbon black. 

The figures in Table 52, reported by Neal,*® show the influence of the com¬ 
position of natural gases from various localities on the yields of carbon black 
produced by the same process (laboratory test simulating channel process) under 
identical controlled conditions. 


• Chem. Met. Eng,, 1932, 39, 380. 

Trans, Am. Inst. Chem. Eng., 1929, -22, 155. 
" Neal, U. S. Bur. Mines Bull. 192, 1922, 21. 
^Loc. c%t. 
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Table 52.—KiVWj of Carbon Black from Natural Gas. 


Source 

Composition of Gas 

Methane, %.. 

Ethane, % . 

Carbon dioxide, % . 

Nitrogen, % . 

Net heating value, B.t.u. per cu. ft.... 
Carbon content, lbs. per 1000 cu. ft... 

Carbon yield 

Carbon black obtained, lbs. per 1000 

cu. ft. 

Recovery of carbon, % . 


Louisiana 

West 

Virginia 

West 

Virginia 

Wyoming 

94.12 

70.75 

65.23 

46.45 

3.44 

24.14 

30.07 

43.10 

0.50 

0.28 

1.56 

0.96 

1.94 

4.83 

3.14 

9.49 

962 

1086 

1134 

1176 

33.8 

39.9 

42.3 

44.3 


0.80 

1.00 

1.10 

1.40 

2.4 

2.5 

2.6 

3.1 


In the analyses given in the above table the “ethane” figures probably repre¬ 
sent not only ethane but also its immediate higher homologues. The yield of 
carbon black per 1000 cubic feet of gas,» and also the percentage recovery of 
carbon as carbon black, increase with an increase in the proportions of the 
homologues of methane in the gas.^® 

Recovery of gasoline from natural gas before utilizing it to manufacture 
carbon black is a large source of revenue and does not reduce the carbon black 
yield to an appreciable extent.** 

Sulphur compounds when present in the gas, accumulate on the lava tips, thus 
decreasing the volume of gas passed through the burner and causing the flame 
to fork and produce an uneven distribution of carbon over the depositing surface. 


Deposition of Carbon from Other Hydrocarbon Flames 


Carbon black was made as early as 1864 from artificial gas. Since that 
time a wide variety of gases have been thermally decomposed to yield carbon 
black and hydrogen (see Chapter 7) but the greatest proportion of commercial 
production of carbon black has been largely restricted to natural gas as a source 
because of its cheapness. Some consideration, however, has been given to the 
burning of other gases as well. For example, Berger and Wirth *® burned 
acetylene to make acetylene black. Plummer and Keller *® obtained carbon 
black from propane and studied th)e effect of various factors on its production 
from this gas by the channel system. The product was equal in quality to that 
made from methane. The conditions of operatign using propane or methane 
show a close agreement and demonstrate the essential identity of the basic flame 
reactions of the two gases. The partial combustion of diacetylene or a substi¬ 
tution product in a special burner has also been proposed.*^ 

Kroch ** suggested the enriching of natural gas or methane with ethylene or 


“ This is supported by the Uter work of Plummer and Keller (Itul. Eng, Chem., 1930, 22, 1209) 
on the production of carbon black from propane by what was essentially the channel process. Yields 
of about 3 lbs. per 1000 cu. ft. of gas were obtained while the results suggested an identity of ^stc 
flame reactions with those occurring in normal carbon black production from methane. 

^ See Chapter 1, An absorption process for recovering gasoline from the residu^ gases of com* 
pression plants has been described w Dykema and Neal, V. S. Bur, Mines Tech. Paper 232. 1920. 
German Patent 92,801, 1896; Chem. Zenir., 1897, 2, 688. 

^ Ind. Eng. Chem., 1930, 22, 1209. 

"1. G. Farbenindustrie A.-G., British Patent 357,749. 1930; Brit. Chem. Abs. B, 1931, 1129. 

♦•U. S. Patent 1.815,851, July 21, 1931; Chem. Abs., 1931. 25. 5523. Numerous methods for 
the enrichment of gases with petroleum oils or for the burning of petroleum oils have been previously 
suggested. See, for example, Neff and Fales, U. S. Patent 160,786, Mar. 16, 1875; Cabot. U. S. 
Patent 491.923, Feb. 14, 1893; Dysart, U. S. Patent 343,446, June 8, 1886; Lampblack, Ltd., British 
German Patent 203,711, 1909: Siemens and Co., German Patent 291,727, 
Wegelin, U. S. Patent 807,646. Dec. 19. 1905; and Perrott, U. S. Bur. Mines Bull. \pz\ 

J922. 
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ethane for the production of carbon black. Vaporized oil is added to the gas 
mixture and this is subsequently cracked and burned in a limited supply of air. 
The incomplete combustion of heavy oil distillates cracked under low pressure 
has also been proposed.^® 

A mixture of 15 to 70 per cent hydrogen and a hydrocarbon gas such as 
methane has been used by Lewis®® for the production of carbon black by in¬ 
complete cotnbustion in which the flame is allowed to impinge on a collecting 
surface. Such a mixture is obtained when natural gas, stripped of its heavier 
constituents, is passed through a tube heated to between 600® and 900® C.®^ At 
this temperature hydrogen, methane and cyclic hydrocarbons but no free carbon 
are formed. The cyclic hydrocarbons arc renloved by condensation before the 
gas is burned to carbon black. The cyclic hydrocarbons may be retained in the 
gas by insufficient cooling.®- In another method by Lewis ®** for the produc¬ 
tion of carbon black, a hydrocarbon gas is. oxidized with insufficient air in a 

special burner designed to project alternate layers of hydrocarbon and air, the 
spacing and rate of flow of which are adjusted to minimize turbulence. 

The incomplete combustion of oils to obtain carbon black has also been sug¬ 
gested. Egloff,®® for example, discharges residual oil from one still into a sec¬ 
ond still where air is injected into the oil while it is still at a temperature above 

its flashpoint. An apparatus for burning oil mixtures has also been described 
by Lewis.®^ The production of lampblack by burning liquid hydrocarbons while 
flowing in a thin film over an inclined surface of which tlie temperature is ad¬ 
justed by a cooling liquid has been suggested by Morrell and Mekler.®** 

Strout and Lyder ®® admitted air at a number of points to a petroleum oil to 
effect incomplete combustion. The quantity of air is controlled in such a man¬ 
ner that no additional heating is required. The gaseous waste products, after 
being freed from carbon, may be used to control the temperature by mixing them 
with the air.®®* Beaver ®® burned contiguous flowing streams of hydrocarbons 
and insufficient air in a heated enclosed chamber to produce carbon black. 

Begrov ®^ has described an apparatus in which petroleum hydrocarbons may 
be converted to lampblack. After passing a hydraulic seal, light petroleum frac¬ 
tions are admitted into the upper end of a heated coil consisting of a number 
of banks, and the vapor which is discharged through perforations at the bottom 
is burned. 

Methods for the direct formation of printer's ink have been described by 
Miller.®* In one process 1 part of hydrocarbon oil is decomposed into carbon 
and gases by incomplete combustion with 5 to 9 parts by weight of air at a 
temperature between 1093® and 1426® C. The gases are removed rapidly from 

♦“Thomas Carbon Black Co., British Patent 340,482, 1929; Brit. Chetn. Abs. B. 1931, 330. 

^ U. S. Patent 1,811,854, June 30, 1931; assigned to Columbian Carlwn Co.; Chem. Abs.. 1931, 
2S. 4983. British Patent 309,992, 1929; Brit. Chem. Abs. B, 1930. 936. 

British Patent 309,488, 1929; Brit. Chem. Abs. B, 1930, 936. See Chapter 7. 

U. S. Patent 1,810.918, June 23. 1931; assigned to Columbian Carbon Co.; British Patent 
331.821, 1929; Chem. Abs., 1931, 2S, 176. 

U. S. Patent 1.891,202, Dec. 13. 1932; assigned to Goodyear Tire and Rubber Co.; Brit. Chem. 
Abs. B, 1933, 851. 

U. S. Patent 1,535,214, April 28, 1925; assigned to Universal Oil Products Co.: . Chem. Abs.. 
1925. 19. 1933. 

“ U. S. Patent 1,838,316, Dec. 29, 1931; Chem. Abs., 1932, 26, 1402, 

U. S. Patent 1,890,188, Dec. 6, 1932; assigned to Universal Oil Products Co.; Chem. Abs., 
1933. 27, 1722. 

U. S. Patent 1,872,519, Aug. 16, 1931; assigned to Standard Oil Co. of California; Chem. Abs., 

1932. 26, 6080. 

Lyder, U. S. Patent 1.844,327, Feb. 9, 1932; assigned to Standard Oil Co. of California: 
Chem. .ibs., 1932, 26, 2024. 

*• U. S. Patent 1,902,753, Mar. 21, 1933; assigned to General Atlas Carbon Co.; Chem. Abs., 

1933. 27, 3299. 

« Russian Patent 14,204, 1927; Chem. Abs., 1931, 25. 1045. 

“British Patent 286.207, 1927; assigned to Ault and Wiborg Co.; Brit. Chem. Abs. B. 1929, 196; 
U. S. Patent 1,765,991, June 24, 1930; assigned to Ault and Wiborg Co.; Chem. Abs., 1930, 24, 4176. 
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the zone of reaction at a minimum constant velocity of 500 feet per minute and 
cooled while at the same speed. The carbon particles are separated from the 
products of combustion by causing the gases to impinge against a film or sheet 
of an oily ink vehicle. This oil vehicle is continuously withdrawn, mixed with 
a fresh quantity of the same vehicle, cooled and again spread into a film for 
further removal of carbon from*the gases. Unabsorbed oil-laden carbon particles 
can be removed, after reducing the velocity of the gases, by electrical precipita¬ 
tion. Miller and Masson deposited carbon in a liquid base using an apparatus 
consisting of a number of rotating perforated discs dipping into the liquid. The 
products of combustion on passing through one disc impinge upon the wetted 
surface of the next one. Miller®® produced carbon black by thermally decom¬ 
posing a portion of the hydrocarbon oil in an inner zone heated by combustion 
of another portion of the oil in an outer zone. The hydrocarbon oil is continu¬ 
ously supplied to the decomposition zone while the air necessary for the partial 
combustion enters only the outer zone. 


Physical and Chemical Properties of Carbon Black 

Ultimate analyses show that carbon blacks contain substances other than 
carbon.®^ Appreciable proportions of volatile and small proportions of mineral 
matter are usually present. In good-grade blacks, however, the mineral (ash) 
content is extremely small. The analyses in Table 53 show the compositions of 


Table 53. —Atialysis of Carbon Black.* 

Carbon from 
Thermal 
Decomposition 

-Long Blacks- -Short Blacks- of Methane 



1 

2 

3 

1 

2 

3 

1 

2 

(1) Proximate analysis 

Moisture . 

3.56 

7.13 

5.30 

2.25 

3.02 

3.12 

0.02 

1.25 

Volatile matter . 

11.99 

13.41 

10.40 

5.60 

5.48 

5.58 

0.78 

6.40 

Fixed carbon . 

84.40 

79.44 

84.16 

92.13 

91.47 

91.22 

98.36 

92.11 

Ash . 

0.05 

0.02 

0.14 

0.02 

0.03 

0.08 

0.84 

0.24 

(2) Ultimate analysis 
on moisture - free 
basis 

Hydrogen . 

0.82 

0.57 

0.55 

0.50 

0.52 

0.72 

0.45 

1.13 

Carbon . 

91.42 

91.05 

92.91 

96.96 

96.41 

96.64 

98.72 

97.99 

Nitrogen . 

0.04 

0.04 

0.08 

0.09 

0.04 

0.05 

0.01 

0.01 

Oxygen . 

7.66 

8.26 

6.30 

2.43 

2.69 

2.51 

— 

0.51 

Sulphur . 

0.01 

0.06 

0.01 

0.00 

0.31 

0.00 

0.05 

0.12 

Ash. 

0.05 

0.02 

0.15 

0.02 

0.03 

0.08 

0.02 

0.24 

True specific gravity.. 1.80 
• Perrott, U. S. Bur. Mines Bull. 

1.78 1,88 

192. 1922. 

1.85 

1.80 

1.78 

— 

— 


various carbon blacks used for ink making and of two made by the thermal de¬ 
composition of methane. The so-called “long’" blacks are used for making the 
fluid “long’' inks (i.e., inks which can be drawn out into a string between the 
fingers), whereas the “short” blacks produce inks of a buttery consistency which 


4 4362 ^ 1,767,089, June 24, 1930; assigned to Ault and Wiborg Co.; Chcm. Abs., 1930, 

’••U. S. Patent 1,807,321, May 26, 1931; assigned to Ault and Wiborg Co.; Chem. Abs., 1931, 
ZS, 4096. 

“This was emphasized by Cabot, Reports Eighth Inter. Congress Applied Chem., 1912, 12. 13. 
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do not flow rapidly—the so-called “short” inks.®=* In the former, fluidity is of 
importance since it permits the ink to be distributed rapidly in thin films over 
printing surfaces without rupture of these films. 

It will be noticed that blacks which are classified as long blacks contain 
more volatile matter, oxygen, and moisture than the short blacks. When the 
analytical results are compared it is found that carbon made by decomposing 
methane at high temperatures (No. 1) is nearly pure carbon. When decomposi¬ 
tion is effected at a lower temperature (No. 2) considerable amounts of napththa- 
lene and other volatile substances are present. Lampblacks, on the other hand, 
unless well calcined, invariably contain high proportions of volatile matter (up 
to 20 per cent). Table 54 shows the results of analyses of blacks from various 
sources of lampblack and carbon from cracking of natural gas. 

In appearance carbon black is a black velvety powder with an extremely low 
apparent specific gravity. It owes its remarkable properties to its extreme state 
of division. The particles of which this pow^der is composed are very small, 
being below the resolving power of the microscope in size. Recent work on the 
particle size of these blacks using ultraviolet microscopic and x-ray spectro- 
graphic methods has demonstrated the impossibility of exact measurements. Dis¬ 
cussion of the particle size of carbon blacks has been given by Goodwin and 
Park and by the Wcgclin A.-G.®^ The former employed micro-photographic 
methods using a milled-in mixture of black and clean pale crepe rubber dispersed 
in xylene. The particle size of various blacks was found to increase in the order: 
Super Spectra (a channel-process black for use in varnishes), Micronex (also a 
channel-process black for use with rubber), Goodwin (a black made by incom¬ 
plete combustion of natui:al gas at high temperature) and Charlton (an oil black), 
and Thermatomic (a black made by thermal decomposition of natural gas). The 
particles of Super Spectra were so fine that they could be photographed only with 
difficulty. Both Goodwin and Charlton blacks liave particles of about equal size. 
Upon x-ray examination these blacks all gave the same type of pattern and 
breadth of line coinciding approximately with the order of particle size given 
above.®® The indications are that the particles of carbon black do not exceed 

0.1 to 0.2 micron (0.0001 to 0.0002 millimeter) in size, on the average, but in, 

view of the tendency of blacks to agglomerate too much reliance cannot be placed 
in this figure. 

Carbon black particles agglomerate when dispersed in various liquid media.®® 
Under the microscope freshly prepared mixtures of thin lithographic varnish 
with short and long carbon blacks appear quite similar. After a few minutes, 
however, the particles of the short black begin to agglomerate into groups of 

20 or 30 particles loosely bound together, and after an hour clusters of over a 

hundred have formed. These agglomerates may be resolved mechanically into 
their components, but they again coalesce rapidly. On the other hand, the ^ong 
carbon black particles show very little tendency to agglomerate. Perrott (toe. 
cit.) suggested that the absorbed impurities (volatile matter), which are present 
to a larger extent in long blacks, prevent this agglomeration of particles. This 
conclusion is supported by the fact that treatment of long blacks with steam at 

•* Short How and long tiinv are in;ule<iuate cIas.sitications, the distinction being transitional, 
according to Ke.-irsley .ind Roberts (/nrf. Hug. Chem.. Anal. Ed.. 1931, 3, 316). A quantitative 
method of determining the fluidity, which is described more fully in the section on the uses of 
carbon black, has been proposed *by them. 

^ Ind. Eng. Clu'm., 1928, 20, 621. 

Kautschnk, 1927, 196; C/u-m. Abs., 1928, 22, 184. 

** C/. Pickles, Trans. Inst. Rubber Ind., 1926, 2, 85; Chem. Abs., 1926, 20, 3838. 

** The tendency of carbon Idack particles to coalesce in liquid media is modified very materially 
by the character of the vehicle in which the blacks are suspended. See Perrott, U. S. Bur. Mines 
Bull. 192. 1922, 79. 
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500^ C. produces blacks which exhibit this tendency to agglomerate. The dispersi¬ 
bility of gas black has also been studied by Allen and Schoenfeld.*®* 

Because of their very fine state of division, carbon blacks always occlude 
large amounts of gases, mainly oxygen, nitrogen and oxides of carbon. At ordi¬ 
nary temperatures the composition of the gas pumped off from samples of carbon 
black is practically that of air, the volume of the gas being approximately equal 
to the volume of the voids and capillaries in the carbon. Hulett and Cude*^ 
obtained the results in Table 55 on pumping away the gases from various types 
of carbon blacks at ordinary temperatures by a Topler pump: 


Table 55.—Gas from Carbon Blacks at Room Temperature. 


Wt.o{ Vol.of 

Black Gas —^Analysis of Gas, Per Cent by Volume— 
nrotnc* T/** . n. rn ru. v. 


Material 

Grams * 

Cc.® 

CO, 

0 . 

CO 

CH4 

H, 

N, 

Short black 1 ... 

.. 3.2841 

15.40 

0.7 

20.2 

0.0 

0.2 

0.0 

78.9 

Short black 2 ... 

.. 2.4206 

15.25 

1.4 

19.1 

0.2 

0.1 

0.0 

79.2 

Long black 1 .... 

.. 3.1805 

13.55 

1.3 

18.6 

0.1 

0.2 

0.0 

79.8 

Long black 2 .... 

.. 2.8370 

16.75 

0.8 

22.1 

0.2 

0.0 

0.0 

76.9 


* Free from gas and moisture. 

*» Corrected to 0* C. and 760 mm. 


At higher temperatures, and particularly at 445*" C, a much larger volume 
of gas is usually evolved, consisting chiefly of oxides of carbon. The composi¬ 
tion and volume of gas pumped away at 445° C. are given in Table 56. 


Table 56. —Gas from Carbon Blacks at 445^ C, 


Wt. of Vol. of 

Black Gas —Analysis of Gas, Per Cent by Volume— 

HrotncB rn. n. rn ris w. 


Material 

Grams * 

Cc.® 

CO, 

0 , 

CO 

CH, 

H. 

N, 

Short black 1 .. 

.. 3.2841 

23.02 

67.2 

0.9 

26,2 

0.0 

0.0 

5.7 

Short black 2 .. 

.. 2.4206 

9.95 

51,9 

2.7 

30.0 

1.2 

0.5 

13.7 

Long black 1 ... 

.. 3.1805 

25.80 

64.2 

0.6 

12.2 

0.4 

0.1 

22.5 

Long black 2 ... 

.. 2.8370 

19.45 

73.5 

1.2 

15.9 

0.5 

0.2 

8.7 


» Free from gas and moisture. 

** Corrected to 0* C. and 760 mm. 


The oxygen evolved as oxides of carbon and also as free oxygen would 
account for only a portion of the total oxygen present, the rest probably being 
held in non-volatile compounds.®® 

The rates of evolution of gas from carbon blacks at various temperatures and 
pressures have been recorded by Johnson.®® 

The crystalline structure of carbon black particles has been investigated by 
a number of workers.^® While the consensus of opinion is that both carbon 
black and charcoal are essentially graphitic in nature, the evidence is not alto¬ 
gether convincing and authorities arc not in complete agreement. 

Ind. Eng. Chem.. 1933, 2S, 994, 1102. 

** Reported by Perrott, U. S. Bur. Mines Bnll. 192, 1922. Apparatus and method are described 
in J.A.C.S., 1920, 42, 391. 

See previously recorded ultimate analyses of carbon blacks. 

Ind. Eng. Chem., 1928, 20, 904. 

*^*800 Debye and Scherrer, Phys. Z., 1918, 18. 291. See also Engineering, 1917, 104. 594; 
Chem. Abs., 1918. 12. 449. Asahara, Japan. J. Chem.. 1922, 1. 35; Chem. Abs.. 1923, 17, 656. 
Howard and Hulett, /. Phys. Chem., 1924, 28, 1082; Chem. Abs., 1925, 19, 196. Ruff, Schmidt and 
Olbrick, Z. anorg. allegem. Chem., 1925, 148, 313; Chem. Abs., 1926, 20, 852. Clark. Ind. Eng. Chem., 
1926, 18, 1131. Lamb, Wilson and Chaney, Ind. Eng. Chem., 1919, 11. 420. Roth and Doepke, 
Ber., 1927, 60, 530. Chaney. Ray, and St. Johns, Ind. Eng. Chem., 1923, IS. 1244. Oswald (.Chtmie 
et Industrie, 1930, 24, 280; Brit. Chem. Abs. B, 1930, 974) has identified two varieties of amorphous 
carbon—a brown, truly amorphous carbon and a gray pseudo-amorphous graphitic form. 
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Hofmann and Groll obtained a carbon having the crystalline structure of 
graphite by dropping benzine, (boiling point 60® to 70® C.) from a capillary 
through a vertical quartz tube heated to 950® C. According to Plummer,^® the 
theory that appears to be in greatest accord with the general properties of the 
so-called amorphous carbons is that they are not modifications of elemental car¬ 
bon (plus certain adsorbed impurities) but that they consist of unsaturated hydro¬ 
carbons of very high molecular weight and highly deficient in hydrogen; i.e., 
carbon complexes in which the fields of force between the carbon atoms arc 
unbalanced by an occasional stray hydrogen atom, thus preventing crystallization 
(graphitization) and producing a general state of unsaturation and hence high 
surface activity. This general view has also been supported by Lowry/® who 
found that the hydrogen content of charcoals heated to about 1000® C. was still 
0.48 per cent and at 1300® C., about 0.1 per cent, while the coefficients of sur¬ 
face activity (i.e., cc. of COj adsorbed per cu. mm. total pore volume) did not 
decrease appreciably until above 1000® C. 

Of the physical characteristics of carbon blacks, adsorptive capacity is of 
great importance, especially as a factor in its use in rubber compositions. Ac¬ 
cording to Goodwin and Park this property is the one which exerts the most 
profound influence upon the character of a rubber mix, an influence which is 
more particularly shown by a tendency to retard the rate of cure of the mix 
and by a surface-tension effect between the pigment and the medium. This view 
is supported by the later work of Carson and Sebrell and Wicgand and 
Snyder."® Twiss and Murphy^' thought the differences in the rate of cure of 
various rubber mixes containing carbon black were attributable to the adsorption 
of more or less of the natural accelerator of the rubber by the filler. Other 
workers, however, have been unable to find any correlation between adsorptive 
capacity of the black and its properties in rubber mixes. Spear and Moore/** 
for example, observed no general relationship between stiffening effect or rate 
of cure of carbon blacks in rubber and the adsorption of either acidic or basic 
dyes from water or benzene. Beaver and Keller^® also failed to note any corre¬ 
lation between acetone extract, iodine adsorption, or oil adsorption of carbon 
blacks and the rate of cure or aging of the resulting rubber compositions. They 
did find, however, that oxygen adsorbed on the black had a retarding effect in 
the mix. 

The adsorptive capacity of carbon blacks has been measured by using solu¬ 
tions of substances such as benzoic acid,®® iodine,®^ dyes®® (e.g., methylene blue), 
oils,®® hexamethylenetetramine,®* alkalies,®® diphenylguanidine,®® and acetic acid.®" 

1932, 6SB. 1257. 

njtid. Eng. Chem., 1930, 22, 630. Cf. Bancroft, J. Pkys. Chem., 1920, 24, 127. 

”7. Phys. Chem., 1930, 34, 63; J.A.C.S., 1924, 46, 824. 

'*Ind. Eng. Chem., 1928, 20, 706. 

'*Ind. Eng. Chem., 1929, 21, 914. 

w/nd. Eng. Chem., 1931, 23, 646. 

'^J.S.C.I., 1926, 45, 121T. 

^»Ind. Eng. Chem., 1926, 18, 418. 

w Ind. Eng. Chem., 1928, 20, 817. 

MHartell and Miller, J.A.C.S., 1923, 45, 1106; Carson and Sebrell. Ind. Eng. Chem., 1929, 21, 911. 

** Davis, J.C.S., 1907, 91, 1666; Goodwin and Park, Jnd. Eng. Chem., 1928, 20, 621, 706; 
John.son. Ind. Eng. Chem., 1929, 21, 1288; Carson and Sebrell, he. cit. 

** Spear and Moore, Ind. Eng. Chem., 1926, 18, 418; Ditmar and Preusse, Gnmmi^Xtg., 1930. 
45. 243; Chem. Abs., 1931, 25, 842; Bnt. Chem. Abs. B, 1931, 35; Goodwin and Park, loc. cit. 

" Goodwin and Park, loe. cit. 

Spear and Moore, loc. cit. 

“Wiegand, Can. Chem. Met., 1929, IS, 269; Chem. Abs., 1930, 24. 524. 

■•Wiegand, loe. cit.; Johnson, toe. cit.; Ishiguro, J. Rubber Soc. Japan, 1931, 3, 11; Chem. Abs.. 
1932 26 893. 

" Fromandi, Kautschuk, 1930, 6, 27; Chem. Abs,, 1930, 24, 3395; Rubber Chemistry and Technology. 
1930, S. 229. 
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For example, Carson and Sebrell,*® in carrying out the determination with iodine, 
shook 0.25 gram of the black with 50 cc. of standard iodine-potassium iodide 
solution and then, after centrifuging to settle the black, determined the excess 
iodine with standard sodium thiosulphate solution. Goodwin and Park used a 
solution of iodine in carbon tetrachloride and allowed the black to settle by 
standing, with, if necessary, the addition of diatomaceous earth. 

Wiegand and Snyder determined the adsorptive capacity of carbon black 
by using diphenylguanidine. One gram of the black is shaken for 2 hours with 
50 cc. of an alcoholic solution of diphenylguanidine (2 grams per liter of alcohol), 
the black is removed by filtration, and the quantity of diphenylguanidine remain¬ 
ing is determined by titration of 25 cc. of the filtered alcohol with standard hydro¬ 
chloric acid, using a mixture of bromophenol blue and methyl red as the indicator. 

Very intimately connected with the subject of adsorptive capacity is that of 
the adhesion tension of blacks. This subject has been discussed by Bartell and 
Smith,who measured the adhesive values of several commercial blacks against 
water and benzene. The method of Bartell and Osterhof,*^ which they used, 
depends upon the measurement of the pressure set up when a given liquid (dis¬ 
places air, or a second liquid, from a membrane of finely divided solid material 
packed in a displacement cell. It was shown that different commercial blacks 
possess different adhesive tensions against water and benzene and that heat 
treatment of the blacks tends to reduce this tension. According to Bartell and 
Miller a direct relationship exists between adhesive tension and adsorption 
when a given solid is used with different liquids. 

The heats of combustion of carbon blacks and various .other forms of ele¬ 
mental carbon have been determined by Roth and Doepke and Plummer.®* 
Perhaps the most remarkable result of the work of the latter is the observation 
that the heats of combustion of carbon blacks which have been degassed at 
1000° C. are higher than that of graphite and, in fact, are the highest of any 
known form of carbon. Roth and Doepke and Plummer found that prolonged 
heating at 1000° C., or higher, results in a gradual lowering of the heat of com¬ 
bustion, a result which is to be ascribed to slow crystallization (graphitization). 
Plummer’s results for various carbons subjected to different treatments are given 
in Table 57. 

Table 57.— Heats of Combustion of Carbon Blacks. 

-Degassed at 1000® C.-; 

Oven Dried at Weighed in Weighed in 

Sample 110® C. Air vacuo* 

-cal./gm.- 

Standard channel carbon black. 7812 8181 8272 

Compressed channel carbon black. 7939 8221 — 

.Acheson graphite No. 2301. 7875 — 7932 

• Corrected to weight-in-air basis. 


The value of 8272 calories per gram for degassed and vacuum-weighed chan¬ 
nel carbon black is the highest value observed for any form of carbon, being 


“ Loc. cit. 

Loc. cit. 

Ind. Eng. Chem., 1931, 23. 646. 

Ind. Eng. Chcm., 1929, 21, 1102. See also Bartell and Osterhof, “Colloid Symposium Monograph,’* 
Chemical Catalog Co., Inc., New Ydrk, 1927, S, 113. 

Loc. cit. 

** Unpublished work re[)orted by Bartell and Smith. See Bartell and Sloan. J.A.C.S., 1929/ 51, 
1637, 1643; Bartell and Greager, Ind. Eng. Chcm., 1929, 21, 1248; Bartell and Miller. Ind. Eng. 
Chem., 1932. 24, 335. 

1927, 60. 530. 

•• Ind. Eng. Chem., 1930, 22, 630. 
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340 calories per gram higher than that obtained for graphite. Roth and Doepke 
found a difference of 292 calories per gram between graphite and their “most 
highly” amorphous carbon and attributed this difference to the existence of a 
distinct modification of amorphous carbon. A somewhat different interpretation, 
involving the existence of highly unsaturated high molecular weight hydrocar¬ 
bons, substantiated by this work, has been previously discussed. 

The color and tinting power of carbon blacks has been correlated with their 
other physical properties by Perrott,®® Johnson®^ and Hock.®* Goodwin and 
Park®® determined the tinting strength of various blacks by.mixing 0.05 gm. 
of the black with a known weight of zinc oxide in boiled linseed oil until a 
standard color intensity (Micronex carbon black with 2 grams zinc oxide) was 
attained. Their results, which are given in Table 58, were considered to indicate 
the particle size, except possibly in the case of Super Spectra, which was prob¬ 
ably so finely divided as to have passed the optimum obscuring power. 

Table 58.— Tinting Strength of Various Blacks. 

• Oil Used Zinc Oxide Relative Tinting 


Carbon Black Drops Grams Strength 

Charlton . 60 1.275 0.63 

Micronex . 60 2.000 1.00 

Super Spectra . 60 1.778 0.88 

Thermatomic . 20 0.263 0.13 

Goodwin . 40 0.996 0.50 


In this discussion the properties of only a few carbon blacks have been 
tabulated. Comparisons have also been reported for other varieties, using the 
methods and procedures already outlined. Thus, Dawson and Hartshorne 
analyzed acetylene black and lampblack. The properties of the Thermatomic 
carbon blacks, Thermax and P-33, have been evaluated and Plummer has 
reported the characteristics of carbon blacks made from propane. 

The properties of a carbon black called “Gastex,” made by the partial com¬ 
bustion of natural gas, have also been reported.^®* Table 59 gives a comparison 
of the properties of “Gastex” with those of other carbon blacks: 


Table 59.— Comparison of Properties of **Gastex** and Other Carbon Blacks. 
Oil Iodine 


Adsorp- Adsorp¬ 
tion tion Mois- Acetone 


Black 

Ccyioo 

Gm. 

Gm./1000 

Gm. 

turc 

Extract 
—Per Cent- 

Ash 

Specific 

Gravity 

Color 

Value 

Ink . 

... 146 

79.0 

6.0 

0.36 

0.02 

1.88 

100 

Channel . 

... 140 

57.0 

2.5 

0.20 

0.10 

1.73 

100 

“Gastex” . 

... 100 

22.0 

0.5 

0.50 

0.08 

1.82 

50 

Acetylene . 

... 296-350 

43.0 

0.2 

0.36 

0.05 

1.84 

50 

Thermatomic .... 

... 46 

6.1 

0.1 

0.47 

0.30 

1.84 

13 

Lamoblack . 

... 130 

9.2 

3.0 

0.84 

0.10 

1.73 

20 


•• U. S. Bur. Mines Bull. 192. 1922. 

India Rubber World. 1927, 77, No. 5, 65; Chem. Abs.. 1928, 22, 1252. 
^Kautschuk, 1928, 4, 266; Chem. Abs., 1929, 23. 1772. 

^*Ind. Eng. Chem., 1928, 20, 621. 

Trans. Inst. Rubber Ind., 1930, 5. 48; Brit. Chem. Abs. B, 1931, 6. 

*®* Moore, Ind. Eng. Chem., 1932, 24, 21. 

*«/«</. Eng. Chem., 1930. 22, 1209. 

*«>Anon.. Oil and Gas /., 1928, Dee. 6. 237. 














THE CARBON BLACK INDUSTRY 


251 


Uses of Cabbon Black 

The carbon black industry is dependent on the availability of large supplies 
of cheap natural gas and cannot survive in localities where higher-priced uses 
for the gas have been found. This fact explains why the industry has had to 
migrate from West Virginia into Louisiana (about 1920) and later (1928) into 
the Panhandle (Texas) district. Until the utilization of gas from the prolific 
fields of Louisiana, about 75 per cent of the world's supply of black was manu¬ 
factured in West Virginia.^®* In 1929 the industry was largely located in Texas 
and Louisiana, while less than 3 per cent of the total output of carbon black 
represented the combined production of We^t Virginia, Wyoming, Oklahoma, 
Montana, and Kentucky.^®* 

Of the natural gas used in 1929, about 14 per cent of the total was consumed 
in the manufacture of carbon black. About 87 per cent of the gas which was 
burned for carbon black was stripped for gasoline. The carbon black industry 
and the natural-gas gasoline industry are obviously complementary to some 
extent.^®® 

Carbon black is used extensively in the manufacture of the following prod¬ 
ucts, the percentages indicating the proportion of the total domestic deliveries 
in 1931: (1) rubber (83%), (2) ink (9%), (3) pigments and enamels (4%), 
and (4) other products (4%), such as shoe and stove polishes, gramophone 
records, carbon papers, typewriter ribbons, bookbinder’s board, hard rubber, arti¬ 
ficial stone, crayons and insulating materials. The statistics in Table 60 indicate 
the total production of carbon black in the United States in 1928, 1929, 1930 
and 1931, and the distribution in its various applications. 


Table 60 .—Production of Carbon Black in the United States, 


Production (in pounds) 

1928 

1929 

1930 

1931 

By Channel process . 

220,532,000 

327,552,000 

350,254,000 

255,322,000 

By other processes (including 
disc, Lewis, roller, “special” and 

Thermatoniic) . 

28,258,000 

38,890.000 

29,688,000 

25,585,000 

Total pounds . 

248,790,000 

366,442,000 

379,942,000 

280,907,000 

Domestic Sales (in pounds) 

To rubber companies . 

140,938.000 

138,474,000 

128,572,000 

134,315,000 

To ink companies . 

27,223,000 

27,350,000 

19,220,000 

15,184,000 

To paint companies . 

20,040,000 

17,257,000 

11,922,000 

6,760,000 

For miscellaneous purposes . 

14,475,000 

8,896,000 

7,565,000 

5,453,000 

Exported . 

77,903,000 

91,829,000 

84,260,000 

96,714,000 

Total pounds . 

280,579,000 

283,806,000 

251,539,000 

258.426,000 


Carbon black, which was first added to rubber as a pigment about 1915, has 
almost completely displaced zinc oxide as a filler in the rubber industry. It is 
used in all kinds of rubber materials but its use in tires is by far the most 
important application.^®^ Carbon black is used in automobile tread stocks in 


Neal, U. S, But. Mines Bull. 192, 1922. 

Hopkins and Backus, Mineral Resources of the United States, 1929, 2, 51-S9; see also reports 
for 1931 (C/irm. Met. Eng., 1932, 39 . 380). «... 

Hopkins and Backus, loc. cit. See also Carney, /. Inst. Pet. Tech., 1930, 16, 118; Chetn, Abs., 


1930. 24. 5134. ... ....... ... 

The use of carbon black in rubber insulating compounds has been discussed by Wiegand and 
Boggs (Ind. Eng. Chem., 1930. 22, 822). Mixtures of rubier, carbon black, and a tasteless mineral 
oil have been suggested as substitutes for chicle in chewing gum (Zimmerli and Semon, U. S. 
Patent 1,829,029, Oct. 27, 1931; assigned to B. F. Goodrich Co.). For effects of carbon in rubber 
see also Spear and Moore, Jnd. Eng. Chem., 1926, 18, 418. 
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quantities up to 45 per cent of the rubber or 27 to 28 per cent of the final com¬ 
position. As illustrating the effect and importance of carbon black in such a use 
it may be stated that 2 pounds of black suitably incorporated in a small tire will 
increase the life of the tire from 5,000 miles to about 20,000 miles. The in¬ 
creased durability of tires containing carbon black has saved motorists millions 
of dollars. From a theoretical viewpoint, carbon black is an ideal filler because 
of its finely divided condition and low specific gravity. It appears to protect the 
rubber substance from the effects .of light and may retard oxidation.^®* 

Lampblack has been used since the invention of the printing press as a pig¬ 
ment in printer’s ink but since 1864 it has been almost entirely replaced by 
carbon black. The latter is now absolutely indispensable in the manufacture of 
most inks, the various blacks being carefully chosen for the purpose according 
to their particular characteristics. As pointed out previously, certain blacks pro¬ 
duce the so-called short inks (i.e., inks of buttery consistency which do not flow 
rapidly), which are especially suitable for lithographic and offset work, in slow- 
speed presses and for most half-tones. For these purposes lampblack is un¬ 
suitable. Other types of black produce the so-called long inks which, on account 
of their more rapid flow and opacity, are employed in fast-running presses. 
Attention should be directed to the fact, however, that the largest application of 
carbon blacks in ink involving the highest speed presses, namely news ink, actu¬ 
ally makes use of short channel blacks. This is because news inks are not 
made with a varnish base as are book inks, but are manufactured with ordinary 
non-drying and free-flowing petroleum oils. 

Kearsley and Roberts have suggested a method for determining the effect 
of carbon black on the fluidity of printing ink. Their procedure consists in 
mixing carbon black with ten times its weight of a standard lithographic varnish, 
and allowing ten drops of the mixture to drop onto a horizontal glass plate main¬ 
tained at a definite temperature. After allowing the mixture to come to the 
temperature of the plate the latter is then set at an angle of 30° and the rate 
of flow of the carbon black mixture is determined. 

Carbon black is finding increasing application as a pigment in various paints 
and enamels. It has a higher tinting strength than any other black and is gen¬ 
erally acknowledged to be superior for varnishes and enamels. The application 
of carbon black as a coloring agent in paints, varnishes, and lacquers accounted 
for deliveries of 17,257,000 pounds in 1929, or 9 per cent of the total domestic 
sales,^^® Both long and short carbon blacks ordinarily possess a reddish-brown 
undertone which can be partially corrected by the use of blue dyes (“toners”) 
but which renders these blacks unsatisfactory for certain inks. In certain gray 
tints, however, lampblack may be superior to carbon black on account of its 
bluish-gray tone. 

For other purposes, carbon black is employed because of its high coloring 
power, highly dispersed condition, and low cost. Although it may be possible to 
substitute lampblack for carbon black for some purposes (for example, in the manu¬ 
facture of phonograph records, medical hard rubber, and certain types of inks and 
paints), the question of such substitution is largely a matter of economics. The 
relative development of the natural-gas industry in the United States and of the 
coal-tar industry in Europe create an economic urge toward the use of carbon 
black in the United States and of lampblack in Europe, whenever possible.^^^ 

Perrott, loc. cit. 

Ind. Eng. Chem., Anal. Ed., 1931, 3, 310. 

This dropped to 6,760,000 pounds in 1931 or 4 per cent of the total domestic sales. 

A discussion of the manufacturing difficulties encountered by the (German carbon black industry 
is given by Hadert, Paint and Varnish Production Mgr., 1932, 7, No. 5, 32; Chcm. Abs., 1932, 26, 3336. 
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Testing of Carbon Blacks 

Neal and Perrott,”* in their account of the carbon black industry, described a 
number of physical and chemical tests which may be used for determining the 
characteristics of a sample of carbon black and its probable value for various 
purposes. Some of these tests and results have already been discussed in a 
previous section of this chapter. Of the chemical tests the determinations of 
moisture and ash are most useful. 

The moisture content, which is determined by heating a sample of black for 
1 hour at 105° C. in a constant-temperature oven in circulating dry air, should 
not be more than 4 or 5 per cent for use in f)rinting inks or rubber. Table 61 
gives the figures found by Goodwin and Park for the moisture content of 
various typical blacks, in per cent of the original weight. After the moisture 
content was determined the dried blacks were placed in an ice box for 24 hours. 
The gain in weight is given in the second column as per cent (on the basis of 
the dry sample) fluctuation of moisture. 


Table 61 .—Moisture Cnuteul of Blacks. 


Black 

Moisture 

Fluctuation 
of Moisture 

Charlton . 

. 2.90 

■Per Cent- 

3.5 

Micronex . 

. 2.80 

3.8 

Super Spectra . 

. 5.70 

6.7 

Therniatoinic . 

. .0.06 

0.3 

Goodwin . 

. 0.08 

0.5 


The differences in moisture content appear to depend upon the adsorptive capac¬ 
ity of the black. 

The ash content, determined by ignition to about 750° C. (a cherry-red heat), 
should not exceed about 0.2 per cent for most purposes. Higher results indicate 
adulteration with mineral black or charcoal. 

The determination of the organic material extractable by boiling acetone has 
been shown by Goodwin and Park to be a matter of some difficulty owing 
to the tenacity with which the material is retained by the black. The fact that 
extracted material is readsorbed when placed in contact with the original material 
is further evidence that the extraction proce.ss involves an adsorption equilibrium. 
The method of extraction preferred by them consists in extracting 1 to 2 grams 
of the air-dried black together with 3 or 4 grams of diatomaceous earth with 
boiling acetone for 5 days in an Underwriter’s apparatus. The extract is then 
dried overnight at 56° C. and weighed. The extraction of the five blacks in¬ 
vestigated gave the results shown in Table 62. 

Table 62 .—Acetone lixtraction of Blacks. 

Extract 

Black Per Cent 

Charlton . 3.70 

Micronex . 0.23 

Super Spectra . 0.27 

Thermatoniic . 1.64 

Goodwin . 1.44 


«• U. S. Bur. Mines. Bull. IM, 1922. 
Eng. Chem., 1928, 20, 621. 
Loc. cit. 
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In the opinion of Goodwin and Park, the amount of extractable matter bears 
no relation to the quality of the black, and since it is practically impossible to 
determine the total extractable matter, they attach little importance to this test. 

Other useful characteristics are the real and apparent densities of the sample. 
Details of the methods for this determination are also given by Goodwin and 
Park and they report the values for typical blacks shown in Table 63. 

Table 63.—Specific Gravities and Apparent Densities of Blacks. 


True Specific - A|Sparent Density, 
Black Gravity Gm./cc. 

Charlton . 1.66 0.15 

Charlton (extracted with acetone). 1.71 — 

Micronex . 1.79 0.26 

Super Spectra . 1.89 0.11 

Thermatomic . 1.84 0.65 

Goodwin . 1.82 0.12 


The other tests, such as the estimation of tinting power, color, grit, and hid* 
ing power or spreading rate, are empirical but are valuable in deciding the 
possible application of the black. 

Butcher and Cranor and Venuto^^® have also outlined methods of testing 
carbon black. 

Trade /.. 1930, 87. 399; Chem. Abs., 1931, 25, 383. 

Paint 1931, IS, No. 26. 21. 









Chapter 9 

Transformation of Hydrocarbons by Electrical and 
Other Special Forms* of Energy 

Electric treatment of hydrocarbons may be roughly classified according to 
whether the energy is supplied by an electric arc (sparking), or by a silent 
electric discharge, often called voltolization. Treatment with alpha particles and 
similar forms of energy could be included in the latter category. Although in 
many cases a similar ultimate result may be attained by either method, yet there 
are important differences. Chemically, the major difference is that the electric 
arc involves cracking of the molecule into smaller fragments or radicals, whereas 
the silent electric discharge generally induces polymerization into larger mole¬ 
cules, often accompanied by dehydrogenation. In the silent electrical discharge 
a relatively thin film of material is subjected to a high voltage between highly 
charged surfaces, but no actual sparking takes place. In the high-tension arc, 
sparking occurs across a permanent gap and in the low-tension arc, the electrode 
is first raised to a high temperature heating the surrounding gas so that it 
becomes a good conductor and allows the passage of a current in the form of an 
arc at comparatively low voltages. 

The Electric Arc 

The action of the electric arc, or of electric sparks, on various types of 
hydrocarbons produces extensive decomposition accompanied by the formation 
of numerous products of which carbon, hydrogen and acetylene are usually im¬ 
portant. Because of the intense heating effect of the arc, its action is, in many 
respects, comparable to the changes taking place when hydrocarbons are sub¬ 
jected to severe pyrolytic operations.^ 

Of the early investigators, Dalton* and Henry* reported that methane was 
decomposed into carbon and hydrogen by electric sparks.* When “pit gas,” freed 
from carbon dioxide, was subjected to such treatment for 30 hours, Bischof ® 
observed that only one-third of the methane had decomposed and the carbon 
formed possessed a strong odor of. turpentine. He therefore attributed the com¬ 
plete decomposition observed by Dalton to the presence of moisture in the gas. 
Buff and Hofmann,® Franchimont,^ Lepsius * and Plesniewicz ® have also re¬ 
solved methane into carbon and hydrogen by treatment with electrical sparks. 

‘ Lefebvre and Montagna, Bull. soc. encour. ind. woL, 1928, 917; Chem.-Abs., 1929, 23, 2368. 

* “System of Chemistry,’' Manchester, 1808, 2, 255. 

*Phil. Trans., 1809, 99. 430; ibid., 1821, 111, 136. 

* See also Gmeltn, “Handbook of Chemistry,” translated by Watts, Cavendish Society. London. 
1852, 7, 253. 

^lidinburgh New Phil. 1840, 28, 183; ibid., 1840, 29, 309. 

•Ann., I860, 113, 129. 

Rec. trap, chim., 1882, 1, 275; Ckem. Zentr,, 1883, 1, 209. 

* Bet., 1890, 23, 1642. 

•Rocm. Ckem., 1926, 6, 741; Chem. Abs., 1927, 21, 3290. 
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This action of the electric arc on mixtures of hydrocarbon gases is the basis of 
a number of processes for making hydrogen.^® 

Berthelot was probably the first to show that considerable quantities of 
acetylene were produced when methane, and other hydrocarbons, were subjected 
to the electric arc. Ludeking^^ pointed out that methane yields hydrogen and 
carbon when both the electrodes are metallic or one is metallic and the other 
carbon, but that acetylene is formed when both electrodes are made of carbon. 

The formation of acetylene from other hydrocarbons by the action of an elec¬ 
tric arc, either high or low tension, is of practical importance and is associated 
from a scientific point of view with the increasing thermodynamic stability of 
that substance at high temperatures. 

Bone and Jerdan showed that the direct combination of carbon and hydro* 
gen to yield acetylene could take place in the electric arc, so that the reaction 

CH, 2C + H, 

was reversible under such conditions. These same investigators, by the pro¬ 
longed action of an electric arc on methane, admixed with a small quantity of 
nitrogen, obtained a gas having the composition, hydrogen cyanide 0.8 per cent, 
hydrogen 85.6 per cent, acetylene 9.8 per cent, methane 2.5 per cent and nitrogen 
1.3 per cent. Of interest in this connection is the production of saturated hydro¬ 
carbons, which Carter and Campbell stated takes place under the influence of 
a low-voltage carbon arc discharge in water. At the same time a small propor¬ 
tion of a sparingly soluble acid of high melting point is obtained. 

The effect of a high-tension arc on substantially pure methane has been inves¬ 
tigated by Stanley, and Nash,‘® The main products of the reaction were acetylene, 
carbon and liquid and solid hydrocarbons, though ethylene and a small pro¬ 
portion of diacetylene (HC=CC=CH) were also found in the reaction gas. 
In addition to gaseous products and carbon, small quantities of light oil, chloro¬ 
form-soluble tar, and resinous substances were produced. The light oil was 
highly unsaturated, had a pronounced tendency to resinify, and formed explosive 
silver derivatives, thus indicating that acetylene homologues were present. Both 
naphthalene and acenaphthylene were isolated from the tar. The occurrence of 
diacetylene among the reaction products is interesting since this hydrocarbon has 
been obtained in other operations, particularly in the electropyrolysis of alcohol 
and the treatment of fuel oil with a low-tension arc.^^ 

Frolich, White, Uhrmacher and Tufts recorded some experiments on the 
decomposition of methane in an ordinary carbon arc. Acetylene was the main 
product under all conditions, although some ethylene (up to 1.5 per cent in the 
resulting gas) was formed also. Carbon deposition was largely suppressed and 
the acetylene yield markedly increased by diluting the methane with hydrogen. 
With methane and hydrogen in the ratio of 1:2 as much as 51 per cent of the 


‘•See for example, I. G. Farbenindustrie A.-G., British Patent 263,859, 1925; Chem. Abs 1928 
22, 32; British Patent 307,529, 1927; Chem. Abs,, 1929, 23, 5282. Wietzel, Stark and Eisenhut 
German Patent 488,502, 1926; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1930 24 2251* 
Rose, U. S. Patents 1,352,085 and 1,352.086, Sept. 7. 1920; J.S.C.L, 1920. 39, 715.\. ’ 

^ Ann., 186^ 123, 213. “Essai de mechanique chimique,'* 1879, 2, 336. Ann. chim. th\s 1873 
(4) 30. 431; J.C.S., 1874, 27, 974. ^ 

Mag.. 1892, (5) 33, 525. 

»J.C.S., 1897, 71, 41; 1901, 79, 1042. 

Trans. Faraday Soc., 1932, 28. 479; Chem. Abs., 1932, 26, 3734. 

'•J.S.C.I., 1929, 48^ 238T. 

“ Mtiller, Heiv. Chtm. Acta, 1925, 8. 821; Chem. Abs., 1926, 20, 1050. Dutt (French Patent 
677,338, 1928; Chem. Abs., 1930, 24, 2956) obtained ethylacetylene by the electrolytic disaggregation 
of calcium carbide electrodes in methyl alcohol. 

Curme, U. S. Patent 1,315,540, Sept. 9, 1919; assigned to Union Carbide Co.; Chem. Abs., 
I919f 13a 281/a 

^Ind. Eng. Chem., 1930, 22, 23. 
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methane was converted into acetylene by one passage through the arc. It was 
suggested by Frolich and his collaborators that the added hydrogen reduces carbon 
deposition because of its influence on the high-temperature equilibrium. 

GHa 2C-fHa 

since this reaction has been shown to be reversible under the experimental con¬ 
ditions. When ethane was passed through the arc, acetylene and ethylene were 
obtained in approximately equal volumes, while, as in the case of methane, low 
gas velocities resulted chiefly in the cracking of the hydrocarbons to carbon and 
hydrogen. ^ 

When employing voltages ranging from 8,000 to 47,000, methane, ethane, and 
ethylene are transformed to acetylene and hydrogen, together with other sub¬ 
stances.^® In the case of methane, acetylene and hydrogen, in the ratio of 1:5, 
were formed; ethane yielded a variety of materials including hydrogen, acetylene, 
methane and ethylene; and ethylene gave hydrogen and acetylene, in the ratio of 
about 2:1, and some methane. Heptane vapors at 4 to 12 mm. pressure, however, 
when subjected to a low-tension discharge (300 to 600 volts between nickel elec¬ 
trodes) yielded hydrogen and a condensation product.®® The latter had practically 
no vapor pressure, was sliglitly soluble in organic solvents, and slowly absorbed 
oxygen from the air. 

A study of the decomposition of liquid and solid hydrocarbons in the (low 
tension) electric arc was made by Contardi.®^ This was an endeavor to obtain 
an insight into the mechanism of cracking, and various hydrocarbons such as 
benzene, hexane, amylene, toluene, pseudocumene, petrolatum, paraffin, naphtha¬ 
lene, and others were subjected to an explosive electrical discharge under different 
conditions. Hydrocarbons of widely different types yielded gaseous products of 
a similar character indicating that the chief reactions were the same in all cases. 
The analytical data showed that the first two of these, namely, 

2CH4 —C,H,4-3H, 

C,H* —^ GH,4-2H, 

proceeded >yith enormous velocities in the hot zone. The .secondary reactions, viz., 

GH, —^ 2C -I- H, 

C-f 2Ha —CH 4 
2C -f 3H, —GH. 

which occur at the same time, are completed in the cold zone (1200° C.) at the 
expense of the carbon formed. Methane and ethane, on account of the latter 
reactions, do not again reach the hot zone and so appear in the final products. 
Hydrocarbons very rich in hydrogen, e.g., hexane, yielded a gas which at first 
contained about 18 per cent of acetylene. On continued action of the electrical 
discharge the liquid became heavily charged with carbon and the acetylene con¬ 
tent of the gas increased to 33-34 per cent. 

In some experiments on the production of acetylene in the electric arc by 
methods applicable on an industrial scale, Contardi directed his attention to the 
use of coal tar and anthracene oil. In an arc between iron or carbon electrodes 
at 50 volts and 40 amperes, anthracene oil yielded a gas containing 22 per cent 

>• I'ujio, Bull, Chetn. Soc. Japan, 1930, 5, 249; Ckcm, Abs,, 1930, 24. 5644. 

■•Christen, Anales inst. investigacioncs cttni. tecnol,, 1932, I, 71; Chcm, Abs., 1933, 27, 4743. 

*^Atti congresso nas. chim. ind., 1924, 358; Chcm. Abs., 1925, 19, 1941. Giorn. chim. ind.. 1925. 
7, 195; Chem. Abs., 1926, 20, 3230. 
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acetylene, 50 per cent methane, 23 per cent hydrogen and 5 per cent nitrogen. 
Graphitic carbon was deposited at the same time. The temperature of the oil in 
which the electrodes were immersed did not exceed 120® to 130® C. A coal-tar 
oil gave a gas having the composition 24 per cent acetylene, 45.4 per cent methane 
and 0.8 per cent nitrogen. Carbon deposition amounted to about 10 per cent 
of the oil. 

Attention has been given to the possibility of making acetylene by the action 
of the electric arc on mixtures of saturated gjaseous hydrocarbons, such as natural 
gas, coal gas or coke-oven gas, which contain a large proportion of methane. 
The results of such an investigation have been reported by Fischer and Peters.-- 
The main portion of their work was concerned with the action of high-tension 
sparks on coke-oven gas containing principally methane and hydrogen (23.4 per 
cent methane and 52.3 per cent hydrogen) at pressures of 2 to 60 mm. At 
reduced pressures the number of ions is enormously increased, a fact which 
leads to the supposition that under such conditions the efficiency of the discharge 
would be greatly enhanced. A reaction chamber of glass having iron electrodes 
20 to 120 mm. apart was used. The main gaseous products of the reaction were 
observed to be acetylene and hydrogen, together with some ethane. Tlie best 
conditions for obtaining acetylene were a pressure of 40 to 50 mm., a distance 
between electrodes of 40 mm., and high gas rates. Under such conditions the 
reaction gas contained 8.5 per cent of acetylene and the energy consumed per 
cubic meter was 31 kilowatt-hours, with an efficiency of 15 per cent. Experiments 
with pure methane were rendered difficult owing to the formation of carbon in 
the reaction chamber. 

Further work on the conversion of methane in coke-oven gas into acetylene 
under reduced pressures has been recorded by Peters and Pranschke.-® They 
were able to reduce the energy required from 31 to 12 kilowatt-hours per cubic 
meter of acetylene, thereby increasing the electrical efficiency from 15 to 38 per 
cent. They also found that best results were obtained with gas mixtures con¬ 
taining 50 per cent or less of methane. When the methane content was higher 
than 50 per cent the acetylene formed apparently took part in other reactions. 

Peters and Wagner determined the minimum energy consumption for the 
production of acetylene or ethylene to be 13 and 53 kilowatt hours per cubic 
meter, respectively. Under these conditions using a gas mixture containing 2 
moles of methane and 1 mole of hydrogen, the exit gases contained 4.2 per cent 
acetylene and 0.8 per cent ethylene. It was apparently impossible to suppress 
acetylene and increase ethylene production except at very low pressures and 
high energy consumptions. Generally the proportion of acetylene in exit gases 
increased with the energy supplied, the maximum concentration being 30 per 
cent. In the case of ethylene the maximum concentration did not exceed 3 per 
cent. 

The effect of reducing the pressure during the electrical decomposition of 
natural gas (92.5 per cent methane, 3.5 per cent hydrogen, and 3.9 per cent 
nitrogen) was investigated by Jones.®* Platinum wire electrodes were employed, 
and the pressure was varied from 100 to 700 mm. of mercury. Analysis of the 
gaseous products appeared to indicate that the main reaction was the decompo¬ 
sition of methane into carbon and hydrogen, although high percentages of olefinic 
and acetylenic hydrocarbons were formed. The highest yield of acetylene was 


** Brennstoff-Chem., 1929, 10, 108; Chem. Abs., 1929, 23. 4326. 

BrennstofF-Chem., 1930, 11, 239; Chem. Abs., 1931, 2S, 399. 
**Z. phys. Chem., 1931, 153, 161; Brit. Chem. Abs. A, 1931. 441. 
Brennstoff-Chem.. 1933, 14, 165; Chem. Abs., 1933, 27, 4906. 

**J.C.S., 1929, 419. 


See also Peters and Neumann, 
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obtained at about one-half an atmosphere pressure. At still lower pressures, 

1 to 11 mm., Montagne*® believed the principal reaction to be the decomposition 
of methane into acetylene and hydrogen (proceeding to the extent of about 75 
per cent) but this is complicated by subsequent decomposition and condensation 
of the acetylene. Even at low temperatures (e.g., liquid air) as much as 10 
per cent of the methane is transformed into saturated or ethylenic hydrocarbons. 

Althouglr acetylene is the principal hydrocarbon resulting from the action 
of the electric arc on hydrocarbons under most conditions, nevertheless other 
substances may be obtained in considerable yields. Ethylene appears to be an 
important product, and diacetylene, as previously noted, has b^n observed in 
some instances. Curme*^ has developed a prcA:ess for decomposing fuel oil in 
a regulated alternating current arc into a gas consisting of about 50 per cent 
hydrogen, 12.5 per cent ethylene, 25 per cent acetylene and 5 per cent of other 
hydrocarbons among which diacetylene is an important constituent. The rela¬ 
tively high proportion of ethylene in comparison with the acetylene yield is 
noteworthy. According to Brooks,** Curme was able to prepare diacetylene in 
considerable quantities and to determine accurately the properties of this hydro¬ 
carbon. 

Diacetylene was prepared by Muller and Banninger** by the decomposition 
of benzene in a low-tension arc. Some higher acetylenes were formed at the 
same time, as well as phenylacctylene, C^HbCssCH. The gaseous reaction 
products contained 86 to ^ per cent hydrogen and 9 to 10 per cent of acetylene. 
To explain these results, it was assumed that a primary dissociation of the ben¬ 
zene into the radicals CflH'j— and CHsC— was followed by a secondary re¬ 
combination of such radicals. 

Under certain conditions, moreover, it appears that higher olefins and diolefins 
may be produced from lower members of the olefin series (particularly ethylene) 
when the latter are exposed to a high-temperature arc at a higher rate of flow 
than that required for making acetylene.*® 

The gaseous products of the decomposition of mineral oils by a high-tension 
arc have been examined by Evers.®^ Some of these were found to contain as 
high as 50.3 per cent hydrogen and 45 per cent unsaturated hydrocarbons, and 
only about 1 per cent methane. The unsaturated hydrocarbons were separated 
as bromides, and from the less volatile fractions a bromide, CeH 4 Br 8 , was isolated 
which melted at 82.8^ C. In addition some liquid materials as well as a dark 
brown solid of variable composition (90 to 94 per cent carbon, 3 per cent hydro¬ 
gen, and 4 to 7 per cent oxygen) were obtained. 

Mention has been made of the effect of diluting methane with hydrogen before 
subjecting it to the electric arc. Other gases may be employed, the effect created 
varying with the individual gas used. The substitution of ammonia, for ex¬ 
ample, for hydrogen results in the formation of hydrogen cyanide, a 1:1 mixture 
of methane and ammonia giving a 70 per cent yield.** With higher proportions 
of ammonia, as in a 3:7 methane-ammonia mixture, a good yield pf crystalline 
ammonium cyanide is secured. The addition of ammonia prevents the accumu- 

** Compt. rend^t 1932, 194, 1490; Brit. Chem. Abs. A, 1932, S80; Bull. soc. d'encour., 1933. 132. 
183; Brit. Chem. Abs. A. 1933, 576. 

” U. S. Patent 1,315,540, Sept. 9, 1919; assigned to Union Carbide Co.; Ckcm. Abs.. 1919. 
13, 2817. 

»/Md. Eng. Chem.. 1924, 16, 185. 

»Hclv. Chim. Acta. 1927, 10, 763; Chem. Abs.. 1928, 22, 395. 

*• Feiler, U. S. Patent 1,799,787, Apr. 7, 1931; assign^ to I. G. Farbenindustrie A,-G.; Chem. Abs., 
1931, 2S, 3012. 

** IViss. VerbfF. Siemens-Kons., 1925. 4, 324: Brit. Chem. Abs. B, 1926, 308. For an account 
of some experiments on the cracking of mineral oils in the electric arc. see Fester and Christen. 
Z. Elektrochem.. 1930, 36, 17; Chem. Abs., 1930, 24, 4382. 

** Peters and Kuster, Brennstoff-Chem.. 1931, 12, 122; Chem. Abs.. 1931, 25, 2922. 
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lation of hydrocarbons, since both tars and hydrocarbons react with it to form 
hydrogen cyanide. 

When mixed with carbon dioxide, or steam, and subjected to a high voltage 
( 5,000 to 6 , 000 ) arc, methane is converted to carbon monoxide.*® 

CH 4 + CO, —2CO + 2H, 

CH 4 + H,0 —CO H- 3H, 

No deposition of carbon takes place. With a lower voltage a^part of the methane 
is converted into acetylene. By varying the voltage and the initial gas mixture 
the composition of the reaction gas can be altered over a wide range. 

Many of the industrial processes dealing with the decomposition of hydro- 
carbons, either liquid or gaseous, are concerned with the production of acetylene 
and hydrogen. Methane is especially mentioned as appropriate raw material in 
several of these, probably because of its abundance and cheapness. This is of 
particular interest in connection with the better utilization of natural gas, of 
which methane forms the preponderating constituent, since the resulting acetylene 
may be employed in welding operations or in the preparation of numerous or¬ 
ganic substances. A survey of such processes for making acetylene and hydrogen 
indicates that they differ principally in constructional details of the equipment. 
In one procedure the gases, containing both methane and hydrogen, are passed 
through the arc at atmospheric pressure, the deposition of carbon being prevented 
by the hydrogen.®^ 

Gross described a method in which coal gas, containing both methane and 
ethylene, is subjected to an electric discharge by passage through a reaction 
chamber consisting of the annular space between a conical rotor and a conical 
stator. On both of these, projections (serving as the electrodes) are arranged 
spirally. The reaction gas is subsequently compressed to remove tarry constitu¬ 
ents, and is then bubbled through an absorbent (e.g., acetone) to separate 
acetylene. In this manner one ton of coal gas is said to yield 280 cubic meters 
of acetylene. 

In another form of apparatus, designed by Gmelin and Eisenhut,*® the hydro¬ 
carbon gases or vapors are passed through an arc formed between a central 
insulated electrode grounded at the end and a surrounding tubular counter- 
electrode. The length of arc can be adjusted by a movable insulating mantle of 
quartz or steatite between the electrodes so as to obtain optimum production of 
acetylene. Mixtures of hydrogen and methane can be used as the initial mate¬ 
rials, but the yield of actylene is materially increased by the presence of other 
hydrocarbons, either saturated or unsaturated (e.g., ethane, ethylene or oil gas). 
Thus, mixtures containing (1) 30 per cent methane and 70 per cent hydrogen, 
(2) 15 per cent methane and 85 per cent ethylene, and (3) 30 per cent ethylene 
and 70 per cent hydrogen, when conducted through the apparatus gi^e 70 to 80 
liters, 100 to 110 liters, and 110 to 140 liters, respectively, of acetylene per 
kilowatt-hour of electrical energy expended. In a related process acetylene in 

“Peters and Pranschke, BrennstofF-Chem., 1930, 11, 473; Brit. Chem. Abs. B, 1931 186. 

“Andry*Bourgeois, British Patent 223,543, 1924; assigned to Le petrole synth^tique; J.S.C I., 
1925, 40, 534B. 

“British Patent 211.125, 1924; 1925. 40, 622B. 

“ U. S. Patent 1,746,934, Feb. 11, 1930; Brit. Chem. Abs. B, 1930, 314; British Patent 294,494 
1927; Brit. Chem. Abs. B, 1928, 738; French Patent 626,795, 1927; all assigned to I. G. Farben- 
Industrie A.-G. Structural details of apparatus for the electrolytic treatment of hydrocarbons to 
effect their conversion are described by I. G. Farbenindustrie A.-G., French Patent 746,595, 1933: 
Chem. Abs., 1933, 27, 4490; Henry, U. S. Patent 1,881,406, Oct. 4, 1932; assigned to Ionizing Coro, 
of America; Chem. Abs., 1933, 27, 592. 

“I. G. Farbenindustrie A.-G., British Patent 269,547, 1927; Brit. Chem. Abs. B, 1928, 291. 
Also, Wietzel and Starke, U. S. Patent 1,892,973, Jan. 3, 1933; assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 2101. 
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the exit gas is converted to benzene, which is removed by adsorption with acti¬ 
vated charcoal, and the residual gases are treated with oxygen or steam forming 
a mixture of carbon monoxide and hydrogen. 

Saturated hydrocarbon gases at any desired pressure may be subjected to 
several arcs, the lengths of which are varied according to the changing composi¬ 
tion of the gas.®* As an illustration, the gases obtained during the hydrogena¬ 
tion of coal are passed through successive arcs 200, 280, and 350 mm. in length, 
the acetylene formed being removed after each arc. In other processes for the 
production of acetylene and hydrogen it has been suggested that the hydrocarbon 
gas be passed over the arc under reduced pressure,®**^ or conducted over it at 
such a rate that the ratio of the amount of gas in cubic meters per hour to the 
kilowatt power of the arc is between 0.6 and Ld.**** 

Several procedures described by Hull ** involve the rapid passage of the hydro¬ 
carbon gases through the reaction zone in such a manner as to impart whirling 
motion or turbulence to the gases. One way in which this is obtained is by 
feeding a number of streams of gas to the arc, one of which distends the arc 
while the others impinge on one another. Another method is tlie creation of 
an electric discharge between a hollow conducting tube, having its mouth shaped 
convergently in the direction of gas flow, and an opposing rod electrode. The 
gas traveling along the hollow tube at a high velocity distends the electric dis¬ 
charge into the tube. When using high tension arcs the electrodes are made of, 
or tipped with, carbon. With low tension arcs Hull suggested electrodes con¬ 
sisting of tungsten, molybdenum, osmium, tantalum, or the carbides of these 
metals.^® 

Mercier has proposed the following manner of operation, particularly for 
the conversion of liquid Hydrocarbons into gases. An arc is struck while the 
two electrodes are in contact, and these are then separated from one another to 
the maximum extent consistent with the stability of the arc; or the oil is led 
through the center of hollow stationary electrodes, which have conical ends, thus 
allowing the spreading of the arc which jumps between them and the opposite 
insulated movable electrodes. The gases formed are simultaneously cooled by. 
the oil pumped through the electrodes (a condition favoring the production of 
acetylene) and removed from the system by a vacuum pump. Yields of acetylene 
as high as 16 per cent are said to be obtained when the hydrocarbon oil, in a Hne 
state of division, is conducted through a furnace so arranged that an electric 
arc formed therein has an energy consumption of 2 kilowatts per second per 
cubic centimeter of space.*® Other methods for the conversion of liquid petro- 

“Eisenhut, U. S. Patent 1,794,004, Feb. 24, 1931; Chem. ^bs., 1931, 25, 2060; German Patent 
540,897, 1926; Chem. Abs., 1932, 26, 2127; French Patent 674,459, 1929; Chem. Abs., 1930, 24, 
2385; ilritish Patent 337,088, 1929; Chem. Abs,, 1931, 25, 1744; all patents assigned to I. G. Farben* 
Industrie .A.-G. Cf. Eisenhut, U. S. Patent 1,904,426, April 18, 1933; assigned to I. G. Farbcn* 
industrie A.*G.; Chem, Abs., 1933, 27, 3409. 

I. G. Farbenindustrie A. G., Ilritish Patent 332,057, 1929; Chem. Abs,, 1931, 25, 39. 

I. G. Farbenindustrie A.-G,, British Patent 332,917, 1929; Chem. Abs., 1931, 25, 462; French 
Patent 687,973, 1930; Chem. Abs., 1931, 25, 648; British Patent 336,261, 1929; Chem. .^bs., 1931, 
25, 1745. 

** British Patent 311.352, 1928; Brit. Chem. Abs. B, 1929, 606. Briti.sh Patent 317.538, 1928* 
Brit. Chem. Abs. B, 1929, 880. British Patent 317.558, 1928; Chem. Abs.. 1930, 24, 2067. British 
Patent 317,920, 1928; Brit. Chem. Abs. B. 1929, 880. .Ml patents assigned to Imperial Chemical 
Industries, Ltd. See also I. G. Farbenindustrie A.-G., British Patent 371,916, 1931; Brit. Chem 
Abs. B. 1932, 633; French Patent 739,952, 1932; Chem. Abs., 1933, 27, 2101; British Patent 389,165* 
1931; Brit. Chem. Abs. B. 1933, 377. 

British Patent 304,914, 1928; assigned to Imperial Chemical Industries, Ltd.; Brit, Chem. Abs., 
1929. 274. See also Maillard, Compt. rend, congr. graissage 1931, 308. 

« British Patents 316,336 and 316,352, 1928; Brit. Chem. Abs. B. 1929, 804. U. S. Patent 
1,830,615, Nov. 3, 1931; assigned to Society Fair liquide; Chem. Abs., 1932, 26, 659. 

«I. G. Farbenindustrie A.-G., British Patent 370,414, 1930; Brit. Chem, Abs. B. 1932, 586. 
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leum hydrocarbons to acetylene consist in spraying a stream of the oil alone** 
or mixed with hydrogen ** into an electric arc. 

Coals, tars, resinous or asphaltic materials yield acetylene on treatment in an 
electric discharge according to a process which provides that the decrease from 
no-load to working tension is not more than 30 per cent.** If nitrogen is present, 
hydrogen cyanide is formed. 

A number of procedures have been developed for the separation of acetylene 
from gaseous mixtures of hydrocarbons. These are discussed in Chapter 4. 
Two methods, however, may be mentioned. One of these, the mechanical 
separation of ethylene, is described by Eisenhut.** The gas" mixture around the 
arc is composed of a zone rich in and a zone poor in acetylene. The former is 
withdrawn separately from the apparatus. 

Another method of separation involves the use of selective organic solvents, 
particularly ketones.*^ The reaction gases are washed, best under pressure, and 
acetylene and other unsaturated hydrocarbons subsequently recovered by dis¬ 
tillation of the solvent. In the aliphatic series, methyl ethyl ketone, methyl 
propyl ketone, diethyl ketone and diacetone can be employed and of the cyclic 
ketones, acetophenone, cyclohexanone, and methylcyclohexanones are recom¬ 
mended. 

When hydrocarbon gases are exposed to the electric arc for a shorter period 
of time (i.e., at a higher rate of flow) than that required for acetylene formation 
the result is the production of higher olefins and diolefins.*® For example, when 
ethylene (97 per cent purity) was passed at the rate of 40 liters per hour through 
an electric arc between carbon electrodes having a consumption of about 200 
watts, the resulting gas mixture had the following composition: unsaturated 
hydrocarbons, 64.2 per cent; hydrogen, 29.9 per cent; methane, 3.6 per cent; and 
nitrogen, 2.3 per cent. Analysis indicated the unsatura'ted hydrocarbons to consist 
of the following: 

Per Cent by Weight 


Unaltered ethylene . 69.5 

Propylene . 15.0 

Butylene . 1’8 

Butadiene . 5.7 

Acetylene . 8.0 


If the above operation be carried out continuously at a higher rate of flow 
and with continuous removal of the butadiene after formation, then higher yields 
of this diolefin are obtainable, accompanied by a reduction in the output of 
acetylene. Greater conversion of the olefin into butadiene may also be effected 
by prolonging the circulation of the gases, or by applying more electric energy. 

Butadiene, together with other olefins and diolefins, is obtained when petroleum 
or mineral oils in the vaporized or finely divided state are conducted through 
electrical discharges at 700® to 800° C. Electrodes of copper or its alloys, 
chromium-nickel alloys, iron, or carbon seem to be particularly applicable for this 
type of conversion.** Olefins and diolefins may be produced also by leading the 


"Nutting and Rwley, U. S. Patent 1,887,658, Nov. 15, 1932; assigned to Dow Chemical Co. 
"Kipper, U. S. Patent 1,883,799, Oct. 18, 1932; assigned to K. II. Knox. 

"I. G. l^rbenindustrie A..G., British Patent 365,045, 1930; Chem. Abs„ 1933, 27, 1832. 

H'-i *****?'**^ I’arbenindustric A.-G.; Chcm. Abs., 

1929, 23, 5121. Also British Patents 263.859 and 288,056, 1926; Brit. Chem. Abe. B. 1928. 415. 
C/. Eisenhut, Schilling and Baumann, U. S. Patent 1,923,140, Aug. 22, 1933; assigned to I. G. 
Farbenindustrie A.-G.; Chem. Abe., 1933, 27, 508S. 

"I. G. Farbenindustrie A.-G., 325,817. 1928; Brit. Chem, Abs. B, 1930. 449. 
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vapors of mineral oils through a bed of bituminous fuel heated electrically.*^^ 
In this instance the fuel is placed in a fire-brick shaft having electrodes in the 
walls. 

It has been pointed out that the efficiency of utilization of electrical energy 
in the manufacture of acetylene from hydrocarbons in the electric arc is increased 
by raising the current density of at least one of the electrodes to the point at 
which loss of material can be detected.*^ It has also been suggested that the 
electrical energy fed to the arc be such that the Balmer series of H lines be 
distinctly visible, at least to the HS line. It is recommended that the consumption 
of electrical energy be 2 kilowatts per cc. of space filled by the arc.®* 

As previously mentioned, acetylene is formed when a gaseous mixture of 
methane and hydrogen is subjected to the action of the electric arc. By adding 
nitrogen to the mixture both acetylene and hydrogen cyanide are produced simul¬ 
taneously.®® The mixture of hydrogen, nitrogen and methane is circulated 
through the arc until the concentration of the hydrogen cyanide is' about 1 per 
cent and that of the acetylene about 2 to 3 per cent by volume. The reaction 
gases are then scrubbed with caustic soda solution and passed through active 
charcoal to remove the hydrogen cyanide and acetylene, respectively. The residual 
gases are returned to the system for recirculation. 

Other methods for obtaining hydrogen cyanide by the reaction of hydrocar¬ 
bons with nitrogen are discussed in Chapter 10. 

Hydrogen, derived from the reaction between carbon monoxide and steam, 
is mixed with hydrocarbon gases and the mixture is washed with alkali 
carbonate solutions both before and after being subjected to the arc. The first 
alkali wash removes any carbon dioxide, and the second alkali wash absorbs 
hydrogen cyanide and any hydrogen sulphide formed in the arc. The bicarbonate 
solution resulting from the first wash may be decomposed by heating, and the 
carbon dioxide used to liberate hydrogen cyanide and sulphide from the second 
solution.®® 

Replacing the hydrogen in gaseous mixtures by steam or carbon dioxide re¬ 
sults in the formation of acetylene, hydrogen, and carbon monoxide from these 
oxygen-containing gases and the hydrocarbons.®® By mixing the initial gases, 
in the correct proportions and then removing the acetylene after the reaction, 
a residual gas mixture of hydrogen and carbon monoxide applicable for the 
synthesis of methanol is made. 

The action of electric arcs, sparks, or silent discharge on hydrocarbons, par¬ 
ticularly olefins, in the presence of hydrogen and carbon monoxide has been 
suggested as a method for the synthesis of higher molecular compounds.®® For 
example, butylene may be obtained from propylene in this manner, the reaction 
being represented by 

C3H« + 2Ha + CO —^ C4H.-fH,0 

Similarly benzene is converted to its homologues. It is recommended that the 
electrodes be made of or tipped with iron, aluminum, copper, nickel, ferro-nickel, 

** Winkler and Feiler, German Patent 490,563, 1928; addition to German Patent 457,179; assigned 
to I. G. Farbenindustrie A.-G.; Ckem. Ahs., 1930, 24, 2275. 

** Soc. Chim. Ind. in Basle, British Patent 368.164, 1931; Brit, Ckem, Ahs, B. 1932, 410. Also 
French Patent 718,088, 1931; Ckem. Abs„ 1932, 26, 2662. 

** I. G. Farbenindustrie A.-G., French Patent 717,608, 1931; Ckem, Ahs., 1932, 26, 2930. 

” Andriessens, British Patent 296,355, 1928; assigned to Soc. Chem. Ind. in Basle; Brit. Ckem. 
Ahs, B, 1929, 507. 

** Btickert and Baumann, German Patent 543,111, 1930; assigned to I. G. Farbenindustrie A.-G.; 
Ckem, Ahs,, 1932, 26, 2383. 

«^Soc. I’Air Liquide, French Patent 712.092. 1931; Chem, Ahs,, 1932. 26, 1866. British Patent 
377.658, 1930; Ckem, Ahs,, 1933, 27, 2389. 

"Soc. anon, le p^trole synth^tique, British Patent 333,543, 1924; Ckem, Ahs., 1925, 19, 1101; 

1925. 534B. 
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sodium or potassium or alloys of these metals and that the reaction be carried 
out at temperatures up to .500^ C. and pressures as high as 30 atmospheres* 
Another procedure for tlic synthesis of higher hydrocarbons consists in subject¬ 
ing gaseous mixtures of hydrogen, carbon monoxide, and saturated or unsaturated 
hydrocarbons to high frequency electrical oscillations together with or followed 
by a heat treatment at temperatures above 900® 

The Silent Discharge 

Although in certain severe cases the silent electric discharge has been found 
to split the C—C linkage in the molecule, the usual observed effect is dehydro¬ 
genation followed by polymerization through the nascent unsaturated valences. 
In this respect the effect of the silent discharge is similar to that obtained at 
high temperatures, as has been shown by Davis” to occur with acetone and 
benzol. The difference between the two cases, however, is that most of the 
material treated at high temperature is converted to lower molecular weight 
products, whereas in the silent electric discharge high yields of condensation and 
polymerization products are obtained. 

Berthelot reported that methane, ethane and ethylene when subjected to the 
silent discharge yielded a little acetylene, free hydrogen, and resinous condensa¬ 
tion products. Ethane produced some free ethylene and a polymerized liquid 
of th^ approximate formula, (CioHia)«. Benzene was found to unite with two 
at 6 ms of hydrogen and then formr a polymer of dihydrobenzene, (CoHg), and 
oil of turpentine after absorbing 2.5 atoms of hydrogen also polymerized. 

Later Berthelot observed that methane, under the influence of the silent 
discharge, lost one-half of its hydrogen and yielded a solid hydrocarbon of the 
composition C,oH,g. In the presence of nitrogen, methane yielded a solid basic 
substance, C 2 H 3 N. This, Berthelot considered, as possibly a polymerized acetyl- 
enylaniine. Similar results were obtained with ethane, a solid compound, C.oH,„ 
again being formed, though it was not identical with the substance derived from 
methane. Ethane in the presence of nitrogen was transformed into a solid basic 
material, CieHg 2 N 4 . Olefins, such as ethylene and propylene, gave solid hydro¬ 
carbons, and in the presence of nitrogen were changed to basic nitrogenous 
compounds. In each instance the products were of much higher molecular weight 
than the initial hydrocarbon, indicating that after first losing hydrogen the 
molecule must have undergone considerable polymerization and condensation. 
Acetylene, under similar conditions, produced no hydrogen, but was changed first 
to a liquid and then to a solid. The latter was rapidly oxidized on exposure to 
air, and decomposed violently when heated. In the presence of nitrogen, the 
solid compound, C,„H,gN 2 , was formed. 

Losanitsch and Jovitschitsch noted that ethylene was polymerized by the 
silent discharge (3.5 amperes at 70 volts) to a thick yellow liquid boiling above 
200® C. This substance absorbed oxygen readily, forming a viscous oil having 
a composition corresponding to ( 012 ^ 230 ) 2 . Similarly equal volumes of ethylene 
and methane condensed to a clear, yellow, viscous liquid. The latter also absorbed 

^Ruhrehemie A.-G.. British Patent 355.2JO. 1929; Chem. Abs., 1932, 26, 4065; French Patent 
690.4)28. 1930; Chem. Abs., 1931, 25, 962. 

Phys. Chem., 1931, 35. 3330. Cf. Harkins and Cans, J.A.C.S.. 1930, 52, 5165. 

soc. chim., 1876, (2) 26, 101; J.C.S., 1876, 30, 596. Bull. soc. chim., 1876, (2) 26, 98; 
J.C.S., 1876, 30. 617. 

^Compt. rend., 1898, 126, 561, 567, 609, 616; Chem. Soc. Abs., 1898, 74 (1), 393. This investi¬ 
gation included not onlv the effect of the silent discharge on hydrocarbons, but also on many organic 
comi^nds such as carbon dioxide, alcohols, phenols and others. 

^Ber., 1897, 30. 135. 

•Losanitsch, Ber., 1907, 40, 4656. Monatsh., 1908, 29. 753. 
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oxygen, yielding the compound C 2 aH 4204 . Under the same conditions ethylcnfe 
and hydrogen sulpliide quickly condensed to form the compound (€ 21148 ) 4 , a 
yellowish-red liquid with a mercaptan-like odor. The reactions yielding the latter 
are probably 

C,H4 + H,S —CH,CH,SH 
6 CH,CH,SH -(C,H 4 S). + 6 H, 

Some evidence for such reactions was that ethyl mercaptan when subjected to 
the silent discharge also gave the compound (C 2 H 4 S)o. 

When using slightly more energy (3 amperes and 100 volts) Jovitschitsch 
obtained from ethylene the substance, CaoHa 4 , which he considered to be a cyclic 
compound. When treated with nitric acid at 50° to 60° €., two nitro compounds 
were obtained. The first, having the formula C 7 HJ 1 NO 2 , was soluble in hot 
alcohol, and the second, CoHuNO^, was insoluble, Thenard’^^ observed that ethyl¬ 
ene was similarly condensed to a liquid possessing a strong odor and soluble in 
ether but insoluble in water. Methyl ether decomposed yielding 1 volume of 
methane and 2 volumes of hydrogen, a strong acid, and a resinous substance. The 
latter was soluble in alcohol but insoluble in ether. 

Somewhat more information concerning the polymerization products from 
ethylene has been furnished by Collie.®® The liquid obtained after this olefin 
was treated for a considerable length of time with the silent discharge was frac¬ 
tionated. A small amount distilled below 100° €., and the greater part came over 
between 100° C. and 250° C. (more than half below 175° €.). A large propor¬ 
tion (about 40 per cent) of resinous material was left as a residue. Analysis 
of the fractions indicated t.hey were mixtures of Cnlion hydrocarbons containing 
from 6 to 15 carbon atoms. From the lowest boiling fraction there was also 
isolated a substance which, from its chemical reactions, appeared to be a poly¬ 
merized compound. Collie suggested that under the influence of the silent dis¬ 
charge ethylene yields hydrocarbons having the approximate formula, CjoHjq. 
These lose hydrogen .and polymerize to substances having properties somewhat 
like india-rubber and compositions very close to (C 5 HH)n- 

Stratta and Vernazza ®® also noted that a variety of products were obtained 
from ethylene. They believed these to be the result of (a) direct condensation 
of two or more molecules of ethylene, (b) transformation to double and triple 
bonded condensation products, or (c) the formation of ethane or methane and its 
homologues from interaction of liberated hydrogen and unsaturated hydrocarbons. 
These investigators also found that the condensation of ethylene is proportional 
to the concentration of ethylene and the net rate of acetylene formation from 
ethylene decreases rapidly with the time as a result both of diminution in con¬ 
centration of ethylene and secondary condensation of acetylene. According to 
Szukiewicz,®^ acetylene is converted by the action of the silent discharge into 
ethylene, erythrene, diacetylene, butane, hexane and other hydrocarbons. 

Volmar and Hirtz ®* studied the hydrogenation of ethylene in an electric dis¬ 
charge. A slow stream of ethylene and hydrogen (at 20 mm.) was submitted to 
the silent discharge. The reaction velocity and yield of saturated hydrocarbons 
increased proportionately to the concentration of hydrogen. Methane was the 

« Monatsh., 1908, 29, 5. 

** Compt, rend.. 1873, 76, 1508; Chem. Soc. Abs„ 1873, 26, 1093. 

1905. 87, 1540. For the use of the silent discharge to polymeriae ethylene to oily 
products, see I. G. Farbenindustrie A.-G., British Patent 353,404, 1929; Chem. Abs., 1932, 26, 3446. 

ludustria chimica, 1931, 6, 133; Chem. Abs., 1931, 2S, 4186; Industria chimica, 1933, 8, 698; 
Brit. Chem. Abs. A, 1933, 804. 

Roca. Chem., 1933. 13, 245; Chem. .4bs.. 1933. 27, 4487. 

•Bk//. soc. ehim., 1931, 49 (4), 684; Brit. Chem. Abs. A, 1931, 932. 
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<5hicf product, but some ethane and propane were also obtained. It was sug¬ 
gested that the primary reaction is the breaking up of ethylene into CHj radicals 
which then react with hydrogen to give methane, or with a second molecule of 
ethylene to yield (after hydrogenation) propane, or decompose to carbon and 
hydrogen. Acetylene under similar conditions gave acetylene hydrocarbons con¬ 
taining as high as 10 carbon atoms and saturated hydrocarbons up to 8 carbon 
atoms. Volmar and Hirtz concluded that activated hydrogen was probably the 
hydrogenating agent. 

When working under conditions which allowed the products of the reaction 
to be withdrawn rapidly, Mignonac and Vanier de Saint-Aunay observed that 
the primary product was 1-butene and from this 1-hexene was formed. They 
represented the reactions by: 

(1) CH^CH, + H - CH‘=-CH, —^ CH,CH,CH=CH, 

(2) CH,CH,CH=CH, + H • CH=CH, —CH,CH,CH,CH,CH=CH. 

Low temperatures (—80® C.) favored the yield of 1-butene and raising the 
temperature increased the yield of 1-hexene. This formation of higher molecular 
weight hydrocarbons from ethylene had been observed also by Demjanov and 
Prianischnikov,^® who obtained a yellow mobile oil (d^J 0.8360 and average 
molecular weight of 215) when using a silent discharge of 12,000 to 13,000 volts. 
The oil was thought to contain unsaturated hydrocarbons consisting of hexene 
(CfiHio) and higher. 

The latter investigators also reported that isobutylene gave a product having 
an average molecular weight of 140 and d*® 0.822, which was composed of prin¬ 
cipally and C 12 H.J 4 hydrocarbons. Later Prianischnikov investigated 

some of the fractions from distillation of the product. Two fractions in par¬ 
ticular, one boiling between 32® and 52® C. and the other between 75® and 85° C, 
were mixtures containing about 20 to 30 per cent of unsaturated hydrocarbons 
(CnHsn) and 70 to 80 per cent of saturated hy^ocarbons (C„H 2 n^. 2 )* 2,2-Di- 
mcthylbutanc and 2,3-dimethyl-2-butene were probaBTy^resent in the first fraction, 
and 2,2- and 2,4-dimethylpentanes and 2,2,3-trimethyIbutane, in the second. Frac¬ 
tions of higher boiling points were richer in unsaturated hydrocarbons and also 
contained some naphthenes. The reactions produced by the silent electric dis¬ 
charge arc apparently not only simple polymerization, but are also accompanied 
by a redistribution of the hydrogen atoms. These effects are somewhat similar 
to those observed by Ipatiev when ethylene was subjected to high temperatures 
and pressures (see Chapter 2). Prianischnikov also noted that the properties 
of the products were influenced by the duration of the discharge (time factor). 

Amylene vapor, when mixed with hydrogen, and treated with an electrical 
discharge in an ozonizer, was converted (about 85 per cent) into liquid products 
in which saturated hydrocarbons of the CjjHj, type (or isomers) predominated.^® 
Some unsaturated hydrocarbons, such as isopropylacetylene, were also found. 
The gaseous products were acetylene, allylene, vinylacetylene and diacetylene. 
Alone or mixed with nitrogen, no saturated hydrocarbons were produced from 
amylene. The hydrogen appeared to act not only as a hydrogenating but also 
as a dehydrogenating agent, uniting with a hydrogen atom of the unsaturated 
hydrocarbon and bringing about unions of the resulting hydrocarbon residues. 
This would explain the formation of compounds with double the number of 

•earner, rend., 1929, 189. 106. 

*•7. KMSS. Phys. Chem. Soc., 1926, S8, 462; Brit. Chem. Abs. A, 1927, 336. 

"/Jrr., 1928, 61. 1358. 

.Meiieshini and Sorvato, Gnss. chim. ital., 1932, 62, 621; Chem. .4hs., 1933, 27, 58. 
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carbon atoms. Amylene also appears to undergo a number of other transfor¬ 
mations, including bond transpositions, rearrangements, cyclicization, molecular 
cleavage, formation of simple and multiple bonds, and polymerization. From 
their data Meneghini and Sorgato were unable to differentiate between these 
various transformations. In addition, under the experimental conditions, reac¬ 
tions take place which lead to an increase in internal energy, and therefore the 
endothermic character of the triple bond brings about the formation of. large 
quantities of acetylenic hydrocarbons. When a discharge tube producing a 
corona effect was employed the proportion of amylene transformed was much 
less, though the changes were more deep-seated and separation of free carbon 
occurred. * 

According to Koenig,the action of the silent electric discharge on gases is 
a very complicated process in which primary and secondary reactions take place 
almost simultaneously. The layer of gas close to the wall of the reaction tube 
remains practically undisturbed, even with rapid flow, and is not carried away, 
thus remaining exposed to the further action of the discharge. This difficulty 
can be overcome, at least in part, by washing the wall of the reaction tube with 
a liquid. In this way, for example, much better yields of formaldehyde^* may 
be obtained in the electrical treatment of water gas, if the reaction chamber is 
flushed every few minutes with water which washes the formaldehyde from the 
walls, thus avoiding its destruction by the electric discharge. Similarly with 
the aid of a reflux condenser attached to the discharge tube, it is possible to 
obtain the primary products of the electrical decomposition of hydrocarbons (e.g., 
diphenyl from benzene and diphenylmethane from toluene) without subjecting 
these materials to further change. Koenig also pointed out that the primary 
effect of the electron bombardment of the gas molecules consists ( 1 ) in loosening, 
or in tearing off, electrons (ionization), ( 2 ) in disinteg^'ating the disrupted 
molecules provided they do not emit their surplus energy as light waves, and 
(3) in condensing the unsaturated residues, which are the result of this dis¬ 
turbance, to yield new substances. 

Acetylene is readily polymerized when subjected to the silent discharge. Thus 
Losanitsch converted acetylene into a viscous or solid mass which could be sepa¬ 
rated with alcohol or ether into soluble and insoluble portions. The soluble portion" 
was a viscous, fragrant oil, which rapidly absorbed oxygen, yielding the substance 
€ 3114 . 0 ) 5 . The insoluble solid portion, of the formula C 4 «H 4 c, had a 
very disagreeable odor and absorbed oxygen to give the compound C 4 SH 40 O 8 . 
Both of these oxygen derivatives yielded an emanation which liberated iodine 
from a potassium iodide solution and through aluminum or gold leaf affected a 
photographic plate. Losanitsch did not consider this emanation to be radioactive 
in character, but rather to result from the absorbed oxygen present in a labile 
state. He also noted that acetylene, in the presence of the silent discharge, could 
be condensed with other substances such as hydrogen, methane, ethylene, hydrogen 
sulphide, carbon monoxide, and sulphur dioxide. 

Jovitschitsch considered the product obtained from acetylene to have the 
formula CjoHjo- From this he was able to prepare di-, tri-, and tefrabromides 
(CaoHjoBrg, CjoHjsBrj, and C 8 oH 24 Br 4 , respectively) and with fuming nitric 
acid apparently a trinitro compound, CjoHagOjoNs. 

Later, Kaufmann pointed out that the reaction product is a liquid when 

»» Ckcm. Ztg., 1928, 787. 

*M. G. Farbenindustrie A. G., British Patent 304.623. 1927; Chem. Abs., 1929, 23. 4628. 

"Brr, 1907, 40. 4656. 

^•MonatsM., 1908, 29. 5. 

^^Aptu., 1918, 417, 34; Chem. Abs., 1919, IS, 1825. 
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the apparatus is kept cold, but a mixture of a solid and a liquid when warm. 
On dissolving the liquid product in ethyl ether and warming (to about 60® C.) 
the same solid can be obtained. The liquid is a brown viscous oil of unpleasant 
odor, having the composition (CaHa)^. On distilling, a small portion conies 
over at 70® C. (10 mm. pressure), the remainder carbonizing or changing to 
a plastic mass which ultimately becomes solid. The solid is a pale yellow, odor¬ 
less powder, insoluble in all solvents. Both the liquid and solid compounds can 
be oxidized, the former much more readily than the latter. On oxidation they 
both yield benzoic, isophthalic, and terephthalic acids. The liquid product forms 
a pale yellow precipitate with alcoholic silver nitrate, indicating the presence of 
the —grouping. The action of the oxygen derivatives of both the solid 
and liquid substances on a photographic plate was observed, but it was further 
noted that this action occurred only while the absorption of oxygen was actually 
taking place. 

Mignonac and Vanier de Saint-Aunay,'* in experiments at low temperatures 
(—6Q° C), observed that acetylene was polymerized mainly to a trimer, boiling 
at —10® C. and having a d^® ® 0.752. This trimer slowly underwent further 
polymerization. When oxidized with permanganate it yielded formic, oxalic, 
propionic, and succinic acids. It also formed an ozonide which on hydrolysis 
gave formaldehyde. Reactions of the trimer with alcoholic silver nitrate or 
cuprous chloride indicated that it might be a mixture of (1) dipropargyl, (2) 
3-methyl-l,4-pentadiine (CH«CCH(CH 3 )CsCH) and (3) divinylacetylene 
( CHj == CHCsCCH=CHj). 

The paraffin hydrocarbons also disintegrate under the action of the silent 
discharge. Thus, Lind and Glockler found that when ethane was submitted 
to a silent discharge of 12,000 volts in a Siemens ozonizer tube, through which 
the gas was continuously circulated by means of an all-glass magnetic pump, 
^ ctbane was decomposed in 3 hours, yielding a gas consisting mainly 
o fhydrog en, methane, and propane wW amounts of higher homologues. 

AQEI§amfiJU!n£-.asLjnu_^^^^^ 45 to 55 per cent of the ethane was converted into 
a visco us, reddish-ye!lo.>air. oil of^density 6'862 and This oil had the 

cwnp^ion: carbon 85.^^^ cent and hydrogei^"3!09 per cent. Its apparent 
weight in benzene was 467, and it readily formed substitution products 
withbxQmihe. Tfie acdon of the silent discharge was very similar to fhat pro¬ 
duced by a-particles from radon. Later, Lind and Glocklershowed that it 
was . possible to regulate the molecular weight of the liquid product obtained by 
the action of the silent discharge, corona, and high-frequency discharge ometliane 
by removing the liquid reaction products from the walls of the reactor. By 
thus controlling the time that the initial products, either gaseous or liquid, were 
allowed to remain under the influence of the discharge, the average molecular 
weights of the liquids formed could be regulated between 105 and 467. The 
secondary action took place the more the higher the molecular weight of the 
substances produced by further condensation. 


These same investigators extended their work to include methane, propane, 
butane and ethylene. The results with these hydrocarbons were analogous to 
those obtained with ethane; that is, the action of the silent discharge resulted 
in the formation of hydrogen, higher homologues of the paraffin series, and a 
liquid condensate corresponding in formula to C„H 2 „. Comparing these data 

^Compt. rend., 1929, 188. 959^ Chem, Abs., 1929, 23, 3437. 

!! tlectrochem. Soc., 1927, 52, 37. 

•*J.A.C.S., 1928, 50. 1767. 

.. Glockler. J.A.C.S., 1930, 52, 4450. For the production of acetylene from mothatio hv 

’“.869. 1930. 
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with those obtained with arrays led to the conclusion that ^‘for all of the hydro¬ 
carbons studied the condensations by alpha rays and in electrical discharge have 
many points in common, which lead to the belief that they both are brought 
about by the same agency.” Comparison of the product of the M/N values 
(ratio of the number of reacting molecules to the number of ion pairs) and the 
molar ionization also indicates a similarity between the a-ray and electrical 
condensations.^^ 

Vanier de Saint-Aunay found that by rapid circulation and intense cooling 
of the gases, the action of high-frequency and low-frequency discharges can be 
made to yield definite compounds. Mediane may be dehydrogenated to give 
hydrogen and free radicals, the latter condensing for the most part to ethane. 
Ethane, by dehydrogenation, yields ethylene and acetylene or it may undergo 
scission of its carbon atoms and the products formed then react further with 
hydrogen to form methane. Ethylene polymerizes to 1-butene and 1-hexene or 
is dehydrogenated to acetylene. By reaction with liberated hydrogen ethylene is 
also converted into ethane, butane and hexane. Benzene through polymerization 
gives dihydrobiphenyls, and by dehydrogenation, diphenyl, or by depolymeriza¬ 
tion it may yield acetylene, which on reacting with liberated hydrogen produces 
ethylene and ethane. 

Investigation of the effect of pressure®* on the reaction brought out the 
following facts: With constant duration of discharge (1 hour'^ the percentage 
of methane reacting and of free hydrogen produced increased rapidly with 
decrease in pressure; (2) the proportion of liquid products formed also increased 
with decreasing pressures; and (3) appreciable quantities of unsaturated hydros- 
carbons were obtained only at pressures greater than 200 mm. When the pressure 
was kept constant and the duration of the discharge varied, it was observed that 
with methane a steady state of synthesis and decomposition of the hydrocarl)on 
was attained after 20 minutes and that further action of the discharge resulted 
in an increased yield of liquid products and of hydrogen. This induction period 
of 20 minutes was not noted with ethylene, but if such a period did exist it must 
have been much shorter. In comparing the percentages of hydrocarbons which 
had reacted when subjected to the discharge for 1 hour, it was found that for 
methane this corresponded to about 23 per cent, for ethylene about 85 per cent, 
and for acetylene 100 per cent. In addition, during the condensation of acetylene 
it was noted that some of the hydrocarbon was hydrogenated, probably to ethane 
or ethylene. 

Lind and Glockler ®® studied the action of a semi-corona discharge (using a 
central aluminum rod in a pyrex glass cylinder) on methane, ethane, propane, 
butane, and ethylene. They found that condensation to liquid and solid hydro¬ 
carbons occurred in every case. With saturated hydrocarbons, condensation is 
brought about by elimination of hydrogen and some methane. These reactions 
are of the general character of those produced in the same gases by a-radiation. 
The liquids obtained at the same temperatures from different hydrocarbons ex¬ 
hibited similar physical properties, but these properties could be varied by chang¬ 
ing the temperature of the discharge regions and the traps in which the liquids 
were collected. 

The liquids from the action of the silent discharge on butane were examined 

** Lind and Schuhz«, Trans. Amer. Eltctrochem. Soc., 1931, 59, 141. 

^Ckimie et indnstric, 1933. 29. 1011; Ckem. Abs.. 1933, 27, 3911. 

•«Lind and SchulUe, J.A.C.S., 1931, S3. 3355. 

1929, SI, 2811. The description of an ai^ratus for the electrical treatment of hydro¬ 
carbon gases and v^rs is given by Rowland, U. S. Patent 1,837,489, Dec. 22, 1931; assignra to 
Curona Conversion Corp.; Ckem. Abs., 1932, 26, 1202. 
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in some detail.** The apparatus consisted of twelve glass ozonizers con^ted 
in parallel^ the voltage empidyed being 20,000 volts. Butane (5420 gram^ was 
passed continuously through the apparatus for a period of ^0 hours and 1041 cc. 
of a liquid condensate (density 0.804) were secured. This was equivalent to a 
15.37 per cent conversion of the butane. The liquid was separated into 40 frac¬ 
tions by distillation (at various pressures), and these were light, medium, and 
very viscous oils. One of the light fractions (the larger portion of the light oils) 
possessed the following properties: 



Hydrogen . 

^^.^Erapirical formula . 

Unsaturation (by halogenation) 


110“ to 114* C. 
1.4021 
0.708 
114.7 
84.55% 

15.45% 

22.5 mole per cent 


This fraction was recognized as a mixture of octane and octylenes. 

It is of interest to note that this largest fraction of light oils consisted of 
8-carbon-atom molecules which can be produced from butane by simple doubling 
according to the Lind®^ theory of ionic reactions. The reactions can be formu¬ 
lated as follows: 


CiHi* —CiHio* *f E (ionization) 

C4H„-h C 4 H,p+ —(C4H„.C4H«) + (clustering) 

(C4Hm.C4Hw)++ E —CtHu+ Hi (neutralization of the 
cluster and rearrangement of bonds) 

Becker reported that paraffin hydrocarbons when subjected to a high-tension 
discharge in a Siemens ozonizing tube yielded hydrogen and higher paraffins. 
This general reaction may be represented by 

CaHsa-fi 4“ OmHin + t Cn + mHun + m) ■fH, 


Methane gave only a small proportion of liquid hydrocarbons. Under the same 
conditions unsaturated hydrocarbons were converted to mixtures of saturated 
hydrocarbons of high molecular weights. Cyclic compounds behaved in a complex 
manner, since mixtures of saturated and unsaturated hydrocarbons were formed 
from the degradation products of the original substances. For example, 
decahydronaphthalene yielded butane, small quantities of unsaturated hydrocar¬ 
bons, and about 25 per cent of resinous products of high molecular weight.®® 

The production of lubricating oils with improved properties by subjecting 
mineral oils or mixtures of fatty and mineral oils to the action of silent electric 
di^liarges has been brought to commercial success at several places in Europe.®® 
About 1906, de Hemptinne®®* showed that viscous oils result from the treat- 


•• Lind and Glockler, J.A.C.S., 1929, SI. 3655. 

S. C. Und. *The Chemical Effect of a-Particles and Electrons’* (2nd edition). Chemical CaUloff 
Co.. Inc., New Yorl^ 1928. 

» H'irx. Verbff, Siemens Kohm., 1929, 8 , 199; Chem. Abs., 1930, 24, 1803. 

** For an explanation of this “d^cit** of the products of the action of the electric discharae 

on hydrocarbohs, see Jovitschitsch, Rad., 1929, 236, 233^; Brit. Chem. Ahs. A, 1931, 819 

••Otto, Petroleum Eng., 1931, 2 (4), 112; Chem. Abs., 1931. 2S. 4392; Wolf, Petroleum Z., 1929. 
25, 95; dkem. Abs., 1929, 23, 4563. See Sllia, **Hydr(»enation of Organic Substances*’ D Van 
Nostrand Co., Inc., New York, 1930. 616, et seq. Cf. Ellis and Wells, “The CSjcmical Action of 
Ultraviolet Rayi,’* Chemical Catalog Co., Inc., New York, 1925. 332. 

Various suggeMions of de Hemptinne for treatment of oils with silent discharges are embraced 
In the following articles and patents: Z. phystk. Chem., 1897, 22. 360; Chem. Soc. Abs 1897 
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ment of fatty oils with such discharges. Researches were extended to the action 
of these discharges on mineral oils, similar changes being observed.®®** The 
process was called voltolization and the various viscous products thus formed 
were called voltols, voltolized oils, or *^Elektrion” oils. It is stated that voltolized 
oils show less change in viscosity with temperature (i.e., give flatter viscosity 
curves) than ordinary lubricating oils and do not differ appreciably in acid 
number, asphalt content or cold test; hence they have been employed (usually in 
admixture with ordinary lubricating oil) as substitutes for castor oil in airplane 
lubrication.®®® According to Wolf,®®^ in tlie production the mineral oil is allowed 
to flow over aluminum electrodes where it is exposed to a high*frequency alter¬ 
nating current of 5000 volts, oxidation being prevented by an atmosphere of 
inert gas. Numerous modifications of this voltolization treatment have been 
suggested.®®® 

Epner®^ suggested the manufacture of motor or power fuels by subjecting 
gaseous hydrocarbons to the prolonged action of an alternating current of high 
frequency and high tension. The liquids so made can then be rendered more 
stable chemically by hydrogenation. 

Use of the corona discharge in vapor phase cracking is said to result in a 
greater yield of gasoline of higher antiknock value.®^® The experimental plant 
in which this method was perfected had a small wire suspended in the reaction 
chamber as one electrode. The oil vapors were subjected to the action of a 
high tension alternating current discharge of frequency not exceeding 10,000 
cycles per second. 

The experiments of Jakowsky®^ indicated that the corona discharge (low 
frequency of 60 cycles) had no effect on vapor phase cracking below 600° C. 
Above this temperature, however, the use of a corona discharge gave a gasoline 


72, (2), 303; Z. physik, Chcm.. 1898, 25, 284; Chem. Soc. Abs., 1898, 74 (2), 281; Bull. acad. roy. 
Bclg., 1911, 25, 842; ibid., 1912, 26, 55; Chem. Abs., 1912, 6, 2857; Bull. acad. roy. Bela., 1919, 
5, 161, 249, 521; ibid., 1921, 7, 146, 458, 590; Chem. Abs., 1923, 17, 2815. U. S. Patent 852,662, 
May 7, 1907; Chem. Abs., 1907, I, 2188: U. S. Patent 970,473, Sept. 20, 1910; Chem. Abs., 1910, 
4, 3168. British Patent 1,572, 1905; J.S.C.I., 1905, 24, 448; British Patent 7,101, 1905; J.S.C.I.. 
1905, 24, 663; British Patent 12,525, 1905; J.S.C.I., 1906, 25, 80; British Patent 13,023, 1906; 
Chem. Abs., 1907, 1, 2956; British Patent 15,748, 1909; Chem. Abs., 1911, 5, 33: British Patent 
15.035, 1912; Chem. Abs., 1914, 8, 242; French Patent 376,111, 1907; J.S.C.J., 1907, 26, 971; 
French Patent 363,078, 1906; Chem. Abs., 1906, I, 2956; French Patent 440,843, 1909; J.S.C.I., 
1910, 29, 222; German Patent 185,931, 1904; Chem. Abs., 1907, 1, 3074; German Patent 234,543. 
1909; Chem. Abs., 1911, 5, 2941; German Patent 236,294, 1909; Chem. Abs., 1912, 6. 1225; 
German Patent 251,591, 1911; Chem. Abs., 1913, 7, 698. 

wbHock, /f. Ulcktrochem., 1923, 29, 111; J.S.C.I., 1923, 42, 508A; Kautschuk, 1926, 65-7; Chem. 
Abs., 1926, 20, 2095; Kautschuk, 1930, 6, 142; Chem. Abs., 1930, 24, 4661; Eichwald, Z. angew. 
Chem., 1922. 35, 505; Chem. Abs., 1923, 17, 60; Vogel, Z. angew. Chem., 1922, 35, 561; Chem. Abs., 

1923, 17, 318; Zakharenko, Neft. Khos., 1929, 16, 547; Cbm. Abs., 1929, 23, 4809; Grossmann, 
Allgem. osterr. Chem. Tech. Ztg., 1927, 45, 117; Chem. Abs., 1928, 22, 160; Fachini, Atti II. «m- 
gresso nas. chim. pura applicata, 1926, 514; Chem. Abs., 1928, 22, 2264; Bruckner, Chem.'Ztg., 
1928, 52, 637; Chem. Abs., 1928, 22, 3981. Anon., Petroleum Times, 1922, 7, 478; Chem. Abs., 
1922, 16, 2219; Steinitz, Chem. Ztg., 1930, 54, 837; Chem. Abs., 1931, 25. 806; Vogel, AuMech., 
1932, 35, 381; Chem. Abs., 1932, 26, 5746; Erddl u. Teer, 1927, 3, 534; Chem. Abs., 1927, 21, 
4056; Eichwald, Z. angew. Chem., 1923, 36, 611; Chem. Abs., 1924, 18, 1049; Z. deut. Oel-Feti-Ind., 

1924, 44, 241; Chem. Abs., 1925, 19, 1061. 

Vogel, Z. angew. Chem., 1922, 35. 561; Chem. Abs., 1923, 17, 318; Physik Z., 1921, 22, 645; 
Chem. Abs., 1923, 17, 2661; Nash, Proceedings Third International Conference on Bituminous Coal. 
Nov. 16-21, 1931, 928. 

^Petroleum Z., 1929, 25, 95; Chem. Abs.,' 1929, 23, 4563. Cf. also Decavel and Roegiers. 
Chimie et Industrie, Special No., March 1931, 443; Chem. Abs., 1931, 25. 3575. 

Rhenania-Ossag Mineralolwerke A.-G., German Patent 490,010, 1924; Chem. Abs., 1930, 24. 2013; 
German Patent 514,320, 1923; Chem. Abs., 1931, 25, 1167; German Patent 536,100, 1924; Chem, Abs., 
1932, 26, 1114; Vogel, U. S. Patent 1,621,143, Mar. 15, 1927; Chem. Abs., 1927. 21, 1415; British 
Patent 254.375, 1925; assigned to Oelwerke Sternsonneborn A.-G.; Chem. Abs., 1927, 21, 2438; 
Siemens-Halske A.-G., German Patent 446,813, 1923; Chem. Abs., 1929, 23, 1577; 1. G. Farben- 
Industrie A.-G., French Patent 654,650, 1928; Chem. Abs., 1929, 23, 3806; French Patent 702,198. 
1930; Chem. Abs., 1931, 25, 4117. 

•^British Patent 294,100. 1927; Chem. Abs, 1929, 23. 2020; British Patent 294,099, 1927; Chem. 
Abs., 1929, 23, 2030; British Pathnt 296.019. 1927; Chem. Abs., 1929, 23. 2076; British Patent 
295,705, 1927; Chem. Abs., 1929, 23, 2188; British Patent 317,344, 1928; Chem. Abs., 1930, 24, 2273. 

Rowland. Oil and Gas /.. 1930, 29 (28), 38; Chem. Abs., 1931. 25, 805. U. S, Patent 
1,779,402. Get. 21, 1930; assianed to C. and C. Developing Co.; Chem. Abs., 1931, 25. 200. 

U. S. Bur. Mines, Tick. Paper S7S. 1926; Brii. Chem. Abs. B. 1927, 547. 
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with a higher percentage of unsaturated hydrocarbons. A larger proportion 
of fixed, or difficultly condensible, gases were obtained when a high-frequency 
discharge was employed. The discharge itself produced no cracking of the oil 
vapors. The increased cracking appeared due to precipitation of the hot oil 
vapors against tjie walls of the reaction chamber, and to the decrease in chan¬ 
nelling of the vapors by the electric turbulence set up by the discharge. 

The Decomposition of Hydrocarbons by Other Forms of Energy 

Under this heading will be discussed briefly the decomposition of hydro¬ 
carbons by forms of energy other than those already mentioned. These include 
ultraviolet light, a-radiation, and excited mercury atoms. 

Tolloczko observed that methane was unaffected by light from a mercury 
vapor lamp. Ethane, however, yielded methane and hydrogen together with a 
small quantity of liquid condensate which analysis indicated to be a mixture 
of hydrocarbons, principally hexanes. Berthelot and Gaudechon found that 
ethylene and acetylene were polymerized under these conditions. The former 
yielded a liquid; boiling below 100® C. and possessing a disagreeable odor. Acety¬ 
lene gave a solid polymer, but no benzene or hydrogen. Allene, methylacetylene 
and isoprene are converted into white polymerides by radiation from the hot 
mercury arc.®® 

Kemula ®® reported that although no dissociation of methane takes place under 
radiation with a mercury-vapor lamp, under analogous conditions ethane yielded 
hydrogen, methane, butane, hexane and a small amount of unidentified saturated 
and unsaturated liquid hydrocarbons. The products of photolysis and their 
relative proportions varied with the duration of irradiation. The reaction was 
best represented by 

nCaH« -(n — l)Ha + CmHw + > (liquid). 

indicating that there is a volume contraction. 

Experiments on the action of excited mercury atoms on pentane vapors were 
carried out by Frankenburger and Zell.®^ They found that the primary action 
consisted in a loosening of the C—H or C—C linkages. The liberated hydrogen 
atoms and free hydrocarbon radicals then underwent secondary reactions ( 1 ) 
with one another, in the presence of an inert (oxygen-free) atmosphere, to give 
hydrogen and higher and lower molecular weight hydrocarbons, and ( 2 ) in the 
presence of oxygen to form hydrogen peroxide and organic oxygenated com¬ 
pounds having CH 3 CO and CH 3 C(OH) groups. 

This activation of the carbon-to-carbon or carbon-to-hydrogen linkages has 
also been observed with ethane.®® This hydrocarbon, on irradiation with ultra¬ 
violet light in the presence of mercury vapors, gave butane, hexane and octane, 
together with some methane. The proportions of butane in the product varied 
directly with the rate of flow of gas and the pressure, and inversely as the tem¬ 
perature of the receiver. The rate of activation, however, was independent of 
the pressure or rate of flow, but depended exclusively on the intensity of radiation. 

Attention has been directed toward the action of o-radiation on hydrocarbons, 
and it has been shown that even such stable hydrocarbons as methane can be 

** Prtemysl Chem,, 1927, 11, 245; Chetn. Abs., 1928, 22, 4380. 

Compt. rend., 1910, 150, 1171. See also Landau, Compt. rend., 1912, 155, 403. 

V Lind and Livingston, J.A.C.S., 1933, 55, 1036. 

^Roeg. Chem., 1930, 10, 273; Brit, Chem. Abs, A, 1930, 887. 

^ Z. phys. Chem., 1929, 2, 395; Chem. Abs., 1929, 23, 3206. 

••Kemula, Mrazek and Tolloczko, Chem. Listy, 1932, 26, 466; Brit. Chem. Abs. A, 1932, 1215. 
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disrupted with the production of higher hydrocarbons. Mund and Koch studied 
the action of radon on methane, ethane, ethylene and acetylene. They concluded 
that a reaction occurred with methane which resulted in diminishing the number 
of gaseous molecules. The substances formed were not identified. Ethane de¬ 
composed giving hydrogen and ethylene, the latter being converted to liquid or 
solid substances. Ethylene itself was slowly changed into liquid materials, and 
acetylene to a fine yellow-brown powder. 

Lind and Bardwell,^®® in an extensive investigation of the action of a-radia- 
tion on saturated hydrocarbons, showed that ethane, propane and butane each 
condense to give higher hydrocarbons, which are gaseous, liquid or solid, and 
saturated or unsaturated. This condensation is preceded by the elimination of 
hydrogen and methane (in the approximate ratio of SH^: ICH 4 ) from the hydro¬ 
carbon molecule. Analysis of the liquid products indicated the presence of a 
large proportion of unsaturated hydrocarbons, but no unsaturated hydrocarbons 
were found among the gaseous products. This was accounted for by4he rapid 
polymerization (and therefore removal from the gas phase) of any unsaturated 
hydrocarbons formed. The higher the molecular weight of the paraffin the greater 
the yield of liquid materials, which were similar to those obtained by the action 
of the silent discharge. Methane also gave higher hydrocarbons, but the forma¬ 
tion of these was accompanied by the elimination of hydrogen only. 

The action of a-particles on acetylene was somewhat easier to determine and 
follow.io' This hydrocarbon at ordinary temperatures and pressures polymerized 
to a light yellow powder, which in some respects resembled the material pre¬ 
viously obtained by other workers employing different procedures.^®^ Because 
of its insolubility in all solvents and of the negative results from x-ray examina¬ 
tion, very little is known about this substance. Prolonged action of a-particles 
did give some hydrogen, but the indications were that it came from the solid 
polymer rather than from acetylene. The polymerization of acetylene was 
catalyzed by the presence of ions of inert gases, nitrogen and helium.'®* With 
ethylene the reactions were much more complicated, resulting in the formation of 
a liquid condensate and of gaseous methane, hydrogen and ethane. 

The elimination of both hydrogen and methane and the formation of liquid 
products from unsaturated hydrocarbons by the action of a-particles was noted 
also by Heisig.'®* The hydrocarbons investigated were allene (H 2 C=C=CHi), 
allylene (CHgCsCH), dimethylacetylene (CHsCsCCHg), 2-butene (CHgCH = 
CHCHg) and isoprene (H 2 C=CH—C(CH 3 )=CH 2 ). From allene and allylene, 
however, the liquids were further changed into solids, this transformation occur¬ 
ring sooner with allylene. A heavy, viscous, rubbery mass was obtained from 
isoprene. In continuing this study,'®* it was further noted that propylene con¬ 
densed to a light mobile liquid and slightly less hydrogen and methane were 
given off than from ethylene under similar conditions. Vinylacetylene, on the 
other hand, yielded a white solid (which became orange-colored on exposure to 
the action of a-particles) but practically no hydrogen or methane was evolved. 
Propylene and cyclopropane may also be polymerized, according to Heisig. 

Methane, ethane, propane and butane undergo decomposition with the libera¬ 
tion of hydrogen when subjected to high speed electrons emitted from a Slach- 


^BuJl soc. chim, Belg., 1925, 34, 119; Ckem, Abs., 1925, 19. 1986, 

Lind and Bardwell, J.A.C.S., 1926, 48, 2335. 

Lind, Hard well and Perry, J.A.C.S,, 1926, 48, 1556. 

For example by Sabatier and Senderens (Compt. rend., 1900. 130, 250) on passing acetylene 
over copper at 200 -250 C. and by Berthelot and Gaudcchon {he. cit.) by the actii^ ot ultraviolet 
light on acetylene. 

Lind and Bardwell, J.A.C.S., 1926, 48, 1575. 

^J.A.C.S., 1931, 53. 3245. 

HeUig, J.A.C.S., 1931. 53, 4460; ibid., 1932, 54. 2328. 
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Leonard cathode-ray tube.^®® The number of hydrogen molecules was about ten 
times the number of electrons corresponding with the filament current. On the 
assumption that only one per cent of the electrons actually entered the reaction 
vessel, it was calculated that the number of ion pairs produced in the gas was 
of the same order of magnitude as the number of molecules reacting. 

The effect of cathode-ray bombardment of hydrocarbons has been extended 
by Schoepfle and Fellows to include many different types of these substances. 
Saturated hydrocarbons, both paraffinic and cyclic, yielded large quantities of 
gas, containing both hydrogen and methane. With increasing jmolecular weight, 
the quantity of gas as well as its methane content became less and the hydrogen 
content increased. For the same molecular weight, hydrocarbons possessing 
branched chain structures gave larger proportions of gas. Olefins, both open 
chain and cyclic, reacted in a similar manner, but the volume of gas evolved was 
less than from the corresponding saturated compounds. Aromatics gave very 
little gas, the amount becoming appreciable only from those having a number 
of side chains or fairly long ones, e.g., hexamethylbenzene or p-cymene. The 
action of these rays on petroleum oils, and waxes, also results in the formation 
of hydrogen and methane and other saturated gaseous hydrocarbons.^®* While 
the rate as well as the quantity of gases evolved depended to a large extent upon 
the source and degree of refinement, in general those petroleum products having 
the larger proportion of saturated hydrocarbons yieJded more gas than those 
containing a high percentage of unsaturated hydrocarbons. 

McLennan and Patrick^®® observed that ethylene, subjected to cathode rays, 
was converted to a liquid, which on continued bombardment gave hydrogen, 
acetylene and saturated hydrocarbons. The polymerization of acetylene to a solid 
material by ^-rays from radium is described by Mund and Jungers.^^® When 
methane, ethane, ethylene, or acetylene is exposed to )8-rays from radium emana¬ 
tion in a differential manometer, a change in volume is noted, which is probably 
due to polymerization, according to Mund and Koch.^“ Ethane and ethylene 
produce minute drops of a highly refractive liquid. From acetylene is obtained 
a voluminous brownish-yellow amorphous powder, each pair of ions causing the 
union of 26 molecules of acetylene. A method for refining hydrocarbons is 
based upon the action of a-, /3-, x-, ultraviolet or infra-red rays.^^® 

The synthesis of liquid hydrocarbons from gaseous carbon compounds (e.g., 
coke-oven gas, natural gas or cracking gas) by the action of rapidly moving 
electrons (j8-rays), or the combined action of and x-rays, is suggested by 
Plauson.^^* The reaction may be assisted by rotating electric or electromagnetic 
fields and by a catalyst suspended in the reacting gases. In addition to hydro¬ 
carbons, ketones and alcohols are obtained if the gases contain water vapor. 

Stewart and Olson studied tlie decomposition of hydrocarbons by positive 
rays. They concluded that the decomposition is due to dissociation by the ionizing 
electrons or to the secondary reaction between ions and neutral molecules. Selec¬ 
tive absorption of hydrocarbon ions by propane and butane was observed. Natural 
H-rays have been produced by Pavlovski from the action of a-rays on paraffin. 


1931" ^**^*'’ Glockler, Trans. Amer. Electrochem. Soc., 1931, 59, 33; Bnt. Chem, Abs. A. 

Ind. Eng. Chem., 1931, 23, 1396. 

»«• Schoepfle and Connell, Ind. Eng. Chem., 1929, 21, 529. 

*®31, 5, 470; Bn#. Chem. Abs. A, 1931, 1379. 

40, 158; Chem. Abs., 1931, 25. 5084. 

.IV 735,046, 1931; assigned to Compagnfe Uchi 

Aos .. 1933, 27. 1158. 


technique des pdtroles; Chem. 
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The decomposition of a large number of hydrocarbons in the glow discharge 
has been reported by Linder and Davis,who observed that the rate of gas 
evolution per unit of current increased with molecular weight. Furthermore, the 
proportion of insoluble residue increase<> with increasing ratio of carbon to 
hydrogen in the original hydrocarbon. Linder also concluded, from experi¬ 
ments with n-decane vapor, that electrical conduction in gases may follow an 
electrochemical equivalency law similar to Faraday's law of electrolytic con¬ 
duction in liquids, as the amount of reaction was found to be proportional to 
the current and independent of the voltage and vapor pressure.. 

The synthesis of acetylene from methane, or from a hydrocarbon mixture 
containing ethane, by direct-current glow discharges between unequally curved 
electrodes has been proposed.^^® The electrodes are arranged in a reaction cham¬ 
ber so that the cathode-fall space is approximately equal to the space between 
the electrodes. Hydrogen may be added to. the reacting hydrocarbons. In the 
absence of hydrogen, diacetylene is one of the reaction products. 

Phys. Chem., 1931. 3S. 3649; Chem, Abt., 1932, 26. 1191. 

Rev.. 1930, 36, 1375; Chem. Abs., 1931. 25. 3570. 

^**Inst. f. physikal. Grundlasen der Medizin, British Patent 357,534, 1930; Chem. Abs. B, 
1931, 1105; French Patent 740,062, 1932; Chem. Abs., 1933, 27, 2101. 



Chapter lo 

Reactions of Hydrocarbons with Steam, Carbon 
Dioxide, and Ammonia 

Reactions of Hydrocarbons with Steam 

When hydrocarbons are allowed to react with steam at high temperatures in 
the presence of catalysts they are transformed into hydrogen and oxides of car¬ 
bon. The reactions of methane, the most resistant of the hydrocarbons, can be 
expressed by the following reversible equations: ‘ 

CH 4 + H,0 CO -f 3H, 

CH4 + 2H,0 CO, + 4H, 

These reactions are strictly reversible, the equilibrium depending upon tem¬ 
perature and pressure conditions. The reaction of methane and steam at high 
temperatures is the reverse of the methane synthesis (reduction of the oxides 
of carbon by hydrogen) of Sabatier and Senderens * which takes place at lower 
temperatures. 

The reactions of the higher hydrocarbons may be conceived to occur by 
initial decomposition at high temperatures into carbon, hydrogen, and methane, 
followed by reaction of carbon and methane with steam according to the 
equations: 

C -I- H,0 —CO + H, 

CH4-fH,0 C0 4'3H, 

Whatever the mechanism of the process, the reactions of ethane, propane and 
other paraffin hydrocarbons with steam may be summarized in the equations: 

+ = 55 =^ 2CO + 5H, 

GH. + 3HaO 3CO-f7H, 

or, in general, CnHtn*> -f nH>0 ^ nCO + (2n -f l)Ha. 

Some of these processes are also reversible and it is actually possible to 
synthesize higher hydrocarbons by reduction of carbon monoxide with hydrogen 
in the presence of certain catalysts in the neighborhood of 300° C.® 

From an industrial point of view the chief interest of these reactions lies in 
the possibility of producing hydrogen from gaseous hydrocarbons, more par¬ 
ticularly from methane, by its reaction with steam.* By this process considerably 

' Stanley and Nash, J.S.C.I., 1929, 48, IT. See also 1. G. Farbenindustrie A.«G., Ilritish Patent 
347,802, 1930; Chem. Abs.» 1932, 28, 2893. 

^ Compt. rend., 1902, 134, 514; Ckem, Soc. Abi., 1902, 82 (1), 333. See also Compt. rend., 1902. 
134, 689; Chem. Soc. Abs., 1902, 82 (2), 317. 

•See, for example, Fischer and Tropsch, Brennstoff-Chem., 1923, 4, 193; Chem. Abs., 1924, 18, 
349. Ellis, ‘‘Hydrogenation of Organic Subsunces,** D. Van Nostrand Co., New York, 1930, 674. 

• Attempts to produce methyl alcohol from methane and steam according to the reaction 
CH* 4-HgO-♦ CIIgOH.-H H* have not met with much success. However. Dreyfus (British Patent 
337,410, 1929; Brit. Chem. Abs. B, 1*931, 194) reported obtaining methyl and other alcohols from 
methane and steam heated at 200* to 500* C. at 50 to 100 atmospheres pressure in the presence of 
catalysts such as potassium dichromate and sine oxide, zinc chromate with cooalt oxide, or zinc chromate. 
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more hydrogen can be produced from a given quantity of methane, or hydrocar¬ 
bon gas, than by purely thermal decomposition processes (described in Qiapter 
7). Thus, by thermal decomposition according to the equadon, CH*—>C + 2H2, 
one volume of methane ultimately gives two volumes of hydrogen, but by reaction 
with steam at high temperatures one volume of methane yields three volumes of 
hydrogen.® 

Lang® was one of the first to investigate the reaction between methane and 
steam, his apparatus consisting of a porcelain tube filled with lumps of porcelain 
and heated to a high temperature.’^ An excess of steam was used with methane 
and yielded oxides of carbon and hydrogen. ^Because of the inactivity of his 
contact materials, Lang obtained yields of the oxides of carbon not exceeding 10 
per cent of the theoretical. 

Mayer and Altmayer * calculated the proportions of the reactants in the 
equilibria, 

CH4+H,0 .=^=8^ CO + 3H, 
and 

CH4 + 2H,0 ca + 4H. 

by Haber's ® method. Tables 64 and 65 show their calculated equilibrium con¬ 
stants and concentrations for different temperatures at one atmosphere pressure: 


Table 64. — Equilibrium: CHi 

Temp. 

’ Absolute Ki CO 

H, 

CO + 3Ht. 

CHa 

H,0 

700 

0.000082 

2.717 

a37 

JL V^^II 

44.43 

44.43 

800 

0.0104 

8.13 

24.39 


33.73 

33.73 

900 

0.4845 

15.74 

47.22 


18.51 

18.51 

1000 

11.14 

21.42 

64.26 


7.17 

7.17 

1100 

153.8 

23.81 

71.43 


2.38 

2.38 


Table 65. — Equilibrium: CHa 

4-2//,0 


COt + 4Ht. 

Temp. 








’ Absolute 




ca 


H, 


CH* 


H,0 


600 0.00000592 

700 0.001023 

800 0.0539 

900 1.287 

1000 17.66 

1100 159.2 


Per Cent r 


1.9 

7.6 

30.16 

60.32 

4.89 

19.56 

25.19 

50.38 

8.84 

35.36 

18.60 

37.20 

12.84 

51.36 

11.92 

23.84 

15.75 

63.00 

7.08 

14.16 

17.55 

70.20 

4.08 

8.16 


In Tables 64 and 65 
and 


^ p HaO 

fc = ^co. ^ P*H^ 

Pciu X P%o 


^ Dominick (Frsemysl Chem., 1925, 9, 1; Chrm. Abs., 1926, 20, 2229) discussed these points in 
considering the methods of producing cheap hydrogen from natural gas. See also Karahavin, 
A Chcm. hid., Moscow. 1932, No. 6, 24; Chcm. Abs., 1932, 26. 5399. 
phys. Chem., 1888, 2, 161; Chem. Soc. Abs., 1888, 54. 1029. 

^ The use of lime as a contact agent for the decomposition of naphtha by steam had been suggested 
as early as 1880. (Stern. British Patent 2,787, 1880; see Taylor, "Industrial Hydrogen," Chemical 
Catalog Co., Inc., New York, 1921, 158; and Green, "Industrial Catalysis," Macmillan Co., New York, 
1928, 370.) 

*J. GasbcL, 1909, 52, 326; see also, Mayer, Henseling, Altmayer and Jacoby, J. Gasbet., 1909, 52, 
166, 194. 238, 282, 305; Chem. Soc. Abs.. 1909, 96 (1). 753. 

* Haber, "Thermodynamik technischer Gasreaktionen," Munich, 1905. Translated by Lamb, Long' 
mans, Green & Co., New York, 1908. 
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Neumann and Jacob investigated these equilibria both practically and theo¬ 
retically. Their main conclusions are in good agreement with those of Mayer 
and Altmayer and their practical results from methane and steam may now be 
considered in some detail. Using a nickel-magnesium oxide catalyst ( 6.6 grams 
of nickel and 45.0 grams of magnesium oxide) and a gas mixture of 43 per 
cent methane and 57 per cent steam the results in Table 66 were obtained. The 
gas rate in all runs was 5 cc. per minute. 


Table 66. —Reaction of 43% Methane and 57% Steam. 


Analysis of Resulting Gas 


Temp. • C. 

CH* 

CO 

CO. 

H, 

330 

100.0 


_ 

— 

470 

75.5 

2.0 

2.6 

19.9 

544 

48.1 

4.1 

3.9 

43.9 

600 

29.7 

4.6 

5.1 

60.6 

700 

11.5 

15.0 

2.7 

70.8 

860 

2.0 

23.4 

— 

74.6 

940 

0.9 

24.3 

— 

74.8 

980 

0.6 

24.7 

— 

74.7 

1034 

0.3 

24.8 

— 

74.9 


The effect of an excess of steam was investigated and it was found that a gas 
mixture containing 22.5 per cent methane, 22.5 per cent nitrogen and 55 per cent 
steam was recomposed to the extent indicated in Table 67. 


Table 67.— Reaction of 22.5% Methane and 55% Steam {diluted with nitrogen). 


Analysis of Resulting Gas 


Temp. ® C. 

CH4 

CO 

CO, 

_Pa- — 

H, 

N, 

320 

50.0 

— 

"~“jrcr . 

■ ■ 

50.0 

616 

18.9 

3.7 

3.6 

35.6 

38.2 

830 

1.5 

16.1 

1.2 

53.5 

27.7 

1040 

0.1 

19.4 

0.4 

58.8 

21.3 


Neumann and Jacob concluded that at moderate temperatures (about 600° C.) 
both reactions tend to occur simultaneously. At high temperatures the reaction 
producing carbon monoxide predominates probably because of the decomposition 
of the carbon dioxide formed by the other reaction: 

CH,-f-CO, —2CO + 2H, 

Even with an excess of steam at very high temperatures the composition of the 
resulting gases may be expressed by ^e equation; 

CH4 + H,0 CO+ 311, 


The experimental results of Neumann and Jacob for this reaction are in good 
agreement with the values calculated from the following equation, deduced from 
free energy data; 

• log Kv = — + 4.87 log T + 0.000066 T - 0.000000081 T - 3.04 


where 


PCO ^ 

^Clli ^ P HaO 


»Z. Elcktrochem., 1924, 30, 557; Chem. Soc. Abs., 1925, 128 (2), 532. 
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Pease and Chesebro'^ determined the equilibrium constant of the reaction 
CH 4 + 2 H 2 O ^ CO 2 + 4 H 2 at temperatures of about 500® C. Equilibrium was 
approached from both directions. At 505® C. the value of the constant was found 
to be 0.037 (the partial pressures of the reactants and products being expressed 
in atmospheres). These investigators also pointed out that two other reactions, 

CH4+H,0 —^ CO + 3H. 
and CO, + H, —CO + H,0 

must be taken into account at higher temperatures. 

The equilibrium constant, Kp, of the reaction* 

CH4-f2H,0 CO, + 4H, 

may also be calculated from the following equation, deduced by Lewis and 
Randall from free energy data: 


log Kp 
in which Kp 


= —^ + 3.96 log r + 0.00104 T - 0.00000023 T* — 3.1S 

= ^CO, ^ p* KJO 
PCK^ ^ 


The catalytic conversion of methane to hydrogen and oxides of carbon has 
been investigated by Gluud and his collaborators,^® who found that the conversion 
takes place satisfactorily in the presence of a nickel catalyst supported on special 
refractory materials which, unlike many other materials tried, do not promote 
the formation of soot. In applying the process to gases containing sulphur, it 
was observed that the nickel catalyst is gradually poisoned by the formation of 
nickel sulphide but that its activity can be restored by oxidation with steam. 
Soot formation, which is likely to occur during the preheating of the methane, 
was avoided by rapid heating of the gases following the addition of small pro¬ 
portions of air. The observation that the activity of the catalyst is seriously 
reduced by the presence of sulphur compounds conflicts with the results of. 
h'ischer and Tropsch.'* They investigated the reactions of methane with both 
steam and carbon dioxide in the temperature range 840® to 920® C. in a small 
externally heated laboratory reaction tube in the presence of a number of cata¬ 
lysts. These investigators found that the best catalysts, consisting of nickel or 
cobalt promoted with alumina and supported on refractory materials, are not 
seriously injured by the presence of sulphur compounds in the gas used. Though 
the initial conversions were higher than those obtained after the catalyst had 
been in use for some time, the loss of activity soon ceased and was succeeded 
by an apparently indeflnite period of constant activity. Goodfellow and Spencer 
observed that chromium catalysts are activated by adding about 1 per cent of 
hydrogen sulphide (or other gaseous sulphur compounds) to the reacting gases. 

A cyclic process for catalytically converting methane, or gases containing 
methane, into carbon monoxide and hydrogen by reaction with steam has l)een 
described by Hawk, Golden, Storch and Fieldner.^® The catalysts Used in this 

“/.44.C.5.. 1928,, so, M64. 

‘^Thermodynamics and the Free Energy of Chemical Substances,*' McGraw-Hill Rook Co.. Inc., 
New York. 1023. 485, 571, S76. 

** Gluud, Kelley Klempt, Bestehorn, Rrodkorb, Schroter and Curland, Ber. Ges. Kohlenteck.. 
19.10, 3. 211-370; Ckem. Abs., 1931, 2S, 2269. 

Brennstoff Ckcm., 1928, 9, 39; Chem. Abs., 1928, 22, 2652. 

‘^British Patent 370,457, 1932; assigned to Imperial Chemical Industries, Ltd.; Ckem. Abs., 
1933. 27. 3787. 

**lHd. Eng. Ckem., 1932. 24. 23. 
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work were prepared by depositing the nitrates of nickel, cobalt or aluminum, or 
nickel and aluminum, on small pieces of porous refractory material, heating the 
nitrates for several hours at 250® to 300® C. to convert them to the oxides, and 
finally reducing the pxides by heating first slowly to 700® C. and then rapidly 
to 1060® to 1150® C. in the presence of a mixture of natural gas and insufficient 
air for complete combustion. Of the catalysts so prepared the nickel catalyst was 
found to be the most effective; the nickel-aluminum and cobalt catalysts were 
unsatisfactory. 

The optimum temperatures for the reaction were from 900** C. to 1000® C., 
and in this range almost theoretical conversion was obtained. As the ratio of 
steam to methane was increased, however, larger quantities of carbon dioxide 
were obtained without decreasing the percentage of methane converted. 

These investigators also calculated the free energy and equilibrium constants 
for the reaction between methane and steam from the data of Eastman *** and 
Storch.’’' The values are given in Table 68. 

Table 68.— Free Energy and Equilibrium Constants for Reaction 
between Methane and Steam. 


7 •Absolute . 1073 1173 1273 

AE . -10,700 -16,722 -22,735 

Kp . 150.5 1296 7940 


PCO ^ 

AE represents the free energy and Kp ==-^ 7 ——^ 

^ P H„o 

Almost complete reaction between methane and steam at temperatures of 
850® C. in the presence of reduced nickel oxide was obtained by Klyukvin and 
Klyukvina.^* The reaction, however, was retarded by the addition of aluminum 
oxide to the nickel catalyst. Activated vegetable carbon gave 100 per cent con¬ 
version of the methane, although the primary reaction was accompanied by 
another reaction, namely that between carbon and steam: 

C + 2H,0 CO,-f2H, 

The same catalysts could be used for the reaction between methane and carbon 
dioxide. 

According to Kubota and Yamanaka'® certain metallic oxides (alumina, zir- 
conia, thoria, beryllia, chromium oxide, ferric oxide, ceria, or magnesia) activate 
a nickel catalyst in decomposing methane by steam at about 1000® C. The acti¬ 
vation effects of these oxides are very marked with a ratio of 100 atoms of 
nickel to 1 molecule of the added oxide. Alumina gives a large proportion of 
carbon dioxide, and magnesia, a large proportion of carbon monoxide. In the 
presence of a nickel-aluminum oxide-potassium carbonate catalyst, methane was 
rapidly and completely decomposed by steam into hydrogen and carbon dioxide 
at 650® 

A study of catalysts for producing hydrogen from natural gas and water 
vapor has been made by Patryn and Ziolkowski.“® Reduced iron, nickel, and 

Cf. FuJimota, /. Soc. Chem, Ind. Japan, 1933, 36, 147B; Brit. Chem. Abs. A, 1933, 790. 

** V. S. Bur. Mines, Information Circ. 612S (1929). 

J.A.C.S., 1931, 53, 1266. 

*•/, them. Ind. Russia, 7, 743, 877; Brit. Chem. Abs. A, 1931, 1377. Prirodnuie Gasui, 

1931, 2. 91; Chem. Abs., 1932, 26. 1416. 

‘•Ba//. them. Soc. Japan, 1929, 4, 211; Chem. Abs., 1930, 24, 822; BHt. Chem. Abs. A, 1930, 43. 

Takenaka, /. Fuel Soc. Japan, 1933, 12. 57; Chem. Abs., 1933. 27, 3.S8S. 

^Prsemysl Naftowy, 1932, 7. 206, 224; Chem. Abs., 1932, 26, 5731. 
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cobalt deposited on asbestos, oxides of these metals, and mixtures of these re¬ 
duced metals were tried. Their work can be summarized as follows: Best hydro¬ 
gen yields are obtained with reduced nickel at 350® to 550® C. with 1 volume 
of methane to 10 volumes of water vapor. Iron and cobalt are immediately 
oxidized on contact with water vapor. The oxides of these metals act as catalysts 
only at temperatures above 800® C. Mixtures of nickel, iron and cobalt were 
found to be poorer catalysts than nickel alone. Of the three, nickel is the most 
resistant to oxidation by water vapor. This resistance can be raised by the 
addition of a difficultly reducible oxide (oxide of aluminum, manganese, chromium, 
zinc or potassium). A mixture of 20 per cent alumina and 80 per cent of 
reduced nickel gave the best results with 5 volumes of water vapor and 1 volume 
of methane. A gas mixture, typical of that obtained with a niclcel catalyst in 
this process, is given in Column I of the table below. Column II gives the com¬ 
position of the same gas after being washed with alkali. Column III shows the 
result obtained by processing the mixture a second time. 



I 

II 

III 





Carbon dioxide . 

. 15.5 

0.3 

6.8 

Carbon monoxide . 

. 5.5 

6.1 

3.0 

Hydrogen . 

. 74.0 

87.6 

88.4 

Methane . 

. 5.0 

6.0 

1.8 


Reactions of Hydrocarbons with Carbon Dioxide 

Hydrocarbons react with carbon dioxide at high temperatures in the presence 
of catalysts to yield mixtures of carbon monoxide and hydrogen.*^ The reaction 
of methane, which was observed in 1888 by Lang,can be represented by the 
equation: 

CH 4 -f CO, 2CO + 2 H, 

Mayer and Altmayer calculated the equilibrium concentrations of these reactants 
at different temperatures under 1 atmosphere pressure, using Haber’s method, 
with the results in Table 69. 


Table 69.— Equilibrium: CO,-HC//* ^ 2CO 2Ht. 


Temp. 

CO 

H, 

Per Cent 

CO, 

CH* 

/\DSUlUtC 

700 

3.44 

3.44 

46.56 

46.56 

800 

12.83 

12.83 

37.17 

37.17 

900 

29.44 

29.44 

20.56 

20.56 

1000 

43.06 

43.06 

6.94 

6.94 

1100 

48.10 

48.10 

1.90 

1.90 


Fischer and Tropsch investigated the effects of various catalysts ,on this 
reaction. The best catalyst was found to be nickel with alumina as a pro¬ 
moter supported on clay fragments. Cobalt proved as active as nickel and its 
activity is increased by the presence of alumina. Copper, iron and molybdenum 
were not active as catalysts. 

The possibility of producing alcohols, aldehydes, ketones, acids and esters by the reaction of 
carbon dioxide and hydrocarbons is discuss^ in Chapter 42. 

physik, Ckem., 1888, 2, 161; Chem. Soc. Ahs., 1888, S4, 1029. Berthelot (Butt, toe. ck$m.. 
1870, (2) 13, 9; Ckem. Ztntr., 1870, 216) attempted to produce a reaction between methane (as well 
as ethane) and carbon dioxide in sunlight and in sealed tubes at 100* and 200* C. for 20 hours. 
No changes were observed. 

Gatbel^ 1909, S2, 326; Chem. Soc. Abt., 1909, 96 (1). 753. 

** Brtnnstoif-Cktm., 1928, 9, 39; Cktm. Abt., 1928, 22, 2652. 
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Klyukvin and Klyukvina*® recorded experiments in which an equimolecular 
mixture of carbon dioxide and methane was passed at 1000^ C. with a time 
of contact of approximately 38 seconds (I) through an empty porcelain tube, 
(11) through an empty iron tube, and (111) over a reduced nickel catalyst. 
The conversions of methane into carbon monoxide and hydrogen were (I) 43 
per cent, (II) 58 per cent, and (III) 97.6 per cent, respectively. With an active 
nickel catalyst (I1I)» the gaseous reaction products consisted of 47 per cent of 
carbon monoxide, 48.6 per cent of hydrogen, 2.6 per cent of nitrogen, and no 
by>products. 

Fischer and Pichler*® studied the carbon dioxide-methane reaction in the 
presence of a nickel catalyst at various temperatures under atmospheric and 
subatmospheric pressures. Reduction of pressure below atmospheric is so favor¬ 
able to this reaction (as might be expected from theoretical considerations) that 
complete conversion could be effected at 500® to 600® C. under 0.01 atmosphere 
pressure, whereas a temperature of 900® C. was required to secure the same 
result at 1 atmosphere.*^ At lower pressures the reaction could be carried 
almost to completion at even lower temperatures. The reaction velocity in¬ 
creased in inverse ratio to the pressure. 

Peters and Pranschke showed that the reaction between methane and steam, 
or methane and carbon dioxide, can be carried almost to completion by sub¬ 
jecting the gas mixture at high rates of flow to a high-voltage electric discharge 
at pressures below atmospheric. The optimum voltage is 5000 to 6000 volts. 
At lower voltages a considerable part of the methane is converted into acetylene. 

Hawk, Golden, Storch and Fieldner*® pointed out that between 800® and 
1000® C. the reaction between methane and carbon dioxide proceeds to approxi¬ 
mately the same extent as that between methane and steam. The free energy 
and equilibrium constants for the first, as calculated by these workers, are: 


Table 70.— Free Energy and Equilibrium Constants for Reaction 
between Methane and Carbon Dioxide. 


r® Absolute. 1073 1173 1273 

AF . -11,251 -18,112 -24.943 

Kp . 194.8 2.353 18,990 


where AF represents free energy, and /Cp== 


A*co ^ lit 
^CH4 ^ P CO, 


The chanl^e of equilibrium with temperature in the reaction between methane 
and carbon dioxide can be deduced from free energy data and is represented 
by the equation: 


log /Cp = 
where Kp^ 


+-7.S9 log T - 0.00236 T + 0.000000068 V - 6.64 
^CIf4 ^ P CO, 


Later, Storch and Golden**® observed that, at 1500® C. and a time of contact 
of 0.03 to 0.04 second, a mixture of methane (25 per cent) and carbon dioxide 

»/. Chem. Ind. Russia, 1930. 7, 743; Brit, Chem. Abs. A. 1931, 1377. 

**Brennstoff-Chem., 1931, 12. 365; Chem. Abs„ 1931, 25, 5970. 

•rKarzhavin U. Chem. Ind., Moscow, 1932, No. 6, 24; Chem. Abs., 1932. 26, 5399) attained 
most efficient conversion with a ratio of methane to steam of 1:2 at 900* C. and 1 atmosphere pressure. 

^ Brennstoif'Chem., 1930, 11. 473; Chem. Abs., 1931, 25. 645; Ges. Abhandl. Kenntnis Kohte, 
1930, 10, 271. 

Eng. Chem., 1932, 24. 23. 

Ind. Eng. Chem., 1933, 25, 768. 
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(75 per cent) yielded about 10 per cent of unsaturated hydrocarbons (princi¬ 
pally acetylene), 10 per cent carbon monoxide, 35 per cent hydrogen and 45 
per cent unchanged methane. With somewhat longer times of contact the per¬ 
centage of hydrogen and carbon monoxide increased, the percentage of unsatu¬ 
rated hydrocarbons remaining approximately constant. At this high temperature 
steam was less desirable as a diluent than carbon dioxide because of the loss 
of methane as carbon which deposited in the reaction tube. With carbon dioxide 
this loss amounted to only a few per cent, though with steam it increased to 
15 to 20 per cent. 

Schmidt and Neumannstudied the equilibrium constants 6f this reaction 
at temperatures from 500® to 800® C. using niikel supported on silica gel. They 
found an agreement between the observed methane transformation and that 
calculated from free-energy data at temperatures above 600® C. Below 600® C., 
however, the methane converted was greater than that deduced from the free- 
energy data. This difference is attributed to two side-reactions: 

CO,-|-H, —CO + H,0 

followed by 

H.O + CH4 —CO-h3H. 


Industrial Applications of the Reactions of Steam and Carbon Dioxide 

WITH Hydrocarbons 

From the above review of the catalytic reaction of methane with steam, it 
is clear that hydrogen may be produced in accordance with the following two 
equations: 

(1) CH4 + H,0 —CO + 3Ha - 48.9 kg. cals. 

(2) CH4-f 2H,0 —^ CO, + 4H.-*38.5 kg. cals. 

Since the first reaction produces 3 volumes of hydrogen, and the second 
4 volumes of hydrogen, per unit volume of methane reacting, it is evident that 
these are superior to the purely thermal decomposition of methane for hydrogen 
production. Moreover, both reactions can be efficiently catalyzed. The catalysts 
have a long life and can be easily revivified. 

Of these reactions, the first, which produces a mixture of carbon monoxide 
and hydrogen in the molar ratio of 1:3, can be carried almost to completion at 
sufficiently high temperatures (over 900® C.). The resulting mixture of carbon 
monoxide and hydrocarbon can be utilized, after an adjustment of the propor¬ 
tions of these two gases, in the synthesis of methanol. On the other hand, 
where the production of pure hydrogen is desired, it is advantageous to sub¬ 
ject the gas mixture to a further reaction with steam (at a lower temperature 
(500® C.) in the presence of a catalyst) to convert carbon monoxide into car¬ 
bon dioxide according to the well-known water-gas equilibrium: 

(3) CO + H,0 CO. + H, 

By conducting the steam reaction in these two stages, one volume of methane 
yields a mixture of 4 volumes of hydrogen and 1 voltune of carbon dioxide, 

MZ. EUktrochcm., 1932, 38, 925; Chem. Jbs., 1933, 27. 1260. 

The water-ffas reaction can be successfully operated to yield a ns containing only small propor¬ 
tions of carbon dioxide by using excess of steam at about 530* C. in the presence of catalysts, such 
as iron-alumina, (Evans and Newton, Ind. Eng. Chem.. 1926, 18, 513), dolomite (Gluud. Ber. Ges. 
Kohtentechnik, 1930, 3, 211; Klempt and Bit^orb, tbid., 1930, 3, 261). and other catalysts (see 
Taylor, “Industrial Hydrogen,’* Chemical CataltHi Co., Inc., New York, 1921, 158). See also 
Chapter 7. 



284 CHEMISTRY OF PETROLEUM DERIVATIVES 

from which the latter can be easily eliminated either by absorption in an alkaline 
liquid or by washing with water under pressure. 

A similar result is obtained by carrying .out the methane-steam reaction 
according to equation (2) (see above). IJnfortunately, it is impossible to con¬ 
duct this reaction in such a way as to obviate the simultaneous occurrence of 
the reaction of equation (1), which produces carbon monoxide. By operating at 
temperatures of the order of 500® to 600® C. with sufficiently active catalysts and 
an excess of steam, reaction (2) can be made the preponderant one. The pro¬ 
portion of steam required to suppress the carbon monoxide reaction to desired 
limits is high, and difficulties are likely to be encountered through poisoning of 
the catalysts by carbon deposition, and because of the necessity of using much 
longer time of contact.** As the reaction temperature is raised the equilibrium 
is shifted more and more to favor carbon monoxide production and the reac¬ 
tion of equation (1) becomes increasingly important even in the presence of 
excess steam. It has been found that the relative amounts of carbon monoxide 
and carbon dioxide formed at various reaction temperatures and steam ratios 
are in good agreement with those demanded by the water-gas equilibrium. These 
considerations lead to the belief that probably the best method of utilizing the 
steam-methane reaction for the production of hydrogen is in a two-stage process 
involving first the catalytic reaction at high temperature according to equation 
(1), followed by further treatment with steam at lower temperatures in the 
presence of a catalyst for the water-gas reaction. This yields ultimately a gas 
mixture containing about 20 per cent carbon dioxide and 80 per cent hydrogen 
with only traces of methane and carbon monoxide. 

In carrying out the reaction of methane with steam at high temperatures to 
yield hydrogen and carbon monoxide, catalysts of nickel supported on inert re¬ 
fractory material appear to be best. Evidence regarding the life of such catalysts 
is somewhat conflicting but it appears that sulphur compounds in the gas are 
likely to cause a decline in activity. According to Neumann and Jacob,** the 
deposition of free carbon on the catalyst is likely to occur under certain cir¬ 
cumstances, particularly when the gases contain appreciable proportions of homo- 
logues of methane. Deposition of free carbon causes rapid deterioration of the 
catalyst and necessitates frequent revivification. To minimize this, an excess of 
steam would seem advantageous. However, Hawk, Golden, Storch and Fieldner ** 
observed that an increase in the steam concentration in the reacting gases pro¬ 
motes the formation of more carbon dioxide at the expense of carbon monoxide 
without increasing the fraction of methane converted. 

Perhaps the main technical difficulty associated with the application of this 
reaction is the highly endothermic nature of the process, 

CH4 + H.O —>- CO + 3H, — 48.9 kg. cals., 

combined with the high temperature necessary for complete reaction. The diffi¬ 
culties involved in the external heating of large catalytic units, into which much 
heat energy must be introduced at a high temperature level, are very great. 
This difficulty has been overcome in some processes** by applying internal heat- 

** Hirsch (Bn//. Mem. Soc. Ing. Civ. France, 1932, 85, 286; Brit. Chem. Abs. B, 1932, 919) 
has also studied these conditions which influence the conversion of natural and coke-oven gas into 
hydrogen. 

Elektrockem., 1924, 30, 557; Chem. Soc. Abs., 1925, 138 (2), 532. 

Loc. cit. 

** See, for example, Pictet, British Patent 24,256, 1910; J.5.C.I., 1911, 30, 1044. 
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ing to the reacting system through the exothermic oxidation of methane ac¬ 
cording to the equation: 

CHi + iO, —^ CO + 2H,-f 7,000 cals. 

To accomplish this, a mixture of methane, steam and oxygen is passed 
through the catalyst chamber. Unless high proportions of oxygen are em¬ 
ployed, however, the exothermic oxidation reaction will not provide sufficient 
heat to counterbalance the endothermic methane-steam reaction and, in general, 
it will be necessary to apply external heat to the reaction chamber in addition. 
If air is used instead of oxygen, the resulting gas will contain nitrogen and, 
by adjustment of the proportions of the constituents, a mixture suitable for the 
ammonia synthesis may be obtained. 

According to Hawk, Golden, Storch and Fieldner, the use of air or oxygen 
in the reacting system often introduces another difficulty. Certain activated 
nickel catalysts are poisoned by oxygen, probably on account of the formation 
of a protective film of oxide, but apparently this difficulty was not experienced 
by these investigators, who supplied the heat of reaction directly by alternately 
blasting the catalyst bed with a gas-air mixture and introducing the methane- 
steam mixture. It was found possible to prepare catalysts which were unin¬ 
jured by this treatment even when burned with a moderate excess of oxygen on 
the catalytic surface. 

Instead of effecting the reaction of the mixture of methane, steam and air 
(or oxygen) in a single step in the presence of the catalyst, the process may 
be operated in two stages. In the first of these the exothermic oxidation reaction 
is utilized to heat the gaseous mixture and in a second stage the methane-steam 
reaction is allowed to proceed in the presence of the catalyst. This method 
avoids poisoning of the catalyst by free oxygen. 

In another process®® steam and methane are passed through progressively 
hotter zones to complete reaction and the products are passed into progressively 
cooler zones where air or a mixture of air and oxygen is added to oxidize car¬ 
bon monoxide to carbon dioxide. A mixture of nitrogen and hydrogen is ob¬ 
tainable in this way which can be used after the separation of CO 2 for the 
synthesis of ammonia. Gases from the distillation or gasification of fuel may 
be passed with steam at 200° to 600° C. under pressure over such catalysts as 
ferrous oxide, nickel, bismuth, lead, or metals of the copper group.®^ 

The methane-steam reaction is utilized for the production of hydrogen by 
the Standard Oil Company of New Jersey. A two-stage process is employed, 
in the first of which the reaction 

CM4 -f H,0 —^ CO -f 3H, 

is carried out in the presence of catalysts at about 870° C. (1600° F.). In this 
step cracking gases and steam are used. A further reaction with steam in the 
presence of a catalyst at 455° C. (850° F.) converts the carbon monoxide into 
carbon dioxide and yields more hydrogen. No technical details of the plant 
or of the operating conditions used have been published. The gaseous mix¬ 
ture leaving the final stage contains 79 per cent of hydrogen, 20 per cent of 
carbon dioxide, and 1 per cent of other gases. Carbon dioxide is removed, 
after compression to 240 pounds per square inch pressure, by washing with 

Hydro-Nitro S. A., French Patent 723,817, 1931; Chem. Abs., 1932, 26, 4823. British Patent 
390,849, 1931; Brit. Chtm. Abs. B. 1933, S34. See also I. G. Farbenindustrie A.-C., British Patent 
364,106, 1930; Brit. Chem. Abs. B, 1932, 248. 

” Hydro-Nitro S. A„ French Patent 724.825, 1930; Chem. Abs., 1932, 26. 4922. 
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water and subsequently scrubbing in a bubble plate tower with aqueous tri¬ 
ethanolamine to remove the last traces. The gas, containing over 97 per cent 
hydrogen, is compressed to 3600 pounds per square inch for use in the hydro¬ 
genation of oil.** 

Gross*® gasified fuels with a mixture of oxygen, air, and water vapor to 
convert the hydrocarbons into carbon monoxide and hydrogen. The air con¬ 
tent can be adjusted to produce a gas mixture for conversion to ammonia. 

Geisenberger generated hydrogen mixed with carbon monoxide or dioxide 
by heating light hydrocarbons or other carbonaceous materials, such as bitumen, 
shale, beeswax, or turpentine, with steam in a retort. Rose*^ passed super¬ 
heated steam and a hydrocarbon mixture through a refractory tube heated to 
1200*^ C. to obtain a gaseous fuel. 

Gluud and others^* suggested a process of technical interest. In large- 
scale experiments using a mixture of methane, steam, and air to supply a mixture 
of nitrogen, carbon monoxide, and hydrogen, they showed that the process could 
be carried out satisfactorily in an externally heated converter. This was con¬ 
structed of a heat-resisting alloy (20 per cent nickel, 25 per cent chromium, and 
55 per cent iron).^* The mixture of gas with regulated amounts of air and 
steam was passed upward through a cylindrical column (94 cm. long and 12 cm. 
in diameter) of catalyst consisting of nickel supported on a refractory carrier. 
The results obtained in this plant are exemplified by the treatment of a coal 
distillation gas containing 6 per cent carbon monoxide, 26 per cent methane, 55 
per cent hydrogen, and 8 per cent nitrogen. Passing 6 cubic meters of this 
gas mixed with 3 kilograms of steam and 3 cubic meters of air per hour over 
the above volume of catalyst at about 1050° C. produced a gas mixture con¬ 
sisting of 2 per cent carbon dioxide, 17 per cent carbon monoxide, 56.5 per cent 
hydrogen, and 24.5 per cent nitrogen with only traces of methane. 

Without air only about 3.5 cubic meters of coal distillation gas per hour could 
be converted into a methane-free product with this equipment. By introducing 
air into the reacting gas mixture at proper intervals in the catalyst bed, the 
methane content of the gaseous products could be reduced to 0.03 to 0.09 per 
cent. The gaseous products of this high-temperature treatment were subse¬ 
quently subjected to further reaction with steam at lower temperatures in the 
presence of a catalyst for the water-gas reaction (dolomite) and practically all 
the carbon monoxide could thus be converted into carbon dioxide. The carbon 
monoxide content of the product could be reduced to about 0.05 to 0.07 per cent 
by volume. 

The technical application of the reaction between methane and carbon dioxide, 
CH4 + CO, —► 2CO-f2H,, 

is beset by the same difficulties encountered in the reaction between steam and 
methane at high temperatures. Both reactions can only be carried to com¬ 
pletion at high temperatures (1000° C. and over) and both are highly endo¬ 
thermic. The methane-carbon dioxide reaction is catalyzed by the same catalysts 
effective in the methane-steam reaction. 

“Byrne, Gohr, and Haslam, Ind, Eng. Chem., 1932, 24, 1129; Reid, ReHner, 1932, 11, 449. 
See also Modeler, 0*7 and Gas J., 1932, 31, No. 13, 10; Chem. Ahs., 1932. 26. 5742; Haslam and 
Kussell. Ind. Eng. Chem., 1930, 22. 1030. 

“British Patent 289,080. 1928; Brit. Chem. Ahs. B, 1929, 841. 

“ French Patent 361,492. 1905. 

“U. S. Patent 1,252.033, Jan. 1. 1918; Chem. Abs., 1918, 12, 760. 

“Gluud, Keller. Klempt. Bestehorn, Brodkorb, Sebroter and Curland, Bet. Get. Kohtentechnik. 
1930, 3. 211-370. Cf. Hirsch. Bull, mem, sac. ing, civ. France, 1932, 8S, 286; Brit. Chem. Abs. B. 
1932, 919. 

“Keller and Klempt, Ber. Ges. Kohlenteehnik, 1930, 3. 230; Brit. Chem. Abs. B, 1931, 32S. 
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Pictet^* suggested the decomposition of petroleum vapors in such a way 
that carbon, instead of being deposited, is converted into carbon monoxide by 
the action of steam. By admitting a regulated quantity of oxygen, so that 
the combination of the oxygen with the carbon provides all the heat required 
for the reaction, it is then only necessary to heat the hydrocarbons initially to 
their temperature of dissociation. Water and hydrocarbon alone, when fed into 
an iron tube about 3 to 4 meters long heated at 1350° C., yield hydrogen and 
carbon monoxide. However, if oxygen is added to the mixture the temperature 
of the tube may be reduced to 1200° C.*® In generating hydrogen from hydro¬ 
carbons, Tyrer added only a limited proportion of steam to the reacting mix¬ 
ture to render the process independent of external heat. 

It has been proposed also to pass hydrocarbon gases through an apparatus 
consisting of non-combustible checker material heated to a temperature high 
enough to decompose the hydrocarbons, and simultaneously to introduce steam. 
In this manner reaction is efTected and gas' consisting essentially of hydrogen 
and carbon monoxide, in the ratio of 2; 1 or 3:1, is obtained.^^ 

DieHenbach and Moldenhauer have recommended a process for the pro¬ 
duction of hydrogen by the reaction of steam with hydrocarbons, or their oxy¬ 
genated derivatives, at high temperatures. The mixture is heated to a moderate 
temperature, or kept in contact with the catalytic surface for such a short time 
that, simultaneously with hydrogen, only carbon dioxide is produced. From the 
resulting mixture of hydrogen and carbon dioxide the latter may be removed 
easily, leaving more or less pure hydrogen. As catalysts, wire gauzes of nickel, 
cobalt or platinum, disposed transversely to the direction of flow of the gases 
and heated electrically, are suggested. 

Dibdin and Woltereck^® obtained an illuminating and heating gas by pass¬ 
ing a mixture of paraffin hydrocarbons and superheated steam over a porous 
spongy contact agent such as ferroso-ferric oxide. 

Mittasch and Schneider developed a process for the production of hydrogen 
by the interaction of hydrocarbons and steam in the presence of a nickel catalyst 
at temperatures of 800° to 1000° C. The nickel may be supported by refractory 
material (ignited magnesium oxide). Besides gases, liquid or solid hydrocarbons 
or gas mixtures containing hydrocarbons, such as coal gas, may be used. The 
nickel may be mixed with other metals or metallic oxides. The process may be 
carried out in such a manner that alternately hydrocarbon-air and hydrocarbon- 
steam mixtures are passed through the reaction chamber. The resulting gas 
mixture is subjected to the further action of steam at lower temperatures to 
convert the carbon monoxide into dioxide. In a related process carbon dioxide 
is substituted, either partly or completely, for steam and the reaction carried 


** French Patent 421,838, 1910; J.S.C.I., 1911, 30, 542; British Patent 24,256. 1910: JSC I 
1911, 30, 1044. . 

^ See also British Patent 13,397, 1911; J.S.C.I., 1912, 31. 641; and British Patents 14,703, 1911 
and 16.373, 1911, additions to British Patent 13,397, 1911; J.S.C.I., 1912, 31, 686, 805 

British Patent 323,864. 1928; assigned to Imperial Chemical Industries, Ltd.; Ckem. Abs 
1930, 24, 3331. 

** Odell, U. S. Patent 1,841,201, Jan. 12, 1932; assigned to Columbia Engineering and Management 
Corp.; Chem. Abs., 1932, 26, 1758. 

«German Patent 229,406, 1909; J.S.C.I., 1911, 30, 210. 

•British Patent 26,666, 1905; J.S.C.I., 1906, 2S, 1139. French Patent 371,192. 1906: JSCI 
1907, 26, 249. See also Harter, U. S. Patent, 1,920.858, Aug. 1, 1933; Chcm. Abs., 1933, 27. 48*88’ 

• U. S. Patent 1,128.804,.Feb. 16, 1915; assigned to Badische Anilin- und Soda-Pabrik; Chcm Abs 
1915, 9, 1098. Badische Anilin* und Soda-Fabrik, French Patent 463.114. 1913: JSCI ' 1914* 
33, 313; British Patent 12,978, 1913; J.S.CJ.. 1914, 33. 593; German Patent 296,866, 1914.* See als^ 
Ellis, **H^drogenation of Organic Substances,*’ D. Van Nostrand Co., New York, 1930, 774. 

•Badische Anilin* und Soda-Fabrik, German Patent 306,301. 1914; addition to 296,866: J.S CI 
1920, 39, 335A. See also I. G. Farbenindustrie A.-G., British Patent 301.969. 1927: Brit Chcm 
Abs, B. 1929, 120; British Patent 288,662, 1926; Brit, Chcm. Abs. B, 1928, 437; derman Patent 
554^551, 1928; Chem. Abs., 1932, 26, 5962; British Patent 254,713, 1926; Bn#. C* 4 m. Abs IL 
1927, 644. ’ 
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out at 900® to 1100° C. Under such conditions natural gas containing 90 per 
cent of methane is' rapidly converted into a mixture of hydrogen and carbon 
monoxide by reaction with 3 to 4 times its volume of carbon dioxide.^^ 

The use of a nickel catalyst with promoters (the oxides of titanium, cerium, 
zinc, molybdenum, chromium, beryllium, uranium, zirconium, manganese, cad¬ 
mium, calcium and other metals) at temperatures below 700° C. has been pro¬ 
posed by Williams.*® The catalysts are prepared from the nitrates of the 
metals which should be free of chlorides and sulphides as these two classes of 
compounds poison the catalyst. The addition of salts of the rare earth metals, 
particularly those belonging to the cerium group, is recommended by Chafifette.** 
One method of preparing a catalyst from nickel nitrate has been described by 
A1 ®® and consists in treating the nitrate with somewhat less than the theoretical 
quantity of sodium hydroxide, followed by reduction of. the nickel compound so 
formed with hydrogen. 

Magnesium oxide, impregnated with the oxides of nickel, cerium, or aluminum, 
has also been suggested.*'* Since the carbon dioxide formed during the reac¬ 
tion between the hydrocarbons and steam is absorbed by the magnesium oxide 
it is necessary occasionally to regenerate the catalyst by calcining to expel the 
carbon dioxide. The use of calcium or cerous oxide has also been recommended 
by others.*^ Cerous oxide absorbs carbon dioxide at 100° C. and can be re¬ 
generated by heating the resulting carbonate to 350° to 500° C. 

Bergius ** described a method for the production of hydrogen (for hydro¬ 
genation purposes) from gases containing methane (especially from the waste 
gas from hydrogenation processes) by treatment with steam at 1100° C. In a 
second stage carbon monoxide is converted to dioxide by reaction with more 
steam at a lower temperature. 

The decomposition of hydrocarbon mixtures with air and steam in the pres¬ 
ence of an iron-chromium alloy at high temperatures (1200° to 1300° C.) has 
been proposed by Clancy.** 

Casale** described a process for the conversion of methane into carbon 
monoxide and hydrogen by passing a mixture of methane, steam and oxygen 
through a reaction chamber maintained at 1100° to 1300° C. According to 
Casale, industrial success with this reaction will be obtained only when con¬ 
ditions in the reaction chamber are such that the final concentration of methane 
is practically nil. These conditions are said to be realized when the system of 
the reacting gases: (1) is maintained at pressures below atmospheric; (2) at- 


•• In one process (Badische Anilin- und Soda-Fabrik, German Patent 403,049, 1922; Brit. Ckem. 
Abs. B, 1925, 71; British intent 231,218, 1923; Brit. Ckem. Ahs. B, 1925, 357; British Patent 266,410, 
1925; Brit. Ckem. Abe. B, 1927, 316) hydrocarbon gases are treated with water vapor, with or 
without the addition of carbon dioxide, to produce hydrogen and carbon monoxide. The mixture of 
gases thus obuined is subsequently used for the synthesis of methyl alcohol. 

MU. S. Patent 1,826,974, Oct. 13, 1931; Ckem. Abs., 1932, 26, 568; U. S. Patent 1,830,010, 
Nov. 3. 1931; Ckem. Abs., 1932, 26, 813; U. S. Patents 1,834,115 and 1,834,116, Dec. 1, 1931 
Ckem. Abs.. 1932, 26, 1402; patents assigned to DuPont Ammonia Corp, 

M French Patent 734,032, 1932; Ckem, Abs., 1933, 27, 1111; Belgian Patent 287,296, 1932; Ckem. 
Abs., 1933, 27, 1463. 

MU. S. Patent 1,863,681, June 21, 1932; assigned to Bataafsche Petroleum Maatschappij; Ckem. 
Abs.. 1932, 26, 4424. 

M^ekley, U. S. Patent 1,799,452, Apr. 7, 1931; assigned to DuPont Ammonia Corp.; Brit. Ckem. 
Abs. B. 1931, 1094. « , « 

MI. G. Farbenindustrie A.-G., British Patent 291.244, 1927; Brit. Ckem. Abs. B, 1928. 523; 
SwUs Patent 127,030, 1927; Ckem. Abs., 1929, 23. 1225. ’ 

“U. S. Patent, 1,699,177, Jan. 15, 1929. Canadian Patent 263,477, 1926; Ckem. Abs., 1926. 20. 
37.99. British Patent 244,73^ 1925; Brtt. Ckem. Abs. B, 1927, 66. See also. Internationale Bergin- 
Comp, voor Olie* en KoIen'Cnemie, British Patent 216.882, 1924; J.S.C.I., 1925, 492B. 

M Canadian Patent 215,385, 1922; Ckem. Abs., 1922, 16, 1136. See also Nitrogen Corp.. British 
Patent 163,703, 1921; Ckem. Abs., 1922, 16, 799. * ‘ ’ onusa 

MU. S. Patent 1,734,559, Nov. S, 1929. British Patent 274,610, 1926; Ckem. Abs.. 1928. 22 
2246. Cf. Canadian Patent 285,619, 1928, and Austrian Patent 111,555, 1928. ’ 
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tains a temperature of above 1000^ C.; and (3) contains a large excess of 
steam above that required for reaction. 

A process has been proposed by Schmidt and Niemann in which hydro- 
carbons, alone or mixed with other gases not containing free oxygen, are treated 
with steam at 300° to 600° C. in the presence of nickel, cobalt or iron activated 
with difficultly reducible oxides of chromium, vanadium, potassium, magnesium, 
aluminum, or alkaline earth metals. The reaction may be performed in stages 
by transforming some of the hydrocarbons, removing the carbon dioxide, and 
repeating the succession of operations with the hydrogen-hydrocarbon mixture 
until all the hydrocarbons have been converted. Porter similarly treated a 
hydrocarbon gas with steam, and after removing the reaction products, sub¬ 
jected them to further treatment with another body of catalyst. 

In another method of decomposing hydrocarbons witli water vapor,®* the hot 
gases after reaction are cooled by water. The water which 'thus becomes heated 
is brought into contact with fresh hydrocarbon gases which, thus saturated with 
water vapor, are introduced into the decomposition chamber. 

The production of hydrogen from hydrocarbons, particularly methane, and 
steam (preferably in excess) by allowing the heated gases to react in successive 
stages in the presence of catalysts has also been suggested by the Union Chimique 
Beige, Soc. Anon.®* 

Blake ®® developed a process in which methane and steam in proper proportions 
are allowed to react in the presence of a catalyst, such as nickel-ceria-alumina, at 
temperatures ranging from 400° C. to 700° C. to produce hydrogen and carbon 
dioxide with little or no carbon mono^^ide. Thus, using 10 volumes of steam to 
5 volumes of CH4 at 508° C., a 90 per cent conversion of the methane was 
observed and the dry gaseous products contained only 2 per cent of carbon 
monoxide (after removal of COj). 

Unsaturated hydrocarbons in a gas mixture which is to be used for the 
production of hydrogen are reduced by Williams®® in a prior catalytic treat¬ 
ment with hydrogen or by adding hydrogen to the mixture and allowing the 
reduction to proceed simultaneously with the decomposition. For the reaction 
with steam, nickel chromate is used. 

Bur well ®^ suggested heating hydrocarbons and steam at 1050° to 1150° C. 
to produce a mixture of hydrogen, carbon monoxide, carbon and hydrocarbons. 
Carbon is removed by settling and liquid hydrocarbons by scrubbing with water. 
Hydrocarbons, similar to methane, are converted into carbon monoxide and 
hydrogen by heating the moist mixture at 1230° to 1280° C., carbon monoxide 
being converted into dioxide by adding an excess of oxygen to the dried gases 
and passing them over manganese dioxide catalyst below 100° C. Any oxygen 
remaining is removed by passing the gases over heated copper, and carbon dioxide 
is absorbed in solutions of caustic alkalies. 

Mixtures of air, oxygen, or carbon dioxide, and steam, with gaseous, liquid 

•* U. S. Patent 1,882,977, Oct. 18, 1932; assigned to I. G. Farbenindustrie A.-Gr, Chem, Abs., 
1933, 27, 816. German Patent 546,205, 1926; assigned to I. G. Farbenindustrie A.-G.; Ckem. Abs., 
1932, 26, 3341; I. G. Farbenindustrie A.-G., llritish Patent 267.535, 1927; Brit. Ckcm. Abs. B, 

1928. 858. 

U. S. Patent 1,874,801, Aug. 30. 1932; assigned to Atmospheric Nitrogen Corp.; Ckcm. Abs 
1932, 26, 6079. 

••I. G. Farbenindustrie A.-G., Dritish Patent 265,989, 1927; Brit, Ckem. Abs. B, 1927, 900. 

•♦British Patent 357,956, 1931; Brit. Ckem. Abs. B. 1931, 1130; Ckem. Abs., 1932. 26, 4922. 

•^ U. S. Patent 1,713,325, May 14, 1929; assigned to Lazote, Inc. Cf. Beekley, U. S. Patent 
1,711,036. April 30, 1929; assigned to Lasote, Inc. 

•* U. S. Patent, 1,673,032, June 12, 1928; assigned to Lasote, Inc. 

U. S. Patent 1,689,858, Oct. 30, 1928; assigned to Alox Chemical Corp.; Brit. Ckem. Abs. B. 

1929, 17lr. 
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or solid carbonaceous materials may be made to react in an electric arc.** The 
gas mixtures thus obtained are further treated with steam, the carbon monoxide 
reacting to yield hydrogen and carbon dioxide. The carbon dioxide and other 
impurities are then removed from the product. A mixture of nitrogen and 
hydrogen which may be used for the synthesis of ammonia is obtained by using 
air as the oxidizing agent and subsequently adding hydrogen (prepared, for 
example, by a similar process using carbon dioxide instead of air) to adjust 
the mixture to the correct proportions. By passing gas mixtures containing 
hydrocarbons through an electric arc, or by incompletely oxidizing them, they 
are converted to unsaturated hydrocarbons. After removal of the unsaturated 
hydrocarbons, the resulting gases can be heated with steam to obtain a mixture 
of hydrogen and carbon monoxide.** 

It has also been proposed^* to pass a mixture of 1.8 parts of methane, 2.8 
parts of air, and 0.6 part of carbon dioxide through an electric arc of 2.6 am¬ 
peres at 1,400 volts. The products are treated with steam in the presence of 
nickel and the carbon dioxide, produced by the conversion of the carbon monox¬ 
ide, is removed by absorption. The resulting hydrogen-nitrogen mixture is in 
the correct proportion for the synthesis of ammonia. 

Another procedure is that of treating methane with steam in proportions 
and under conditions such that the resulting gases contain 2 to 15 per cent (best 
about 4 to 5 per cent) of unchanged methane. The methane is subsequently 
removed (for example, by combustion with oxygen or along with carbon dioxide 
by extraction with gasoline under pressure). Elimination of the carbon monox¬ 
ide from the products may be facilitated^ by converting the greater part of it, 
prior to the removal of the undesired gases, into carbon dioxide and hydrogen 
by reaction with steam. The remainder may be converted to methane by cata¬ 
lytic reduction and removed. 

A process for the manufacture of carbon monoxide and hydrogen by oxidiz¬ 
ing hydrocarbons (for example, methane) with steam and air in a reaction 
chamber in the absence of catalysts has been reported by the Union Chimique 
Beige, Soc. Anon.^* Pallemaerts ^* suggested preheating the air and gas in sepa¬ 
rate chambers. The I. G. Farbenindustrie A.-G.^* proposed to conduct the reac¬ 
tion of methane with air and steam in a vrater-gas producer in which coal or 
coke is being gasihed at 800® to 1000® C. 

Several methods have been described for the production of hydrogen from 
hydrocarbon gases, particularly refinery gases containing 2 to 10 per cent of un¬ 
saturated gases and freed from the major portion of the sulphur compounds orig¬ 
inally present. The hydrocarbon gas is passed with an excess of steam through an 
elongated catalytic zone at high temperatures (650® to about 1100® C.), the 
direction of flow of the gas mixture l^ing periodically reversed. The reactants 


“I. G. Farbenindustrie A.-G., British Patent 307,529, 1927; Brit. Chem. Abt. B, 1929, 393. Yokota 
(Japanese Patent 95,140, 1932; assigned to the Minister of the Navy; Chem. Abs., 1933, 27 2770) 
proposed^ manufacturing hydrogen by passing steam and hydrocarbons over electrically heated metals 

•I. G. Farbenindustrie A.-G., British Patent 269,547, 1927; Brit. Chem. Abs. B, 1928, 291. 

" I. G. Farbenindustrie A.-G., British Patent 322,701, 1929; addition to British Patent 307,529, 
1927: Brtt. Chem. Abs. B, 1930, 143. 

”1. G. Farbenindustrie A.rG., British Patent 319,957, 1928; Brit. Chem. Abs. B, 1929 1014 
C/. Wietjel Md Schiller, U. S. Patent ^921.M6, Au,. 8, 1933: assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 5158; Wietxel, Haller and Henmcke, German Patent 558,430, 1926; 
assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 27, 381. , , -.u. 

BritCh^Ab^ ** ®”‘**** **®**"‘ 341,393; 



Brit. 

339, _ 

Brit. Chem. Abt, B, 1931, 2^7. 
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are then passed to a second reaction zone where the carbon monoxide is con* 
verted by reaction with more steam into carbon dioxide and hydrogen^” The 
catalyst (nickel, or an oxide of nickel and alumina) used in the first stage of 
the process at temperatures above 650® C. may be reactivated by passing steam, 
free from hydrocarbon gas, over it at 650® C. for from 6 to 24 hours/® Al¬ 
ternatively,^^ reactivation of the catalyst is effected by passing a mixture of 
oxygen, nitrogen and-carbon dioxide, or air and steam, over the heated catalyst 
for several hours. 

A catalyst for the reaction of gaseous hydrocarbons, of higher molecular 
weight than methane, with steam at 400® to 1000® C. can be prepared, according 
to Hiittner and Wietzel,^® by making a paste of a mixture containing at least 
one metal (or its oxide, hydroxide or carbonate) of the iron group together 
with a difficultly reducible oxide of a metal of Groups II to VI of the periodic 
system and a hydraulic binding agent. The paste is allowed to set before use. 
In the treatment of such gaseous hydrocarbons with steam at 400® to 1000® C., 
it is said to be advantageous to use more than one layer of the catalyst, each 
succeeding layer having a higher activity, and being maintained at a lower tern* 
perature than the preceding one. Thus, if the first layer consists of a metal of 
the iron group made into an aqueous paste with a hydraulic binding agent, the 
next layer may consist of a similar group metal, activated, however, by the addi¬ 
tion of a non-reducible oxide of a metal of Groups II to VI. 

Williams conducted a mixture of steam and gaseous hydrocarbons, such as 
methane, through a series of reaction vessels containing a number of super¬ 
imposed trays on which the catalyst is placed. The temperature for the reac¬ 
tion is maintained by admitting small quantities of air to the free spaces just 
above each tray so that only a small part of the mixture is converted into hydrogen 
and carbon monoxide at every stage of the treatment. Overheating and unde¬ 
sirable side reactions are thus avoided. 

Another proposed catalyst consists of nickel, cobalt, or iron mixed with alumi¬ 
num compounds containing oxygen and at least one of the following elements: 
silicon, hydrogen, carbon, boron, phosphorus and sulphur (for example, kaolin), 
together with magnesium or an alkaline earth oxide.®^ The addition of phos¬ 
phorus pentoxide to the nickel oxide-aluminum oxide catalysts has been recom¬ 
mended.®* 

Schulz and Eisenstecken ®* used catalysts of iron, cobalt, nickel, chromium, 
aluminum, manganese, copper, vanadium, tungsten, or their alloys with each other 
and effected the reaction of hydrocarbon gases with steam at 1000® C. in a 


Standard*!. G. Co., British Patent 366,360, 1932. Hanks and Freyermuth, U. S. Patent 
1.915,363, June 27, 1933; assigned to Standard Oil Development Co.; Chem. /tbs., 1933, 27. 
4360. For the purification of the gases previous to catalytic treatment see, Freyermuth, U. S. Patent 
1.904,439. Apr. 18. 1933; assigned to Standard Oil Development Co.; Chem. Abs., 1933, 27, 3568. 

» Standard-!. Ci. Co.. French Patent 711,813, 1931; Chem. Abs., 1932. 26, 2022. British Patent 
364,419, 1931; /. Inst. Pet. Tech., 1932, 18, 102A, Cf. Freyermuth, Small and Hanks, U. S. Patent 
1,904,441, Apr. 1^ 1933; assigned to Standard Oil Development Co.; Chem. Abs., 1933, 27, 3589. 

” Standard*!. G. Co., French Patent 715,792, 1931; Chem. Abs. 1932, 26. 2023. British Patent 
366,369, 1931; /. Inst. Pet. Tech., 1932, 18, 135A. Cf. Hanks and Small, U. S. Patent 1,915.362, 
June 27, 1933: assigned to Standard Oil Development Co.; Chem. Abs., 1933, 27, 4360. 

** German Patent 552,446, 1931; assigned to I. G. Farbenindustrie A.-G.; Chem. Abe., 1932, 26, 
4422. I. G. Farbenindustrie A.*G., British Patent 376,358, 1931; Brit. Chem. Abs. B, 1932. 936. 
French Patent 729,119, 1931; Chem. Abs., 1932, 26, 6079. See also I. G. Farbenindustrie A.-G.. 
nrittsh Patent 360.081, 1930; Brit. Chem. Abs. B, 1932, 62. Cf. Bataafsche Petroleum Maatschappij. 
British Patent 381,072, 1932; Chem. Abs., 1933, 27, 4039; French Patent 731,652, 1932; Chem. Abs., 
1933. 27. 816. 

»I. G. Farbenindustrie A.-G.. British Patent 379,014, 1931; Brit. Chem. Abs. B, 1932, 981. 

** U. S. Patent 1.736,065, Nov. 19, 1929; assigned to DuPont Ammonia Corp.; Chem. Abs., 

1930, 24, 697; Brit. Chem. Abs. B, 1930, 143. 

n !. G. Farbenindustrie A. G^ British Patent 323,855, 1928; Brit. Chem. Abs. B. 1930. 231. 
** Standard Oil Development Co., German Patent 534,906. 1930; Chem. Abs., 1933. 27, 1110. 

•* British Patent 314.870, 1929; assigned to Verdn. Stahlwerke A.-G.; Brit. Chem. .-tbs. B, 

1931. 288. 
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channel of carborundum. The heat necessary for reaction is generated by in¬ 
duced high-frequency electric current. The catalyst or conveniently shaped metal¬ 
lic masses are placed in the reaction space to receive the electrical energy. 

Other catalysts which have been suggested for the reaction of hydrocarbons 
and steam are the oxides of zirconium, aluminum, thorium and titanium.®* The 
temperature is maintained above 900® C. when these are used. 

Application of the Steam Reaction in the “Reforming” of 
Gaseous Hydrocarbons 

An important new application of the hydrocarbon-steam reaction is in the 
reforming of hydrocarbon gases, such as propane and butane, to yield gas mix¬ 
tures having heating values and specific gravities similar to those of natural and 
coal-carbonization gases. By treating butane, for example, with steam in the 
presence of a catalyst, combustible gases can be obtained with calorific values 
ranging from 260 to 1800 B.t.u. depending upon the steam: hydrocarbon ratio, 
the temperature, and time of contact with the catalyst. On account of its great 
flexibility, such a reforming process is of value in supplying a gas useful to 
supplement natural gas supplies during periods of peak load. Oberfell and 
Guyer ®® gave the analyses in Table 71 of various gases made from butane by 
this steam-re forming process which show its utility for duplicating the qualities 
of other commercial gaseous fuels. The process is said to be applicable to low- 
boiling petroleum hydrocarbons. 

Table 71 .—Analyses of Gases from the Reforming of Butane by the Steam Reaction, 



1 

2 

3 

4 

5 

Specific gravity . 

. 0.45 

0.52 

0.55 

0.62 

0.86 

B.t.u. value (gross). 

. 453 

609 

666 

809 

1266 

COi, % (by volume). 

7.2 

3.6 

6.4 

5.0 

4.6 

CO, % .. 

. 18.2 

13.3 

15.0 

15.0 

10.4 

Hs. % . 

. 55.4 

47.7 

44.9 

43.6 

38.1 

Unsaturated hydrocarbons, % . 

4.3 

8.3 

9.5 

12.9 

13.3 

Saturated hydrocarbons, % ... 

. 14.9 

27.1 

24.2 

23.5 

33.6 


Formation of Hydrocyanic Acid by the Reactions of Hydrocarbons with 
Nitrogen, Ammonia, and Oxides of Nitrogen 

The production of hydrocyanic acid and cyanides from paraffin hydrocar¬ 
bons, particularly from methane, has attracted much attention. The processes for 
making hydrocyanic acid from hydrocarbons vary. Mixtures of hydrocarbons 
(or carbon monoxide) with nitrogen or air, with ammonia and with the oxides 
of nitrogen have been suggested. 

In this connection it may be well to mention briefly one early general method 
which has been used for the production of cyanides.®® Desfosses®^ in 1828 
observed the formation of sodium cyanide in small quantities on passing atmos- 


** Matignon and Sdon, French Patent 713.487, 1931; Chem. Abs., 1932, 26, 1728; Compt. renB.. 
1933, 196, 77; Bnt, Chem. Abs. A, 1933, 254; Compt. rend., 1932, 195, 1345; Chem. Abs., 1933, 
27, 1565. 

»Refiner. 1932, 11, 371; Chem. Abs., 1932, 26, 4443. Oil and Cas J.. June 9, 1932; sec also 
Guyer, Setrum and Huppke, Gas Age-Record, 1932, 69, 683, 700; Chem. Abs., 1932, 26, 5731; and 


raocr, irestern uas, «, /, cnem. /tos., ivjz, 26, 5190. 

** For a detailed history and description of the cyanide industry see Kohine and I.enKlen. 
“L’industrie des cyanures,” Librairie Polytechnique, Paris, 1903; Thorpe, “Dictionary of .Vpnlicd 
Chemutry.’* Longmans, Green and Co., London, 1912. 2, 193, 196; Gmelin, “ITandIwok of Cheiiiistry,” 
Translated by Watts, Cavendish Society, London, 1852, 7, 378. 

••Ann. ehim. phys., 1828, 36, 158; J. Pharm. 1828, 14, 280. 
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pheric nitrogen through a highly heated mixture of carbon and sodium carbonate* 
During the early part of the nineteenth century processes for producing cyanides 
from coal and air in the presence of alkalies and catalysts were developed.** 
The reaction represented by the equation: 

Na,CO. + 4C + Na —2NaCN + 3CO - 138,500 cals. 

requires a temperature of the order of 1400° C. in the absence of catalysts.** 
Bucher later proposed briquetting the mixture of sodium carbonate and coke 
with a catalyst consisting of metallic iron. Under these conditions nitrogen is 
readily absorbed at 920° to 950° C., yielding briquettes containing 26 to 30 per 
cent of sodium cyanide. According to Thompson,*^ a pure form of carbon such 
as produced by the thermal decomposition of hydrocarbons (lampblack or petro¬ 
leum coke) or of carbon monoxide is superior to coke from coal for this purpose. 

These processes in which coal or coke is the source of carbon were fol¬ 
lowed by others in which the carbon was supplied by hydrocarbons or oxides 
of carbon. This allowed the production of hydrocyanic acid entirely in the 
gaseous phase. Other gaseous nitrogen compounds such as ammonia and oxides 
of nitrogen were also substituted for the nitrogen. A large number of such 
procedures has been described since about 1840. Only those of more recent date 
in which hydrocarbons are used will be mentioned. 


Reaction of Hydrocarbons with Nitrogen 


The direct reaction of hydrocarbons with nitrogen to form hydrocyanic acid 
according to the equation, 2CH4-j-Ng—> 2HCN-j-3H2, requires very high tem¬ 
peratures for appreciable yields, because of the highly endothermic nature of 
the change. This reaction was observed by Berthelot as taking place in the 
electric arc. Bone and Jerdan,®* by the prolonged action of an electric dis¬ 
charge on methane mixed with traces of nitrogen, obtained a gas containing 0.8 
per cent of hydrocyanic acid. The formation of hydrocyanic acid from nitrogen 
and hydrocarbons in an electric arc has also been discussed by Moscicki,®* Koenig 
and Hubbuch ** and Kiister.** 

The formation of alkaline cyanides and ammonia was observed by Fogarty*^ 
on conducting nitrogen and alkalies into a retort in which acetylene and other 
hydrocarbon vapors are being cracked. The hydrocarbon vapors are passed into 
the retort together with a stream of finely powdered alkali or alkaline earth.. In 
another process Fogarty ®* used producer gas. Colin ®® described a method of 
making cyanides and ammonia by passing air and fuel gas under pressure into 
a furnace. A volatile hydrocarbon is then introduced into the flame. The hydro- 


“ Thompson, Mechanics Magazine, 1839, No. 822 (May 11), 92. Also Dinglcrs polytech. J 1839 
23, 281. Sec Bucher, Ind. Eng. Chetn., 1917, 9, 233. See also Possoz and Boissiere. British latent 
9,985, 1843; Mactear, British Patent 5,143. 1879; Chem. Zentr., 1882, 1, 607. 

«• Mond, British Patent 433, 1882; J.S.C.L, 1882, 1, 364. 

^ Ind. Eng. Chem., 1917, 9, 233. Bucher also discusses various other proposed processes of this 
type. 

Chem. Met. Eng.^ 1922, 26, 124. In this article some of the studies which have been made 
of this process are reviewed. 

^ Compt. rend., 1868, 67, 1132; Ann. chim. phys., 1868, (4) 13, 143; Ann., 1869, ISO, 60 See 
also Chem. Zentr., 1870. I, 226. 

"y.C.5.. 1897, 71. 59. 

** Z. Elektroehem., 1911, 17, 877; Chem. Soc. Abs., 1911, 100 (2), 1057; Lipinski (Z Elektro^ 
chem,, 1911, 17, 761; Chem. Soc. Abs., 1911, 100 (2), 849) reported data obuined while workine 
in Moscicki’s laboratory. ® 

•*2. Elektroehem., 1922, 28, 202; Chem. Soc. Abs., 1922, 122 (1), 642. 

** Brennsioff-Chem., 1931, 12, 329; Brit. Chem. Abs. B, 1931, 1008. 

•» U. S. Patent 500,651. July 4, 1893. 

MU S. Patent 615,266, Dec. 6, 1898. 

• U. S. Patent 598,195. Feb. 1, 1898. 
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cyanic acid thus produced is absorbed from the ascending current ot incandescent 
•gases by introducing a stream of finely powdered alkali or alkaline earth. 

Qoyfioo proposed mixing natural gas (containing 95 per cent of methane) 
with nitrogen or air and conducting the mixture through an electric arc. Best 
results were obtained with a spluttering arc. 

By introducing a mixture of superheated nitrogen and a liquid hydrocarbon 
or acetylene into a fused mixture of sodium and potassium hydroxide at 300'’ C., 
Blackmore^®^ obtained cyanides. 

Sinding-Larsenpassed a mixture of nitrogen and the vapors of hydro¬ 
carbons over heated aluminum or silicon and obtained the nitrides of these metals 
together with volatile products containing ammonia and hydrocyanic acid. 

Moscicki and Jablczynski proposed to manufacture hydrocyanic acid by 
repeatedly heating a gas mixture containing nitrogen, hydrogen and a hydro¬ 
carbon at high temperatures, followed by cooling. The excess hydrogen is re¬ 
moved from time to time. The heating was effected in an electric furnace having 
a revolving high-tension flame, the temperature reaching 2500® to 3500® C. 

Lipinski^®* synthesized hydrocyanic acid by conducting a mixture of oil gas 
and nitrogen over an extended flaming arc. After removing the resulting hydro¬ 
gen cyanide the remaining mixture was recirculated with a fresh charge. A 
mixture giving satisfactory yields consists of 10 per cent hydrogen, 20 per cent 
methane, and 70 per cent nitrogen, according to Malisoff and Egloff.^®* A large 
excess of nitrogen is necessary to prevent the separation of free carbon. To 
produce long steady arcs and to catalyze the reaction, conducting vapors of 
metals or metallic compounds, such as copper or iron or their salts, can be intro¬ 
duced into the zone of electrical discharge.^®® 

A process for making hydrocyanic acid from nitrogen, hydrogen and hydro¬ 
carbons under a pressure of about 1.6 atmospheres in an electric furnace con¬ 
taining a voltage arc was described by Liebknecht.^®^ He produced 50 grams 
of hydrocyanic acid per kilowatt-hour of electricity from.a mixture of 5.3 per 
cent carbon monoxide, 8.3 per cent methane, 33.7 per cent hydrogen, and 42.7 
per cent nitrogen. 

For the preparation of hydrocyanic acid, Muthmann and Schaidhauf used 
an apparatus consisting of a 1500 cc. glass retort with four side tubes, two 
of which carried electrodes and two served as inlet and outlet. An excess pres¬ 
sure of about 40 cm. of mercury was maintained in the apparatus and the power 
source was an alternating current of 50 cycles at 93 volts and a maximum of 
43 amperes. The electrodes consisted of silver, gold and platinum screwed into 
cooled copper rods. The reaction between methane and nitrogen by this method 
gave hydrocyanic acid, equivalent in amount to the methane present, and hydrogen. 

Hydrocyanic acid can be made, according to Helfenstein,^^® by introducing 

‘•U. S. Patent 801,782. Oct. 10, 1905; assigned to G. Westinghouse; J.S.C.I., 1906, 25, 29. 

U. S. Patenu 889,096 and 889,097, May 26, 1908; Chem. Abi., 1907. 2. 2850. 

U. S. Patent 1,042,723, Oct. 29, 1912; assigned to Storm, Bull ft Co.; J.S.C.I., 1912, 31, 1126; 
French Patent 414,837, 1910; J.S.C.I., 1910, 20, 1205. 

U. S. Patent 1,050,978, Jad. 21, 1913; assigned to Aluminium-Industries A.-G.; J.S.C.I., 1913, 
32, 195; Chgm. Abs., 1913, 7, 735. French Patent 417,794, 1910; J.S.C.I., 1911, 30, 26. 

British Patent 11,107, 1914; Ch*m. Abs., 1915, 9. 3176; J.S.C.I., 1915, 34. 612. German 
Patent 285,931, 1909; Chem. Abs., 1916, 10. 1473. Austrian Patent 71,147, 1916; Chem. Abs., 1916, 
10, 2505. Cf. Soc. d'Flectro-Chimie. French Patent 458,546, 1912; J.S.C.I., 1913, 32, 1108. 

Phys. Chem., 1918, 22. 529. 

** Consortium fur Elektrochemische Industrie G.m.b.H., German Patent 268,277, 1911; J.S.C.I., 
1914, 33, 200: addition to German Patent 263,692, 1911; J.S.C.I., 1913, 32, 1067. 

^ V. S. Patents 1,235,342 and 1,235,343, July 31, 1917; assigned to Roessler and Hasslacher 
Chemical Co.; Chem. Abs., 1917, 11, 2564; British Patent 181,058, 1921; assigned to Deutsche Gold- 
und Silber-ScheideansUlt (vorm. Roessler); J.S.C.I., 1922, 41, 589A. 

Z. Etektrochem., 1911, 17, 497; Chem. Abs., 1911, 5, 3010. 

*** Apparatus substantially the same as that used by Muthmann and Hofer, Bcr., 1903, 36, 438. 

»«U. S. Patent 1,169,817, Feb. 1, 1916; Chem. Abs., 1916, 10. 859; German Patent 262,325, 1911; 
Chem. Abs., 1913, 7, 3720. 



REACTIONS OF HYDROCARBONS WITH STEAM, ETC. 29$ 

equal volumes of acetylene and nitrogen through a hollow vertical electrode into 
a molten slag bath on which there is a layer of animal charcoal. 

Starke and Starke described an apparatus in which cyanides are pro¬ 
duced by passing a mixture of methane and nitrogen or air above 600^ C. over 
a catalyst. The catalyst is formed by calcining a mixture of magnesium oxide, 
potassium carbonate, metallic iron, and acetic acid. 

By injecting ammonia into heated natural gas or other hydrocarbon, Poin¬ 
dexter^^* obtained hydrocyanic acid. The natural gas, kerosene vapor or other 
hydrocarbon material may be mixed first with ammonia and then introduced 
into an externally heated zone.^^* ' The heated zone can be a glazed fireclay tube 
through which the gases are passed at such a rate that they are exposed for about 
one second to a temperature of 1200® 

According to the I. G. Farbenindustrie A.-G., the production of acetylene 
from hydrocarbons and hydrocyanic acid from mixtures of nitrogen and hydro¬ 
carbons in the electric arc can be combined. Thus,^^® in the treatment of gas 
mixtures containing hydrocarbons and nitrogen, a furnace is used having a cen¬ 
tral electrode and an annular or tubular electrode through which the gases are 
passed. An insulating mantle is arranged between the electrodes to allow for 
adjustment of the length of the arc to that most favorable to the reaction. 
Acetylene and hydrocyanic acid may be obtained by the action of the discharge 
on residual gases from synthetic ammonia or other hydrogenation plants, carbon 
monoxide being preferably removed first by catalytic reduction to methane.'^® 
The gases entering the arc are preheated by gases leaving it. 

The simultaneous production of acetylene and hydrocyanic acid from methane 
and nitrogen by subjecting the gaseous mixture to an electric discharge has been 
mentioned by Kiister.^^^ With a load of 1.6 kilowatts and a gas mixture con¬ 
taining 15 to 25 per cent methane under a pressure of 10 to 15 mm., the result¬ 
ing gas was found to contain about 10 per cent hydrocyanic acid. 

Bagley produced hydrocyanic acid by bringing nitrogen into contact with 
a bath of hydrocarbon oil under the surface of which an electric arc is main¬ 
tained. 

Ammonia together with hydrocyanic acid is produced when a mixture of 
gaseous hydrocarbons, nitrogen, and hydrogen is passed under pressures of from 
1 to 350 atmospheres over alkaline earth cyanamides at temperatures varying 
from 200° C. to 1000® C. An example of such a process is the passage of 
coke-oven gas, containing principally methane, nitrogen and hydrogen, over cal¬ 
cium cyanamide at 750° C. 

Reactions of Hydrocarbons with Ammonia 

It has long been known that by passing ammonia over heated carbon, 
hydrocyanic acid is formed according to the equation 

U. S. Patent 1,206.1.SS, Nov. 28, 1916; Chem. Abs., 1917, 11, 193. 

«»U. S. Patent 1.387,170, Aug. 9, 1921; Chem. Abs., 1921, 15, 3897. 

Poindexter. U. S. Patent 1,562,914, Nov. 24, 1925; Chem. Abs., 1926, 20, 481. 

Poindexter, U. S. Patent 1,584,137, May 11, 1926; Chem. Abs., 1926, 20, 2050. 

British Patent 294,494, 1927; Brit. Chem. Abe. B, 1928, 738. 

British Patent 306,008, 1927; BHt. Chem. Abe. B, 1929, 313. 

Brennstoff-Chem., 1931, 12, 329; Brit. Chem. Abe. B, 1931, 1008. See also Peters and Wagner, 
Brennstoff-Chem., 1931, 12, 67; Brit. Chem. Abe. B, 1931, 429. 

U. S. Patent 1,731.331, Oct. 15, 1929; assigned to Carbide and Carbon Chemicals Corp.; 
Chem. Abe., 1930, 24, 209. 

*** Societe d’Etudea Chimiques pour L'Industrie, Swiss Patent 143,982, 1929; Chem. Abe., 1931, 
25. 4092. 

’^Clouet, Annalee de Chimie, 1791, 11, 30. Also CrcU's Chemieche Annaien, 1796, 1, 45. 
Bonjour, /. de VEcde Polytechnique, 1797, 3. 436. Also Scher's Allgemcince J. der Chemie, 1799, 
2, 621. Langlois, Annalee dr Chimie et Phyeique, 1812, 76, 111; Cay-Lussac's Annalee de Chimie et 
Physique, 1816, 1, 117. Liebig's Annalen der Pharmaeie, 1842, 36, 65. Erdmann’s /. praktieehe 
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NH, + C —^ HCN + H, 

In the presence of an excess of ammonia the hydrocyanic acid appears, of course, 
in the form of its ammonium salt. The reaction is an endothermic one and re¬ 
quires high temperatures for appreciable yields. Badger investigated the 
equilibrium at a temperature of 800® Absolute (527® C). The values of the* 
equilibrium constant 

Pmu 

at 800® Absolute averaged 5.8 X 1^®* From existing data the heat content of 
hydrocyanic acid was calculated to be 30,500 calories at 18° C. and 30,400 calories 
at 800® Absolute and the free energy as 28,400 calories at 800° Absolute. 

Hutton and Smith showed that hydrocyanic acid is also formed when a 
mixture of hydrogen and nitrogen is heated at 1700° C. in the presence of 
carbon. Von Wartenburg ^23 studied the equilibrium existing in this reaction.^-* 
In a similar way ammonia and various hydrocarbons can react to form hydro¬ 
cyanic acid and hydrogen. The reaction of methane may be represented by the 
equation: 

CH 4 + NH. —HCN + 3H, 

Here again we are dealing with an endothermic reaction, so that high tempera¬ 
tures are necessary to obtain appreciable yields. In purely thermal processes, 
moreover, it is probably necessary to employ high temperatures in conjunction 
with short heating periods (exactly as in the case of the production of acetylene 
from methane by pyrolysis). • 

The formation of hydrocyanic acid by the reaction of ammonia with methane, 
ethylene, and acetylene at temperatures above 700° C. in the presence of con¬ 
tact materials has been systematically investigated by Bredig, Kortiim, Elod, 
Muller, and Demme.^-* With rising reaction temperatures, the yields of hydro¬ 
cyanic acid were found to increase to a maximum and thereafter decline. The 
reaction between ethylene and ammonia is actively catalyzed by a mixture of 
quartz and clay or by pure clay granules, and the highest yields of hydrocyanic 
acid are obtained by using equimolecular quantities of reactants. In the reac¬ 
tion between acetylene and ammonia, the yield of hydrocyanic acid at any one 
temperature was found to be independent of the contact time within the limits 
studied. Since methane was found to yield hydrocyanic acid only at tempera¬ 
tures which favored the formation of acetylene from this hydrocarbon, it was 
thought probable that the production of hydrocyanic acid from methane (and 
from ethylene) and ammonia proceeds through the intermediate formation of 
acetylene. 

Peters and Kiister described the formation of hydrocyanic acid from mix- 

Chemie, 1842. 23, 232. Kuhlmann, Annatcn dcr Pharmacic, 1843, 38, 62. See Gmelin’s ^'Handbook 
of Chemistry.*’ Cavendish Society, London, 1862, 7, 382. Also de Lambilly, British Patent 1032, 1892; 
J.S.C.L, 1892, 11, 604. Bergmann, J, GasbeL, 1896, 39, 117, 140. Chem. Zentr., 1896, 67 (1), 744, 
802. Lance, Compt. rend., 1897, 124, 819; Chem. Soe. Abs., 1897, 72 (1), 390. Pring and Hutton, 
J.C.S., 1906, 89. 1S9I. Woltcreck, French Patent 354,081, 1905; Chem Abs., 1907, 1, 384. Also 
see Compt rend., 1908, 146, 929; Chem. Abs,, 1908, 2, 1935. von Wartenburg, Z. anorg. Chem.. 
1907, 52. 299; Chem. Soe. Abs., 1907, 92 (1), 299. Voerkelius, Chem. Ztg., 1909, 33, 1025, 1078, 1090; 
Chem. Soe. Abs., 1909, 96 (1), 776. 

**^J.A.C.S., 1924, 46, 2166. 

*** British Patent 23,835, 1906; J.S.C.L, 1907. 26, 1138; Trans. .4mer. Elcktrochcm. Soe., 1908, 
13, 359. Pring and Hutton, J.C.S., 1906, 89, 1591. 

•“von Wartenburg, Z. anorg. Chem., 1907, 52, 299; Chem. Soe. Abs., 1907, 92 (1), 299. 

•••See also Wallis, Ann., 1906, 345. 353; Chem. Soe. Abs., 1906, 90 (1), 730. 

^Z. Elekirochem., 1930, 36, 991-1023; Chem. Abs., 1931, 25, 1176; Brit. Chem. Abs. A, 1931, 176. 

^ Brennstoff-Chsm., 1931, 12, 122; Chem. Abs., 1931, 25, 2922. 
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tures of ammonia and methane by passing them at high gas velocities under 
diminished pressure through a high-voltage electric discharge. With gas mixtures 
containing 15 per cent, or less, of either ammonia or methane, a quantitative 
conversion of the smaller constituent into hydrocyanic acid could be effected. 
With more powerful discharges the excess methane was partly converted into 
acetylene and the excess ammonia was decomposed into its elements. 

The processes proposed for the production of hydrocyanic acid from gaseous 
hydrocarbons and ammonia usually involve either heating to high temperatures 
with catalysts or exposure of the gaseous reactants to an electric discharge. 

For example, Lance and de Bourgade^*^ proposed to use a mixture of 80 
liters of ammonia gas, 2000 liters of gaseous hydrocarbons (acetylene, ethylene 
or methane) with 200 liters of nitrogen at a red heat in order to obtain hydro¬ 
cyanic acid. The use of nitrogen or a mixture of nitrogen and hydrogen as 
diluent gases is said to minimize carbon deposition during the reaction between 
ammonia and methane at temperatures of 1150® C. or higher at high space 
velocities.^-® 

Beindl suggested the reaction of a volatile nitrogen compound with liquid 
or gaseous hydrocarbons in the presence of contact materials such as copper or 
the oxides of iron. According to Beindl, passing a mixture of ammonia and 
acetylene over a copper catalyst at 480® C. results in the forniation of hydrocyanic 
acid. Similar processes involving the production of hydrocyanic acid or cyanides 
from ammonia and hydrocarbons have been advanced by Woltereck^*® and 
de Lambilly.^®^ 

A gaseous mixture containing ammonia, oxygen and hydrocarbons (aliphatic 
or aromatic) is passed at a temperature of 700° to 1200® C. over an oxida¬ 
tion catalyst (iridium, platinum, rhodium, palladium, osmium, gold or silver, and 
the oxides or phosphates of the rare earths) to yield hydrocyanic acid on cooling. 
The gaseous product may be passed over alkali or alkaline earth metal oxides or 
hydroxides to form cyanides or cyanamides.'®* 

Wheeler reported a method for making hydrocyanic acid in which hydro¬ 
carbons (methane or coal gas) are heated to at least 800° C. before or after 
admixture with nitrogen or ammonia and the hot gaseous mixture is subjected to 
an arc or spark discharge. Better yields are obtained with an excess of nitrogen 
or ammonia. The gases used in this process should be free from oxygen. 


Reaction of Carbon Monoxide with Ammonia 

Kuhlmann observed the formation of hydrocyanic acid when carbon monox¬ 
ide was passed with ammonia over heated spongy platinum. Considerable in¬ 
terest has been displayed in the production of hydrocyanic acid by this apparently 
simple reaction of carbon monoxide and ammonia.^®® Thus Liebknecht passed 

UT British Patent 26.326, 1897; J.S.C.L, 1898, 17, 762. German Patent 100,775, 1897; Ckcm. 
Zentr., 1899. 70 (1), 766. 

^ Wheeler, Mills, Fletcher and McAulay, British Patents 335,947, 1929, and 353,407, 1930; 
assigned to Imperial Chemical Industries, Ltd.; Brii, Chem. Abs. B, 1930, 1150; 1931, 924. 

»» German Patent 216,264, 1908; J.S C.l,, 1909, 28, 1314. German Patent 254,068, 1912; 

1913, 32, 24. Cf. U. S. Patent 1,144,457, June 29, 1915; 1915, 34, 834. 

“•German Patent 169,032, 1904; Chem, Zenir., 1906, 77 (1), 1304. 

British Patent 15,513, 1892; J.S.C.I., 1892, 11, 1006. 

I. G. Farbenindustrie A.-G., British Patent 361,004, 1930; Brit. Chem. Abt. B, 1932, 101. 
Also French Patent 715,052, 1931; Chem. Abs., 1932, 26, 1719. 

British Patent 325,860, 1928; assigned to Imperial Chemical Industries, Ltd.; Brvt. Chem. 
Abs. B, 1930, 508. 

*’*Annaten der Pharmacie, 1841, 38, 62; see Gmelin’s "Handbook of Chemistry," Translated bv 
Watts, Cavendish Society, London, 1852, 7, 382; and Thorpe, "Dictionary of Applied Chemistry, 
Longmans, Green and Co., London, 1912, 2, 191. for other historical material. 

See also, e.g., Bredig, Elod and Muller, Z. Elehtrochem., 1930, 36, 991*1023: Brit. Chem. 
4bs. A, 1931, 176. Bredig, Elod and Konig, Z. Elehtrochem., 1931, 37, 2; Brii. Chem. Abs. A, 
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a mixture of carbon monoxide and ammonia over a catalyst composed of a porous 
non>acid charcoal maintained at 400® to 800® C.'®* Frank and Caro^®^ used a 
mixture of carbon monoxide and ammonia at ordinary or increased pressures. 
These gases are led over cyanides of the alkaline earths at 700® to 800® C., or 
over other compounds (such as the oxides, carbonates and others) which can 
be converted into cyanamides by the action of hydrocyanic acid or of the am¬ 
monia-carbon monoxide mixture. The process is carried out in the absence of 
activated charcoal and of metals catalyzing decomposition. Decomposition may, 
however, be prevented by the addition of poisoning substances sluch, for example, 
as sulphides. 

Mittasch and Michael'®® used aluminum oxide as a catalyst. Another pro¬ 
cedure is conducting a mixture of carbon monoxide containing 10 to 12 per cent 
of ammonia over catalysts composed of iron, cobalt, or nickel carbide.^®® The 
catalyst may also contain molybdenum, tungsten, cerium, titanium, or copper, in 
the free or combined state.^*® The carbides are made by melting the metals 
with finely divided carbon. The reaction to form HCN is carried out at a tem¬ 
perature below 600® C. (for example, 450® C.) so that the ammonia is ap¬ 
preciably converted. Internal or external heating may be employed. The hydro¬ 
cyanic acid is removed either by condensation as ammonium cyanide or by 
absorption in caustic alkali solution, the residual gases being returned to the 
process. 

To obtain cyanides Wittek treated alkali hydroxides or carbonates in the 
presence of carbon with ammonia and carbon dioxide mixed with hydrocarbons 
at temperatures of 400° to 800® C. and at atmospheric or increased pressures. 
The process is said to be improved by a number of factors: for example, the 
presence of halides or cyanates; the use of catalysts such as copper, manganese 
or activated carbon; and the regulation of the water content of the furnace 
gases. 

Reaction of Hydrocarbons with Oxides of Nitrogen 

Kuhlmann observed the formation of hydrogen cyanide on treating methane 
with nitric oxide in the presence of heated spongy platinum. This reaction has 
apparently not been as thoroughly investigated as that of carbon, carbon monox¬ 
ide, or hydrocarbons with nitrogen or ammonia. Huntington,^*® however, used 
this reaction in a process for the production of hydrocyanic acid in which acety¬ 
lene was mixed with nitric oxide and ignited in a cylinder with an electric spark. 
The hydrocyanic acid was absorbed in alkali. 

1931, 557. dc Lambilly, British Patent 16,049. 1890; 1891, 10, 642; British Patent 3,735, 

1893; J.S.C.L, 1894, 13, 38. Mactear, British Patent 5,037, 1899; 1900, 19, 246; French 

Patent 292,239. 1899; Chem. Ztg., 1900, 24 (2), 1119. U. S. Patents 654,466 and 654,^467, July 24, 
1900; Chem. ^ig., 1900, 24 (2), 693. Jackson and Laurie, J.C.S., 1905, 87, 433. Carpenter and 
Linder, J.S.C.L, 1905, 24, 63. Bredig and Elod, British Patents 229,774 and 229,973, 1923; Chem. 
Abs., 1925, 19, 3149; J.S.C.L. 1925, 315B; U. S. Patent 1.598,707, Sept. 7. 1926; Chem. Abs., 1926, 
20, 3541. 

*** U. S. Patent 1,626,648, May 3, 1927; assigned to Roessler and Hasslacher Chemical Co.; 
Brit. Chem. Abs. B, 1927, 440; British Patent 207,830, 1923; assigned to Deutsche Ckild- und Silber- 
Scheideanstalt (vorm. Roessler); Chem. Abs.. 1924, 18, 1553; British Patent 242,685, 1924; assigned 
to Deutsche Gold- und SiIber-Scheideanstalt (vorm. Roessler); Chem. Abs., 1926, 20, 3783. 

»*» British Patent 282,379, 1927; Brit. Chem. Abs. B. 1928, 746. 

^ U. S. Patent 1,582,851, April 27, 1926; assigned to B.A.S.F.Co.; Chem. Abs., 1926, 20, 2050; 
British Patent 220,771, 1923; Brit. Chem. Abs. B, 1924, 869. Mittasch discusses catalysis in Ber., 
1926, 39, 13. 

G. Farbenindustrie A.-G., British Patent 300,369, 1927; Brit. Chem. Abs. B, 1929, 52. 

***See also Beindl, U. S. Patents 1,492,193 and 1,492,194, April 29, 1924; Chem. Abs., 1924, 18, 
2059; British Patent 10,321, 1915: J.S.C.L, 1921, 40, 623A. 

British Patent 3.58,745, 1930; Brit. Chem. Abs. B, 1931, 1139. 

^*»AnnatcH dcr Pharmacie, 1838, 29, 284; see Gmelin's '^Handbook of Chemistry,” Translated by 
Watts, Cavendish Society, London, 1892, 7, 381; also Thorpe, he. cit. 

British Patent 14,855, 1895; J.S.C.L, 1896, IS, 594. 



REACTIONS OF HYDROCARBONS WITH STEAM, ETC. 299 


Elod and Nedelmann,*^* examining the action of nitric oxide on methane, 
ethylene and acetylene, arrived at the following conclusions: 

(1) Hydrocyanic acid is produced by the action of nitric oxide on the above-men¬ 
tioned hydrocarbons at high temperatures. Under similar conditions the yield of hydro¬ 
cyanic acid is greater from acetylene than from ethylene, and at the same time the 
quantity of polymerized substances and of formaldehyde is larger. The reaction tem¬ 
perature required by methane is 300® C. higher than for the other hydrocarbons for 
similar 3 rields of hydrocyanic acid. 

(2) The reaction between nitric oxide and ethylene is catalyzed by various materials, 
of which the best is a mixture of equal parts of quartz and alumina. Addition of steam 
to the reaction mixture decreases the yield of hydrocyanic acid and increases the pro¬ 
duction of ammonia. The addition of hydrogen favors the formation of hydrocyanic acid. 

(3) The production of hydrocyanic acid increases greatly with rising temperature 
and is large at ItXK)® C. and over. With rising temperatures the ammonia production 
rises to a maximum and then declines. A large number of experiments conducted with 
nitrous oxide and ethylene at 900® C. showed t|isit above this temperature pronounced 
polymerization and decomposition of the ethylene occurs. 

According to Elpd and Nedelmann, the first stage in the process is the reduc¬ 
tion of the nitric oxide to ammonia. Part of the ammonia then reacts with 
the hydrocarbon to form hydrocyanic acid (probably through the intermediary 
of unsaturated residues such as :CH 2 and ‘:CH), and the other part undergoes 
thermal dissociation to yield hydrogen and nitrogen. They saw very little proba¬ 
bility of a reaction of ammonia directly with methane or solid carbon. The 
production of carbon monoxide may be accounted for by the reaction of ethylene 
with the water vapor formed in the reduction of nitric oxide. From these con¬ 
siderations it would appear that the process capable of giving best results would 
be the one starting with or favoring the initial formation of ethylene and am- 
monia.^^® Later results have substantiated this, although the formation of 
acetylene seems a necessary condition for the production of hydrogen cyanide. 
Hydrocyanic acid is probably formed thus: 

2CO + NH. —HCN + COi + H. 

COa+H, -CO + H,0 

and by minor reactions involving the formation and decomposition of formalde¬ 
hyde. 

EIcktrochem., 1927, 33, 217; Chem. Abs., 1927, 21, 3254; Brit. Chem. Ahs. A, 1927, 838. 

Itiedig and Klod use mixtures of ammonia and ethylene or acetylene in German Patent 548,798, 
1927; Chem. Abs., 1932, 26, 4137. 

Bredig, Elod and Hemme, Z. EIcktrochem., 1930, 36, 991; Brit. Chem. Abs. A, 1931, 176. 

Bredig, Elod and Kortum, Z. EIcktrochem., 1930, 36, 1007. Cf. Bredig, Klod and Muller, 
ibid., 1930, 36. 1003; Brit. Chem. Abs. A, 1931, 176. 



Chapter ii 

Direct Hydration of Olefins to Alcohols 

The conversion of olefins to alcohols is normally effected by first combining 
the olefin with relatively concentrated sulphuric acid and subsequently hydrolyz¬ 
ing the alkyl sulphuric acid initially formed. The same end may also be attained 
by using other acids in a more or less concentrated form (e.g., hydrochloric acid 
or hydrobromic acid) and hydrolyzing the resulting alkyl esters as before. It 
may be noted, however, that the conversion of olefins into alcohols merely in¬ 
volves the addition of the elements of water to the olefin according to the 
general scheme 

C«H« + H,0 —GH,„., OH 

In this chapter the formation of monohydroxy alcohols by direct hydration is 
considered, and the subject of polyhydroxy alcohols (particularly glycols) is 
discussed in Chapter 22. 

Direct hydration of higher olefins is known to take place with considerable 
ease under the influence of various chemical reagents, notably dilute mineral acids, 
but the direct hydration of the lower members of the series has been found to 
be considerably more difficult.^ Thus, for example, the transformation of iso¬ 
butylene into trimethylcarbinol can be accomplished, according to Butlerow,* in 
the cold in the presence of sulphuric acid of moderate dilution. Butlerow and 
Goriainow ® found that amylene and heptylene, as well as isobutylene, can be 
hydrated to the corresponding alcohols at room temperature by means of 10 
per cent nitric acid or 50 per cent sulphuric acid but on heating to 100® C. 
polymerization becomes the predominating reaction. Later, Miklaschewsky * ob¬ 
served that isobutylene and some of the amylenes and hexylenes can be hydrated 
by means of 5 to 10 per cent aqueous solutions of formic, acetic, or oxalic acids 
with no appreciable polymerization. Incidentally, a very interesting case of the 
hydration of a double bond has been reported by Solonina,® who obtained pro¬ 
pylene glycol by refluxing allyl alcohol with 10 per cent by weight of hydro¬ 
chloric acid. Michael and Brunei ® carried out some experiments on the reaction 
of isobutylene with various concentrations of hydriodic acid and found that free 
alcohol and isobutylene iodide were formed in proportions depending upon the 
concentration of the hydriodic acid. When 60 per cent hydriodic acid was used 
the product consisted almost entirely of the iodide but with lower concentrations 
the products contained an increasing proportion of free alcohol. In the reaction 
of trimethylethylene with hydrobromic acid it was noted that acid stronger than 

‘The hydration of olefins to alcohol might be designated as aquoljfsis, though strictly speaking 
this term is applied when water vapor is employed as a diluent at temperatures and pressures 
above the critical values (sese Ellis, “Hydrogenation of Organic Substances,” D. Van Nostrand Co., 
New York, 1930, 585). 

•Ann., 1867, 144, 22. 

•Ann., 1873, 109, 147; 1875, 180, 245. 

*Ber., 1891. 24, Ref. 269. 

*y. Russ. Phys.’Chem. Soc., 1887, 19, 302; Ckem. Soc. Ahs., 1888, 54, 806. 

•Amer. Chem. 1912, 48, 269. 
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9.66 normal yielded the bromide exclusively, while acid strengths lower than 5.54 
normal produced only the alcohol. With acids of intermediate concentration, 
mixtures of the bromide and alcohol were obtained. Michael and Brunei con¬ 
cluded that in the hydration of these olefins by hydriodic or hydrobromic acids, 
the iodide or bromide was the intermediate compound which was subsequently 
hydrolyzed tp the alcohol. 

Brooks and Humphrey,^ in the course of their well-known work on the action 
of sulphuric acid on olefins, came to the conclusion that practically complete 
hydration of some of the olefins can occur even with relatively dilute acids, as 
in the commercial process for the manufacture of terpineol. Similar results 
have been obtained with the amylenes and halogen acids.^ Many examples of 
the hydration of double bonds to give alcohols are known in the paramenthane 
series, e.g., the hydration of sabinene by cold dilute sulphuric acid to yield ter¬ 
pineol-4. Of interest is the hydration of allene and dimethylallene to acetone 
and methyl isopropyl ketone by the distillation with steam of a solution of these 
gases in concentrated sulphuric acid. 

Some of the processes in which the higher olefins are hydrated to alcohols 
under the influence of dilute mineral acids undoubtedly involve the intermediate 
formation of an ester which subsequently undergoes hydrolysis to an alcohol 
with liberation of the acid. In this way the hydrating acid perhaps acts as a 
catalyst. The lower olefins, which are very much more resistant to this method 
of hydration, usually require comparatively concentrated acids to effect absorption 
under ordinary conditions. Consequently the esters are usually the main prod¬ 
ucts of the process and it is impossible to obtain alcohols exclusively. 

Various procedures have been advanced in which the lower gaseous olefins, 
particularly ethylene, are heated under high pressure with dilute aqueous solu¬ 
tions of mineral acids or certain metallic salts at temperatures above 200^ C., 
but the yields of alcohol obtained thereby have been very small. The general 
reaction 

CoH,„4-H.O CnH,„+,OH 

is an equilibrium process since dehydration of alcohols yields olefins. There 
are also certain side reactions involving the formation of ethers. By the appli¬ 
cation of the third law of thermodynamics to this equilibrium process, Francis • 
deduced the following expressibn for the free energy of the synthesis of alcohols 
from olefins: 

AF = - 5320 + 815ii + 17.2r - O.SnT, 

in which n is the number of carbon atoms and T is the absolute temperature. 

In the case of the lower olefins, this expression is positive for ordinary tem¬ 
peratures so that the tendency for alcohol formation from ethylene and water 
is small, i.e., at ordinary temperatures only relatively small amounts of alcohol 
would be in equilibrium with ethylene and water. Moreover, as the temperature 
is increased the expression for the free energy of formation becomes greater 
positively so that a rise in temperature should be unfavorable for alcohol pro¬ 
duction. On account of lack of reliable data it is almost impossible to apply the 
Nernst approximation formula to these equilibria. Since hydration takes place 
with a decrease in the number of molecules, increase of pressure should favor 
the formation of alcohols. Moreover, as may be inferred from the foregoing, 

U.A.C.S., 1918, 40, 822. 

* Hutlerow, Aun., 1877, 189, 51; Wischnegradsky, ibid., 1878, 190, 351; Eltekow. Ber., 1877, 10, 
707; Konowalow, Ber„ 1880, 13, 2395. 

•Ind. Eng. Chem., 1928, 80, 283; Amer. Pei. Inst. BnlL, 1930, III, 93. 
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low temperatures should favor the alcohol yields. However, as the reaction 
velocity is low at low temperatures, efficient catalysts are necessary for hydra¬ 
tion under optimum conditions. 

Loveless and Wright®* calculated the relative values of the velocity and 
equilibrium constants over the temperature range of 0° to 500® C. They point 
out that the absolute values of these constants can be determined only if the 
integration constants can be evaluated. This requires a knowledge of the equi¬ 
librium proportions of ethylene, water and alcohol under one known set of 
conditions and the time required for the reaction to proceed to a measured ex¬ 
tent. Thus far such data are not available. The free energy changes associated 
with the hydration of ethylene have been derived from the free energy data 
obtained by Francis,who gives the following equations: 

^c,h 4 17,680 + ii.ir In r + o.oossr - 65r 

== - 57,410 + 0.947 In T + 0.001657* - 0.000000377* + 3.927 

= - 50,520 + 20.337 In 7 - 0.01317* - 857 

in which A is the change in free energy (calories per gram molecule) of forma¬ 
tion of corresponding substances. For the hydration of ethylene in the vapor 
phase, the change in free energy is expressed by 

^ Reaction == "*■ ^H,0 ““ ^CsHaOH 

= 10,790 - 8.297 In 7 + 23.927 + 0.009257* - 0.000000377* 



Courtesy Journal of the Royal Technical College (.Glasgow), 

Fig. 20. —Change in Free Energy of Reaction of Ethylene and Water 
with Temperature. (Loveless and Wright.) 

This change in free energy plotted against the temperature over the range 0® to 
500® C. (Fig. 20) gives a straight line which can be represented by the equation 

= 12.600-26.37' 

The rate of formation of alcohol can be expressed by the equation 

^ (a — jr) {b — x) — ktx 

Roy. Tech. Coll. (Glasgow), 1933, 3, 65. 

Loc. cit. 
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in which kj^ and kz are the velocity constants for the forward and reverse reac¬ 
tions, respectively, a and b are the initial concentrations of ethylene and water, 
respectively, and x is the concentration of alcohol after time t 

The variation of the constant k with the temperature is given by the equation 

dlnki _ A _ \ /12,600 26.3\ 

dT RV ^ R\ V T ) 

which on integrating becomes 

Ill ii = - ^ + 26.3 In r) + C. 

The values of (In^i — C^) over the temperature range arc shown in F’igure 21, 
This curve indicates that the optimum temperature for investigating the effect 
of pressure on the reacting system is 200® C. 

Variation of the equilibrium constant with the temperature is shown by 
the equation 

V 

dT ■ 7?f* 

in which U is the heat of reaction. 



= 12,600 — 26.3r 4-726.3 
= 12,600 calories per gram molecule 

Substituting this value pf U in the above equation 


dln/C _ 12,600 

dT RT 


which on integrating becomes 


lnA: = 


12,600 

RT 


4* Ct 


The calculated values of (In K — Q) over the same temperature range as that 
for the variation in velocity constant are shown in Figure 22. 

Catalysts capable of being used for hydration processes include dilute min¬ 
eral acids which possibly are active by virtue of the presence of (hydrated) 
hydrogen ions, assumed to be the catalytic agents in many hydrolytic reactions. 
More concentrated acids possess esterifying action and the resulting alkyl esters 
are simultaneously hydrolyzed to a greater or less extent depending upon the 
acid concentration. A number of difficultly reducible metallic oxides exert a 
profound catalytic effect on both hydrating and dehydrating reactions. Among 
these may be mentioned alumina, thoria, and zirconia. Phosphoric acid (and 
its anhydride) has long been known as a valuable agent for the dehydration of 
alcohols so that its activity in the hydration of olefins is to be expected. Certain 
metallic phosphates, notably cadmium metaphosphate and cerium metaphosphate, 
have been mentioned as powerful catalysts for the hydration of ethylene. The 
mode of action of these catalysts is still uncertain but the observation of Weber 
and Walton^® that the catalytic activity of phosphoric acid in the dehydration 
of ethyl alcohol to ethylene at 210® to 250® C. is mqch increased by the addition 
of 1.5 to 2 per cent of copper oxide, copper sulphate, silver sulphate, or alumi- 
»•/. Phys. Cktm,, 1930, 34, 2693; Ind, Chim., 1931, 327. 
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num sulphate, suggests that the metals function as promoters in conjunction with 
phosphoric acid. In a similar way Sabatier found that the dehydrating action 
of sulphuric acid on ethyl alcohol is accelerated by the addition of silver salts 
but Joshua, Stanley and Dymock^^ have employed sulphuric acid and silver 



zn 473 673 673 


Absohh iemptraktne, 

Courtesy Journal of the Royal Technical 
College (.Glasgow). 

Fig. 21.—Variation of Equilibrium 
Constant of Reaction of Ethylene 
and Water with Temperature. 
(Loveless and Wright.) 



Courtesy Journal of the Royal Technical 
College (Glasgow), 

Fio. 22.—Variation of Reaction Con¬ 
stant of Ethylene and Water with 
Temperature. (Loveless and 
Wright.) 


sulphate on pumice as a catalyst for the vapor phase hydration of olefins. It 
appears therefore that the dehydrating and hydrating activity of both phosphoric 
and sulphuric acids is enhanced by the presence of certain of their metallic salts. 
In the case where a gaseous defin is being forced to react with an aqueous 
liquid, any influence tending to increase the olefin concentration in the liquid 
phase is calculated to accelerate the reaction. For this reason certain metallic 
salts (e.g., silver, cuprous, and mercury salts) having a strong affinity for olefins 
have been proposed as catalysts for the hydration of olefins in the presence of 
liquid water. 

Ethylene 


Ethyl alcohol can be dehydrated to yield ethylene and water by warming with 
sulphuric or phosphoric acid, or, in the vapor phase, by heating in the presence 
of difficultly reducible oxide catalysts, such as alumina. The reverse reaction, 
or the hydration of ethylene to ethyl alcohol, was probably first shown by 
Cotelle.^* The method used by him consisted in passing a mixture of steam and 
ethylene through a reaction tower countercurrent to a hot stream of dilute (10 
to 12 per cent) sulphuric acid. Hot acid solution was withdrawn from the base 
of the tower, while alcohol and water vapors, together with unreacted ethylene, 
escaped at the top. 

Another demonstration of the reversibility of the reaction 
C,H.OH C.H4 + H,0 

uBritUh Patent 370.136, 1931; assigned to.The Distillers Co., Ltd.; Brit. Chem. Abs, B, 1932, 716. 

« U. S. Patent 41,665, Feb. 23, 2861. 
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was advanced by Wibaut and Diekmann,^® who found when a mixture of ethylene 
and steam was passed over alumina, or aluminum sulphate, at 300® to 400® C., 
the reaction products contained 0.2 to 0.4 per cent of acetaldehyde. That this 
was not due to the oxidation of the ethylene was shown by passing a mixture 
of air and ethylene over the same catalysts at 360® C., when no acetaldehyde 
was formed, and hence the first step must have been the addition of water to 
the double bond, forming alcohol. In studying the action of an acid catalyst, 
the same investigators passed ethylene at ordinary pressure countercurrent to 
a descending stream of 65 per cent sulphuric acid at 156®-160® C. When passed 
at a rate of about 1 liter of ethylene per hour, approximately 5 per cent con¬ 
version to alcohol took place. Practically no conversion resulted with 55 per 
cent sulphuric acid. 

When the general equation of Francis is applied to the equilibrium 
C 2 H 4 -j- HoO C 2 H 5 OH, the free energy of the alcohol synthesis reduces to 

AF = - 3690 4- 16.2r. 

This expression is positive even at ordinary temperatures and increases (posi¬ 
tively) with rising temperature. This indicates that the tendency for the reaction 
yielding alcohol to proceed would be small even at ordinary temperatures and 
would decrease at higher temperatures. The best conditions for the synthesis 
of alcohol from ethylene and water would therefore be: 

(1) High pressures; 

( 2 ) Low temperatures consistent with sufficient velocity of reaction; and 

(3) Highly efficient catalysts to bring about equilibrium quickly. 

So far no catalyst has been discovered capable of inducing the reaction with 
sufficient speed at ordinary temperatures. 

Klever and Glaser recorded an important series of experiments on the 
hydration of ethylene. At atmospheric pressure hydration in the presence of 
mineral acids at 100® C. is very slow, but the reaction velocity increases con¬ 
siderably at higher pressures and temperatures, although the absolute effect is 
very slight. After 17 hours at 150° C. and 190 atmospheres pressure, one mole 
of water had hydrated only 0.00011 mole of ethylene, while at 200° C. and 100 
atmospheres 0.(K)08 mole of ethylene was hydrated per mole of water. Under 
the latter conditions the effect is very favorably influenced by the presence of 
sulphuric acid in a concentration of over 0.17 per cent and of hydrochloric acid 
over 0.005 per cent. At a concentration of 1.93 per cent HCl, the catalytic 
effect is so marked (at 200° C. and 100 atmospheres) that more than one mole 
of ethylene is hydrated per mole of HCl. The intermediate product in the reac¬ 
tion was considered to be ethyl chloride, which was subsequently hydrolyzed to 
ethyl alcohol. 

Swann, Snow and Keyes have reported some results obtained by the hydra¬ 
tion of ethylene and propylene under pressures of 600 to 800 lbs. per square 
inch at temperatures up to 200° C, in the presence of dilute mineral acids and 
solutions of metallic salts. Practically no hydration occurred in the presence of 
water alone. Table 72 gives these investigators’ results. 

It will be seen from Table 72 that the results indicate that halogen acids and 
salts do actually function as catalysts, but that the equilibrium concentration of 
alcohol is very small, as predicted by theoretical considerations. Swann and his 

Proc, Acad. Set. Amsterdam, 1923, 26, 321: Chem. Abs., 1923, 17, 38SS. 

” Mitt. Chem. Inst. Tech. Hochschnle Karlsruhe^ 1923, 1. MO; CMn. Abs., 1924, 18, 1976. 

Ind. Eng. Chem., 1930, 22, 1048. 
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Table 72,—Catalytic Hydration of Ethylene, 


Expt. 

Pressure 
lb./sq. in. 

Temp. 

® C. 

Duration 

Hours 

Catalyst 

Cone, of Alcohol 
% by Wt. 

9 

600 

150 

1 

None 

0.007 

7 

600 

100 

1 

5% HCl 

0.06 

8 

600 

125 

1 

5% HCl 

O.IO 

2 

600 

135 

2 

5% HCl 

0.13 

1 

600 

135 

21 

5% HCl 

0.09 

4 

600 

200 

1 

5% HCl 

0.06 

5 

600 

150 

1 

HgCU + S%JIC\ 0.03 

6 

600 

150 

1 

AgNO, 

0.14 

18 

800 

150 

1 

None 

0.008 

16 

800 

100 

1 

5% HCl 

0.087 • 

17 

800 

125 

1 

5% HCl 

0.14 

12 

800 

ISO 

1 

S7o HCl 

0.132 

11 

800 

150 

2 

5% HCl 

0.15 

10 

800 

150 

21 

5% HCl 

0.10 

13 

800 

200 

1 

5% HCl 

0.088 

14 

800 

150 

1 

HgCU 

0.045 

15 

800 

150 

1 

AgNO. 

0.202 

collaborators 

also carried 

out some 

experiments 

on the 

hydration of ethylene 


under pressure using more concentrated acids and their results are given in 
Table 73. 


Table 73. — Effect of Different Concentrations of Acid upon the Hydration of Ethylene. 

Pressure == 800 lb. per sq. in. 

Temperature = 150® C. 

Time of Expt. = 3 hours. 

Charge of aqueous solution = 150 cc. 

Yield of Alkyl 


Expt. 

Catalyst 

Cone, of Alcohol 
% by Wt. 

Halide 

Grams 

25 

None 

0.0065 

— 

27 

S% HCl 

0.034 

— 

29 

10% HCl 

0.0867 

— 

30 

15% HCl 

0.083 

— 

31 

20% HCl 

0.052 

— 

32 

25% HCl 

0.063 

— 

33 

25% HI 

0.122 

0.5 

34 

45% HI 

0,141 

24.0 

35 

35% HI 

— 

10.0 

36 

170 gm. 45% HI + 18 gm. cone. 

HCl 0.073 

30.0 

37 . 

10% HCl + AlCU (sat.) 

0.0479 

— 

38 

10% HCl + CuaCU (sat.) 

0.0452 

— 

39 

10% HCl -f 1% Bid. 

0.0335 

— 

40 

10% HCl + 1% HgCU 

0.061 

— 

41 

20% HNO. + 1% AgNO, 

0.0043 

— 

42 

40% HBr 

0.0833 

4.5 

43 

20% HBr 

0.0842 

— 

44 

11% HBr 

0.0378 

— 


It will be seen that increasing the concentrations of the halogen acids favors 
the formation of the alkyl halide without greatly increasing the alcohol yields. 
With concentrated halogen acids, large quantities of the alkyl halide are formed. 

Johannsen and Gross advocated the direct hydration of ethylene by heat¬ 
ing under pressure in the presence of water containing a small proportion of 

*«U. S. Patent 1,607,4.S9. Nov. 16, 1926; Chem, Abs., 1927, 21, 249. Alsio Rochlingsche Eisien- 
und Stahlwerke A.-G., BritUb Patent 238,900, 1925; 1925, 901B. 
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mineral acid. Temperatures of 200® C., pressures of not less than 20 atmos¬ 
pheres, and 4.3 per cent hydrochloric acid are recommended. 

Smith and Bridger^^ described a process for producing ethyl alcohol from 
ethylene and water by hydration in the liquid phase under high pressure at tem¬ 
peratures of 200® to 300® C. in the presence of an inorganic salt having an 
affinity for ethylene (silver nitrate, cuprous chloride, and mercuric chloride) dis¬ 
solved or Suspended in water. A conversion of 10 per cent of the ethylene was 
obtained with a saturated aqueous solution of mercuric chloride in an autoclave 
protected by an internal coating of '^Vitreosil.” 

Slade proposed to hydrate ethylene to ethyl alcohol by passing it with 
excess of steam at 400® to 500® C. and 25 to 200 atmospheres over a dehydrating 
catalyst such as thoria, or phosphoric acid on pumice. The reaction is effected 
in the vapor phase and at a high space velocity (10,000 to 50,000 liters of gas 
at N.T.P. per hour per liter of catalyst).. Heat interchange between the out¬ 
going and incoming gases assists the reaction. The ethylene may be diluted with 
other gases and the process may be conducted in a continuous manner. 

The vapor phase hydration of the lower olefins, including ethylene and 
propylene, is accomplished by passing them with steam at ordinary or increased 
pressures over certain catalysts at temperatures above 100° C. (usually about 
150® to 300® C.). The catalysts proposed include finely divided metals of the 
platinum group, gold, silver, copper, iron, cobalt, nickel, chromium, tantalum, 
vanadium, tungsten, molybdenum or manganese, or their salts or other com¬ 
pounds.*® These may be suspended on inert carriers or supports. This process 
is exemplified by the hydration of ethylene with steam over a catalyst of copper 
phosphate on pumice at 150® C. and atmospheric pressure. Hydration of ethylene 
or propylene takes place under similar conditions in the presence of catalysts 
consisting of copper oxide and tungstic oxide, of ferric oxide and tungstic oxide, 
or of finely divided platinum on pumice. In some instances appreciable propor¬ 
tions of the dehydrogenation products of alcohols (aldehydes and ketones) are 
obtained. 

Direct hydration of ethylene with steam in the vapor phase may yield diethyl 
ether as the main product, small amounts of ethyl alcohol being simultaneously 
formed.-® Conversion is effected by passing a gaseous mixture of steam and 
ethylene, with the latter in excess, under high pressure over various contact 
catalysts at temperatures below 300® C. and at moderate rates of gas flow (100 to 
1000 liters of gas per hour per liter of catalyst). The catalysts may consist of 
non-volatile inorganic or organic acids or acid anhydrides (e.g., sulphuric acid, 
sulphonic acids, or better, phosphoric acid or phosphorus pentoxide) distributed 
on inert carriers. Phosphates of the rare earth metals, such as cerium metaphos¬ 
phate, are particularly specified and the activity of the above catalysts is said 
to be improved by the addition of other substances, as, for example, zinc oxide 
or anhydrous zinc chloride. The amount of water vapor should not exceed 25 
per cent by volume of the ethylene as otherwise marked formation of alcohol 
takes place. The following example illustrates this method: 24 liters of ethylene 
and 3 liters of water vapor (calculated under atmospheric pressure and at 20® C.) 
per hour are passed at 200® C. under a pressure of 125 atmospheres over 100 cc. 

British Patent 308,468, 1928; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem Abs B 
1929, 426. 

British Patent 308,859, 1928; assigned to Imperial Chemical Industries, Ltd.; Brit. Chetn. .Abs. B. 
1929, 426. 

** Bataafsche Petroleum Maatschappij, British Patent 335,551, 1930; Brit. Chetn. Abs. B, 1931, 12; 
German Patent 569,019, 1930; Chem. Abs., 1933, 27, 2158; French Patent 695,849, 1930; Chem. Abs. 
1931. 25, 2739. 

I. G. Farbenindustrie A.‘G., British Patent 368.868, 1930; Brit. Chem. Abs. B. 1932, 636- 
French Patent 710,846, 1930; Chem. Abs., 1932, 26. 1614. ’ 
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(apparent volume) of active carbon impregnated with a mixture of 11.2S grams 
of phosphorus pentoxide and 11.25 grams of phosphoric acid. About 7 cc. of ethyl 
ether and 0.5 cc. of ethyl alcohol are obtained per hour in one passage, corre¬ 
sponding to a 14 per cent yield of ether calculated on the ethylene employed. 

Several processes developed by Joshua, Stanley, and Dymock deal with the 
direct vapor phase hydration of olefins to alcohols and particularly of ethylene 
to ethyl alcohol. Thus it is proposed*^ to hydrate ethylene to ethyl alcohol by 
passing it with steam at atmospheric or higher pressures and at temperatures of 
140® to 200® C. over a contact mass of porous inert material (pumice) impreg¬ 
nated with about 60 per cent by weight of sulphuric acid, the concentration of 
the acid being maintained from about 60 per cent to 85 per cent by adjustment 
of the steam partial pressure. It is reported that by passing a mixture of 2 parts 
of ethylene and 1 part of steam at a gas rate of 180 liters per hour (calculated 
at normal temperature and pressure) over 3.6 liters (apparent volume) of the 
above catalysts at 170® C. and at a pressure of 15 atmospheres, a condensate was 
obtained containing 7.15 per cent of ethyl alcohol, representing a conversion of 
ethylene of 1.39 per cent. 

Joshua, Stanley, and Dymock ** further described the hydration of olefins to 
alcohols, with particular reference to ethylene, in the vapor phase in the presence 
of a catalyst of ‘pumice (or other porous material) impregnated with about 60 
per cent by weight of sulphuric acid together with a promoter, such as silver 
sulphate, known to accelerate the absorption of ethylene in concentrated sulphuric 
acid. For example, by passing a gaseous mixture of 1 part of ethylene and 1.5 
parts of steam at a gas rate of 6.25 liters of the mixture per hour over a catalyst 
of 150 cc. (apparent volume) of pumice impregnated with 60 per cent by weight 
of sulphuric acid and 5 per cent by weight of siWer sulphate at 145® C. and 
atmospheric pressure, a conversion of ethylene into ethyl alcohol of 1.6 per cent 
was obtained. The same investigators suggested ** the hydration of olefins, par¬ 
ticularly ethylene, to alcohols in the vapor phase by passing them with steam, most 
effectively under pressure, over certain acid sulphates (acid sodium sulphate or 
acid potassium sulphate) at temperatures not exceeding 350® C., particularly 
between 100® and 250® C. 

Horsley described a process for the direct vapor phase hydration of ethyl¬ 
ene to ethyl alcohol under pressure in the presence of certain phosphate catalysts, 
notably a catalyst obtained by heating together cadmium oxide and phosphorus 
pentoxide in the molecular ratio of about 1:0.9. If the molecular proportion of 
phosphorus pentoxide falls below 0.725 the activity of the catalyst declines. Other 
catalysts (of somewhat lower activities than the cadmium phosphate) described 
by Horsley are the phosphates of beryllium, zinc, aluminum, tin, or lead. The 
reaction may be carried out either in the liquid or the vapor phase and at ordinary 
or increased pressure, the reaction temperature being preferably 100® to 300® C. 
To hydrate in the liquid phase, the olefin is compressed to, e.g., 100 atmos¬ 
pheres and passed through an aqueous solution of the catalyst salt to which has 
been added sufficient phosphoric acid to suppress hydrolysis. When operating in 
the vapor phase, it is best to employ a large excess of olefin relative to water 
vapor and the gaseous products are cooled to separate an aqueous alcohol solu- 


** British Patent 368,051, 1931; assigned to The Distillers Co., Ltd.; Brit. Chem. Abs. B, 1932, 590. 
See also French Patent 730,821, 1932; Chent. Abs,, 1933, 27, 305. 

“British Patent 370,136, 1931; Brit. Chem. Abs. B, 1932, 716; French Patent 730,821. 1932; 
Chem. Abs., 1932, 27, 305. Both patents assigned to The Distillers Co. Ltd. 

“British Patent 368,935, 1931; assigned to The Distillers Co., Ltd.; British Chem. Abs. B, 
1932, 670. 

“British Patent 369,216, 1931; Brit. Chem. Abs. B, 1932, 670; German Patent 548,281, 1931; 
Chem, Abs., 1932, 26, 3521. Both patents assign^ to Imperial Chemical Industries, Ltd. 
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tion, the surplus ethylene being recirculated. This procedure is exemplified in 
the following: A catalyst was prepared by heating one mole of cadmium oxide 
and 1.5 moles of phosphoric acid in aqueous solution, the mixture being evapo¬ 
rated to dryness at a temperature below 130® C. and the product made into small 
pellets. A mixture of ethylene and steam under a total pressure of 100 atmos¬ 
pheres, the partial pressures of steam and ethylene being 30 and 70 atmospheres 
respectively, was passed over this catalyst at 290® C. with a contact time of 
about 1 minute. The products were said to consist of 243 grams of ethyl alcohol 
and 1.0 gram of ethyl ether per hour, together with 6.9 grams per hour of oily 
polymerization products. The yield of alcohol pn the ethylene consumed was 95 
per cent with a conversion per single passage of 3.36 per cent of the theoretical. 

Later, Horsley proposed to remove propylene from crude ethylene, which 
is to be used in the above hydration process, by polymerizing the propylene in 
the presence of the cadmium phosphate catalyst under conditions which leave 
the ethylene unchanged. It is probable therefore that the use of such catalysts 
in the hydration of the homologues of ethylene would be accompanied by the 
occurrence of polymerization reactions. 

Phosphate catalysts, particularly those of uranium, iron and cobalt are em¬ 
ployed by Joshua, Stanley and Dymock,^® The proportion of phosphoric acid 
in the catalyst is in excess of that required for the orthophosphate of the metal 
used, but should not exceed 95 per cent of the composition of the finished mate¬ 
rial. Reaction between ethylene and water in the presence of these catalysts is 
carried out at temperatures of 100® to 300® C. (best above 150® C.) and at 
pressures up to 250 atmospheres. Some results obtained at atmospheric pressure 
with a number of iron catalysts (made by decomposing ferrous oxalate with 
phosphoric acid and drying at 200® C.) are given in Table 74. The percentage 
conversion of ethylene to ethyl alcohol was determined under fixed conditions, 
i.c., a gas rate of 3.12 liters of ethylene per hour per 100 cc. (apparent volume) 
of catalyst, an ethylene-steam ratio of 1:1.5 (by volume), and a catalyst tem¬ 
perature of 200® C., and also under variable conditions. 



Table 74.— Hydration of Ethylene with Iron 

Catalysts. 






Liters of 

Percentage 





Ethylene 

Conversion 


Tempera- 

Pressure 

C,Hi;H,0 

per Hour 

of Ethylene 


ture 

in Atmos- 

Molar 

per 100 cc. 

to Ethyl 

Catalyst 

‘’C. 

phercs 

Ratio 

of Catalyst 

Alcohol 

Fe0*2H,P04 . 

. 200 

1 

1:1.5 

3.12 

0.41 

FeO-2.5H,PO. 

Fe0-2.7H,P04 

. 200 

1 

1:1.5 

3.12 

0.69 

. 200 

1 

1:1.5 

3.12 

0.56 

Fe0-3HnP04 .. 

. 200 

1 

1:1.5 

3.12 

0.40 

FcO-2.5H,P04 

. 270 

20 

4:1 

400 

0.83 

FcO-2.5H,P04 

. 280 

40 

7:1 

1260 

0.67 


Catalysts prepared in a similar manner from cobaltous or uranyl o.^late were 
not as effective as the iron phosphates. 

Manganese or copper phosphates (containing excess phosphoric acid) are 
recommended also.*^ For example, when ethylene and steam (in the molar ratio 
of 5.4:1) are conducted over a copper phosphate catalyst (made from one 
mole of copper oxide and 2 moles of phosphoric acid) at 300® C., under a pres- 

^ British Patent 374,510, 1931; assigned to Imperial Chemical Industries, Ltd.; Brit. Ckem. Abs. B. 
1932 832. 

*• British Patent 392,289, 1932; assigned to The Distillers Co., Ltd.; Brit. Ckem. Abs. B, 1933, 776. 

** Joshua, Stanley and Dymock, British Patent 392,685, 1933; assigned to The Distillers Co., Ltd. 
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sure of 40 atmospheres and at a gas rate of 1200 liters of ethylene per 100 cc. 
(apparent volume) of catalyst per hour, 22.1 grams of ethyl alcohol as a 14.5 per 
cent aqueous condensate is obtained. This corresponds to a 1.12 per cent con¬ 
version of ethylene. 

A study of the vapor phase hydration of ethylene at 360® to 380® C. at pres¬ 
sures of 70 to 135 atmospheres in the presence of alumina and tungstic oxide was 
conducted by Sanders and Dodge. Twenty-eight catalysts were prepared and 
tested by determinations of their efficiency in dehydrating ethyl alcohol to ethylene. 
Alumina and tungstic oxide (in one) were used in the hydratidn experiments, of 
which several results are given in Table 75. 

Table 75 .—Hydration of Ethylene with Alumina Catalysts, 

Concentration 





Ethylene in 

of Ethanol 

Temp. 

Pressure 

Space 

Off-Gases 

in Product 

®C. 

Atm. 

Velocity • 

Per (Dent 

Per Cent by Wt. 

364 

70.9 

480 

97.3 

1.79 

363 

90.1 

430 

95.4 

2.44 

359 

78.5 

710 

96.3 

1.40 

362 

71.1 

695 

97.6 

1.41 

359 

70.2 

240 

97.7 

1.53 

360 

69.6 

93 

96.9 

1.83 

362 

67.5 

145 

84.7 

2.05 

361 

69.6 

no 

95.6 

2.59 

360 

69.6 

120 

96.4 

2.39 

378 

69.6 

86 

94.7 

2.97 

380 

69.6 

47 

71.0 

2.04 


* Liters of off>g«s (at standard conditions) per hour per liter of catalyst. 


Bent has described the hydration of ethylene and its homologues by heating 
under high pressures in the presence of dilute aqueous solutions, or suspensions, 
of certain sulphates of heavy metals, zinc sulphate being specifically mentioned. 
The best results are obtained by bringing the olefin in contact in a continuous 
manner with an aqueous solution of zinc sulphate containing 8 to 25 per cent 
of ZnS 04 . 7 H 20 (at 25® C.) at a tem^rature of 275® to 325® C. and a pressure 
from 175 to 250 atmospheres. Water is continually added to replace that carried 
forward as steam and alcohol. Thus, ethylene is treated at a rate of 1 liter per 
minute^® with 300 grams of an aqueous solution of zinc sulphate solution (con¬ 
taining 25 per cent of the hydrated salt) maintained at a temperature of 300® C. 
and under a pressure of 210 atmospheres. About 20 per cent of the ethylene is 
converted into ethyl alcohol. The excess ethylene, after separation of the alcohol 
vapors, is recirculated. • 

Boron phosphate, free from excess boric and phosphoric acids, has been sug¬ 
gested as a catalyst for the hydration of olefins in either the gaseous or liquid 
phase.*® This catalyst is prepared by evaporating to dryness a mixture of boric 
acid (62 grams) and an aqueous solution of phosphoric acid (1(X) grams). The 
resultant boron phosphate is freed of excess phosphoric acid by heating to 4(X)® C. 
in a current of steam until the condensate gives no acid reaction with brom- 

Ind. Eng, Ckem., 1934, 26, 208. 

*• Hritish Patent 378,764, 1931; assigned to Bataafsche Petroleum Maatschappij; Brit. Chem. 
/Ibj. B, 1932, 1071. See also French Patent 729,765, 1931: Chem. Abs., 1933, 27, 305. 

It is not specified whether this gas volume is measured at N.T.P. (the usual practice) or under 
the working pressure. On the former basis, the alcohol output per hour per liter of catalyst would 
be al^ut 82 grains. 

** Horsley, British Patent 378,865, 1931; assigned to Imperial Chemical Industries, Ltd.; Brit. 
Chem. Abs. B, 1932, 1071. See also Imperial Chemical Industries, Ltd., French Patent 734,989, 
1932; Chem. Abs., 1933, 27, 992. 
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thymol blue. Hydration is carried out under pressure and at temperatures of 
150^ to 300° C. Passage of a mixture of 70 volumes of ethylene and 30 volumes 
of steam over thi^ catalyst, under a total pressure of 100 atmospheres, at 290° C., 
and at a space velocity of 6000 reciprocal hours, yielded 155 grams of alcohol 
per hour per liter (apparent volume) of catalyst. No oil was produced under 
these conditions. 

The use of boron phosphate containing at least 10 per cent excess phosphoric 
acid over that required for the orthophosphate is advocated by Joshua, Stanley 
and Dymock.^^ Such a material is made by evaporating to dryness a mixture of 
one mole of boric acid anhydride and 2.2 mole^ of phosphoric acid, and heating 
the residue to 200° C. Passage of ethylene and steam (molar ratio of 4:1) under 
20 atmospheres pressure, at a temperature of 270° C., and a gas velocity of 400 
liters per hour per 100 cc. (apparent volume) of catalyst, yielded 3.70 grams of 
alcohol (per hour) as a 5.6 per cent aqueous condensate. This was equivalent 
to 0.44 per cent conversion of ethylene to ethyl alcohol. 

Brown and Odell ** described the hydration of olefin hydrocarbons to alcohols 
and ethers by passage with steam under pressure over catalysts (e.g., the oxides 
of aluminum, thorium, titanium, tungsten and chromium) at temperatures of 
100° to 600° C. The relative proportions of alcohols and ethers formed are con¬ 
trolled by varying the temperature and the ratio of steam to olefin in the reacting 
gases. Generally, high temperatures and an excess of steam favor alcohol for¬ 
mation. In hydrating ethylene homologues somewhat lower temperatures arc 
employed than with ethylene. 

Dreyfus effected direct hydration of olefins, particularly of ethylene to ethyl 
alcohol, by passage with steam (10 to 20 moles of olefin to 1 mole of steam) 
under pressure through heated liquid catalysts consisting of aqueous sulphuric, 
phosphoric, or sulphonic acids. When hydrating ethylene, the concentration of 
the sulphuric acid should be maintained at about 55 to 65 per cent, while concen¬ 
trations of phosphoric acid of at least 85 per cent are necessary. As an illus¬ 
tration of this process, a mixture of ethylene and steam (in the molar proportions 
of 18 to 1) is conducted under a pressure of 50 atmospheres through aqueous 
sulphuric acid of about 75 per cent concentration at 165° C. and at a space velocity 
of 8000 liters per hour (calculated at N.T.P.) per liter of catalyst. The acid 
concentration falls to a steady value of 60 to 63 per cent. When using phos¬ 
phoric acid, a higher temperature range (200° to 300° C.) is employed. 

Dreyfus also proposed to hydrate olefins in the presence of mineral acids 
of 60 to 90 per cent concentration (sulphuric and phosphoric acids) under pres¬ 
sure and at temperatures of 100° to 350° C. To these acids is added 2 to 40 per 
cent of the sulphuric or phosphoric esters of glycols, polyvalent alcohols (glycerol) 
and of higher fatty acids. Substances which aid the absorption of olefins in 
acids, such as lead or silver sulphate, may also be present in the catalyst liquid. 
A mixture of ethylene and propylene is hydrated, for example, in the presence 
of 70 per cent sulphuric acid containing 15 per cent of aromatic sulphostearic 
acids and about 5 per cent of hydroxystearylsulphuric acid, all maintained at 
180° C. 

A modification of the above processes involves the use of dilute solutions 
of mineral acids. Concentrations of acid varying from 2 to 10 per cent are 

^ British Patent 396,724, 1933; assigned to The Distillers Co., Ltd. 

^ U. S. Patents 1,873,536 and 1,873,538, Aug. 23, 1932; Chem. Abs,. 1932, 26, 5962, 5963. In this 
latter patent saturated hydrocarbons are used as starting materials, being crack^ to olefins. 

“British Patent 389,133, 1931; Brit. Chem. Ab9. B, 1933, 457; also French Patent 741,068, 1932; 
Chem. Abs. 1933, 27, 2691. 

“French Patent 744,164, 1933; Chem. Abs^ 1933, 27, 3942. 

“ Dreyfus, French Patent 744,482, 1933; Chem. Abs., 1933, 27, 3942. 
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recommended, though concentrations as high as 50 per cent may be employed. 
Thus, a mixture of 3 volumes of ethylene and 2 volumes of steam, preheated to 
150® C., is led through 10 per cent sulphuric acid at 200® C. under a pressure of 
25 atmospheres. The time of contact is about 30 seconds. 

Dreyfus*® also proposed to effect the hydration of olefins, particularly ethyl¬ 
ene, in the presence of certain acid salts having an affinity for water. Such salts 
include bisulphates, pyrosulphates, particularly those of the alkali metals, calcium 
chloride, zinc chloride and magnesium chloride. A mixture of steam with at 
least an equal molar proportion ojE the olefin is passed under pressures up to 25 
atmospheres over these catalysts at 150® to 350® C. 

The alkali hydroxides and other basic substances have been suggested as 
catalysts for direct hydration, especially at temperatures of 150® to 250® C. and 
under pressures of 50 atmospheres or higher.®^ Calcium or magnesium oxide 
may be employed as catalysts, either alone or in conjunction with alkali hydrox¬ 
ides. The passage of equal volumes of ethylene and steam through a 50 per cent 
potassium hydroxide solution at 150® C. under 20 atmospheres pressure and also 
the use of pumice impregnated with sodium hydroxide to catalyze a mixture of 
one volume of ethylene and two volumes of steam at 200® C. under 30 atmos¬ 
pheres pressure are examples of this process. 

Other catalysts which have been suggested are liquid phosphoric acid ** and 
the molten chlorides of metals at least as electropositive as nickel, e.g., calcium, 
zinc or magnesium chloride.** 

Another procedure, which apparently combines both direct esterification and 
hydrolysis of the esters formed, consists in conducting (under pressure) steam, 
olefin and the vapors of aliphatic acids (e.g., acetic or trichloroacetic acid) over 
catalysts, such as zinc chloride, at temperatures of 150® to 600® C. The propor¬ 
tion of acid vapors should be small as compared with the olefin and steam present, 
so that only a small amount of esters is produced.** 

A two-stage process is described by Dreyfus,*^ in which olefins are absorbed 
(under 50 to 100 atmospheres pressure and at temperature of 250® to 300® C.) 
in aqueous solutions of orthophosphoric acid, or of weaker acids. The products 
are subsequently hydrolyzed with water or steam. The concentration of the acid 
employed varies with the individual olefin, being about 80 per cent for ethylene, 
75 per cent for propylene, and 60 per cent for higher olefins. 

Comparison of Available Data on Hydration of Ethylene 

In the absence of any published systematic study of the relative efficiencies of 
various catalysts for the hydration of ethylene, the somewhat meager information 
available furnishes the only basis for such comparison. Unfortunately, however, 
this information is not always sufficient for an adequate assessment of the value 
of a process. From the viewpoint of the industrial application of the hydra¬ 
tion reaction, the most rational basis of comparison would be the hourly output 
of alcohol per unit volume (apparent) of catalyst at a definite pressure and tem¬ 
perature. Table 76 contains the data available in this connection. 

••French Patent 745,084, 1933; Chem, Abs., 1933, 27, 4239. See also Dreyfus, French Patent 
745,042, 1933; Chem. Abs., 1933, 27, 4239; British Patents 394,375 and 394,674, 1931; Brit. Chem. 
Abs. B, 1933, 855. 

*» Dreyfus, British Patent 389,133, 1931; Brit. Chem. Abs. B, 1933, 457; French Patent 742,512, 
1933; Chem. Abs., 1933, 27, 3481. 

••Dreyfus, British Patent 394,389, 1931; Brit. Chem. Abs. B, 1933, 855. 

•• Dreyfus, British Patent 396,104, 1933. 

••Dreyfus, British Patent 394,376, 1931; Brit. Chem. Abs. B, 1933, 855; French Patent 746,463, 
1933; Chem. Abs., 1933, 27, 4539. 

••British Patent 394,187, 1932. 



DIRECT HYDRATIOk OF OLEFINS TO ALCOHOLS 


313 


Table 76. — Comparison of Alcohol Outputs. 

Alcohol Out- 


Reference 

Catalyst 

Pressure 

Atmos. 

Temp. 

"C. 

C,H4:H,0 

Molar 

Ratio 

put. Grams 
per Liter of 
Catalyst 

a 

Cd0*2H,P04 

100 

290 

70:30 

243 

b 

BPO 4 

100 

290 

70:30 

155 

e 

ZnSOa solution 

210 

300 

— 

82(?) 

d 

FcO*2.5H,P04 

20 

270 

16:4 

67.8 

d 

FeO- 2 . 5 H,P 04 

40 

280 

35:5 

174 

d 

CoO*2.5H,P04 

20 

270 

16:4 

31.8 

d 

1 (Uranyl oxalate) 

+ 2 . 3 H.PO 4 

20 

270 

16:4 

30.3 

a 

Mn 0 - 2 . 7 H,P 04 

20 

250 

15:5 

38.0 

a 

CuO-2H,P04 

20 

2/0 

16:4 

70.9 

a 

Cu0-2H.P04 

40 

300 

34:6 

221 

r 

lBa0.-2.2H,P04 

20 

270 

16:4 

37 


* Horsley, British Patent 369,216, 1930; assigned to Imperial Chemical Industries, Ltd.; Brit. 
Chem. Abs. B, 1932, 670. 

Horsley, British Patent 378,865, 1931; assigned to Imperial Chemical Industries, Ltd.; BtU. 
Chem. Abs. B, 1932, 1071. 

« Bent, British Patent 378,764, 1931; assigned to Bataafsche Petroleum Maatschappij; Brit. 
Chem. Abs. B, 1932, 1071. 

Joshua, Stanley and Dymock, British Patent 392,289, 1932; assigned to The Distillers Co., Ltd.; 
Brit. Chem. Abs. B, 1933, 776. 

Joshua, Stanley and Dymock, British Patent 392,685, 1932; assigned to The Distillers Co., Ltd.; 
Brit. Chem. Abs. B, 1933, 776. 

' Joshua. Stanley and Dymock, British Patent 396,724, 1933; assigned to The Distillers Co., Ltd. 


Propylene 

Little work has been done on the direct hydration of propylene to isopropyl 
alcohol or on the direct hydration of butene-1 and butene-2. As pointed out 
previously the hydration of isobutylene, hexenes, and certain heptenes appears 
to take place very readily under the influence of moderately dilute mineral acids. 
The hydration of olefins by dilute mineral acids probably runs parallel, to some 
extent at any rate, with the tendency to form alkyl esters with more concentrated 
acids. Brooks and Humphrey concluded from their work that the tendency of 
aliphatic olefins to form alkylsulphuric esters and alcohols appeared to be at a 
maximum with the amylenes and hexylenes. It was also noted that when the 
simple olefins such as the amylenes, hexenes, or heptenes are carefully treated 
with 85 per cent sulphuric acid at a temperature not exceeding 15° C. and the 
resulting clear, amber-colored acid solution slowly poured into iced w^ater, there 
is immediately precipitated a pale yellow oil containing as its chief constituent 
the free (secondary or tertiary) alcohol corresponding to the original hydro¬ 
carbon. To account for the fact that free alcohol was not present before dilution 
while the rates of hydrolysis of the alkylsulphuric esters concerned were far too 
low to admit of the degree of hydrolysis observed. Brooks and Humphrey assumed 
that the actual intermediate products were readily hydrolyzable alkyl esters of 
orthosulphuric acid, the latter being formed by the union of water and sulphuric 
acid according to the scheme: 

HO 

\o. + H,0 

*^J.A.C.S., 1918, 40, 822. Cf. Michael and Brunei, Amer. Chem. J., 1909, 41, 118. 


HO OH 
\/ 
s=o 
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I Swann, Snow, and Keyes studied the direct hydration of propylene under 
^ to 800 lbs. per square inch pressure at 135® C. in the presence of dilute 
hydrochloric acid and aqueous solutions of silver nitrate. Their results are 
recorded in Table 77. 


Table 77.— Hydration of Propylene. 



Pressure 

Temp. 

Duration 


Cone, of Alcohol 

Expt. 

Lbsysq. in. 

•c. 

Hours 

Catalyst 

Wt.% 

19 

600 

135 

1 

5% HCl 

0.44 

20 

600 

135 

1 

AgNO. - 

0.22 

21 

800 

135 

1 

5% HCl 

0.63 

22 

800 

135 

1 

AgNO* 

0.32 

23 

800 

135 

1 

AgNO, 

0.29 


It will be seen from the above figures that though the extent of hydration of 
propylene is several times greater than that of ethylene under similar conditions, 
the effect is'still very minute. The application of the general formula of Francis 
for the free energy of formation of alcohols from olefins and water to propylene- 
leads to the following expression: 

AF=-2875 + 15.77. 

This is no more promising from the point of view of the synthesis of isopropyl 
alcohol from propylene than is that for the production of ethyl alcohol from 
ethylene. On the other hand, it is stated that propylene and higher olefins may 
be catalytically hydrated to secondary and tertiary alcohols in such a way that 
propylene and its higher homologues may be removed from mixtures with ethyl¬ 
ene, which is itself largely unchanged under the conditions employed.*^® This 
would indicate that propylene and its homologues are much less resistant to 
catalytic hydration than is ethylene. In this process, propylene and its immediate 
higher homologues are allowed to react with a dilute acid, or aqueous salt solution 
having an acid reaction, in the presence of a catalyst at 100® to 250° C. (pref¬ 
erably 150° to 220® C.) and at a partial pressure of the olefin gas not less than 
10 atmospheres. Catalysts specified are bismuth chloride, bismuth oxychloride, 
cuprous chloride, copper sulphate, copper phosphate, copper toluene-p-sulphonate, 
copper naphthalene disulphonate, silver sulphate, and silver naphthalene disul- 
phonate. As dilute acids, hydrochloric, sulphuric, or phosphoric acids, or organic 
sulphonic acids such as toluene-p-sulphonic and naphthalene disulphonic acids, 
may be employed. 

McKee and Burke recommended a procedure for the manufacture of higher 
(secondary and tertiary) alcohols from ethylene homologues by vapor phase 
hydration, using a mixture of steam and the olefin at temperatures of 350° to* 
450® C. and pressure of 25 to 200 atmospheres in the presence of dehydrating 
oxide catalysts, such as alumina, thoria, or zirconia. 

In a process^* which has been previously discussed, the direct vapor phase 
hydration of propylene is proposed in the presence of catalysts consisting of cer¬ 
tain finely divided metals of the platinum group, or gold, silver, copper, iron, 
cobalt, nickel, chromium, tantalum, vanadium, tungsten, molybdenum, or man¬ 
ganese, or salts dr compounds thereof, at temperatures above 100® C. (best at 
150® to 300° C.) and even at atmospheric pressure. A mixture of copper oxide 
and tungstic acid is mentioned as particularly applicable for the hydration of 

<'•» Ind. ling. Ckem., 1930, 22, 1048. 

I. G. Farbenindustrie A.-G., British .Patent 324,897, 1928; Brit. Chem. Abs. B, 1930. 408. 

U. S. Patent 1,738,785, Dec. 10, 1929; Chem, Abs., 1930, 24, 955. 

** Rataafscbe Petroleum Maatschappij, Britiah Patent 335,551, 1930; Brit. Chcm. Abs. B, 1931, 12. 
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propylene. A mixture of propylene and water vapor is conducted at a velocity 
of 6.7 cc. per hour (per cubic centimeter of apparent catalyst volume) over a 
catalyst, made by depositing 15 grams of cupric oxide and 15 grams of tungsten 
trioxide on 150 grams of active carbon. The aqueous condensate obtained at a 
reaction temperature of 300° C. is reported to contain alcoholic bodies. 

Bent^* has suggested the direct hydration of propylene to isopropyl alcohol 
by heating under high pressure in the presence of aqueous solutions of sulphates. 
Propylene is introduced at a rate of about 7 liters per minute into a pressure vessel 
containing 650 grams of an aqueous solution of zinc sulphate (8 per cent 
ZnS 04 . 7 H 20 at 25° C.) at a temperature of 1286° C. and a total pressure of 
210 atmospheres. Isopropyl alcohol, water and unused propylene are continuously 
withdrawn from the top of the container and water is fed in to maintain the 
concentration of the aqueous solution. 

Boron phosphate is a catalyst for the VApor phase hydration of propylene.** 
On passing a mixture of equal volumes of steam and propylene at a space velocity 
of 1000 reciprocal hours over this catalyst at 200° C. at atmospheric pressure, a 
condensate was obtained which contained 1 per cent by weight of isopropyl 
alcohol, corresponding to a yield of 98-99 per cent of the propylene reacting. 
This, represents a conversion of propylene per passage of about 0.3 per cent at 
a time of contact of 3.6 seconds. About the same degree of conversion is secured 
with ethylene under similar conditions of steam to olefin ratio, temperature, pres¬ 
sure, and space velocity in the presence of cadmium (acid) phosphate.*® 

In the process of Suida,*® the higher homologues of ethylene are said to be 
converted into a mixture of the corresponding alcohols and their esters by causing 
such olefins to react with dilute aliphatic acids in the presence of not more than 
5 per cent of a strong mineral acid under pressure at temperatures above 100° C. 
For example, propylene is absorbed in a 15 per cent aqueous acetic acid solution 
containing 3 per cent of concentrated sulphuric acid at 150° C. under 20 atmos¬ 
pheres pressure to yield a product consisting of isopropyl alcohol and isopropyl 
acetate in the proportion of 8:1. 


Isobutylene 

As previously indicated, isobutylene in conjunction with certain other branched 
chain olefins can be slowly hydrated even in the presence of 5 to 10 per cent 
aqueous solutions of weak organic acids without appreciable polymerization. The 
hydration of these hydrocarbons in the presence of such feeble catalysts is too 
slow, however, for commercial purposes. Owing to the pronounced tendency of 
isobutylene to polymerize in the presence of strong acids, even at low tempera- 

Table 78. — Equilibrium Constants of the Reaction 
tso-C*Hi -f HtO ter^CMvOH, 

Temp. 

Temp. ® C. ® Absolute K 

80 353 1.25 

167 440 0.021 

British Patent 378,764, 1931; assigned to Bataafsche Petroleum Maatschappij; Brit. Ckem. 
Abs. B, 1932, 1071. 

** Horsley, British Patent 378,865, 1931; assigned to Imperial Chemical Industries, Ltd.; Brit. 
Chcm. Abs. B, 1932, 1071. 

^Horsley, British Patent 369,216, 1931; assigned to Imperial Chemical Industries, Ltd.; Brit. 
Chem. Abs. B, 1932, 670. 

^ U. S. Patent 1,836,135, Dec. 15, 1931; assigned to I. G. Farbenindustrie A.-G.; Ckem. Abs., 
1932, 26, 994. 
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tures, attempts to Ifydrate this olefin and similar reactive olefins in the presence 
of the known active hydrating catalysts would undoubtedly lead to the formation 
of relatively large proportions of polymerized substances. Francis*^ gave the 
figures in Table 78 for the equilibrium constants of the reaction between iso¬ 
butylene, water, and tertiary butyl alcohol at two temperatures. 

The figures in Table 78 show that the tendency for isobutylene to react with 
water to form tertiary butyl alcohol falls off very rapidly with rising tempera¬ 
ture, although at the lower temperature (80® C.) quite high conversions of iso¬ 
butylene into the corresponding alcohol are theoretically possible. 

Butene-2 

A study of the hydration of butene-2 to butanol-2 in the vapor phase under 
high pressure has been contributed by Marek and Flege.^® The catalysts em¬ 
ployed were cuprous chloride, phosphoric acid, copper phosphate and thoria at 
temperatures of 427® to 538° C. The pressures were 3000 and 5000 pounds 
per square inch (211 and 352 kg. per sq. cm., respectively). Under these con¬ 
ditions the hydration reaction was accompanied by polymerization, to avoid which 
a large excess of steam over butene was employed. The yield of polymerized 
products was reduced by increasing the steam-butene ratio and increased by the 
use of higher pressures and temperatures. All the catalysts were effective in 
speeding up hydration reactions but exerted little effect on polymerization. This 
is shown by the data in Table 79, all of which refer to experiments at a pressure 
of 3000 pounds per square inch using a reaction mixture consisting of 50 moles 
of steam to 1 mole of butene. 


Table 79 .—Effect of Temperature and Catalysts on Hydration. 

(Pressure 3000 Ib. per sq. in., or 211 kg. per sq. cm.; 
mole ratio of steam to butene-2, 50 to 1) 

Cone, of 
Hydrated 

Butene-2 Products in 




Time of 

To Products 

Exit Aqueous 

Catalyst 

Temp. 

Contact 

Hydrated 

Polymerized 

Solution 


'C. 

Sec. 


— Per Cent— 

—^- 

CUaCla . 

... 427 

77 

6.4 

0.00 

0.50 

CUsCU . 

... 427 

78 

6.3 

<0.05 

0.51 

CuzCli ..... 

... 482 

70 

6.8 

0.50 

0.58 

CusCU . 

... 482 

72 

6.8 

0.30 

0.58 

CUaCIa . 

... 538 

65 

— 

4.20 

0.06 

None . 

... 427 

78 

0.46 

0.00 

0.03 . 

None . 

... 482 

72 

2.16 

0.00 

0.22 

None . 

... 538 

68 

4.90 

2.30 

0.38 

Cu,(P04), . 

... 427 

74 

3.52 

<0.05 

0.28 

Cu,(P04)a . 

... 482 

69 

4.50 

<0.05 

0.34 

Cu,(PO.)a . 

... 538 

64 

5.00 

5.00 

0.44 

Thoria . 

... 427 

71 

2.4 

<0.05 

0.18 

Thoria . 

... 482 

67 

5.2 

0.72 

0.53 

Thoria . 

... 538 

63 

7.7 

6.80 

0.62 


The results of a series of experiments with varying times of contact and mole 
ratio of reactants are given in Table 80. 

An inspection of the results in Table 80 shows that an increase in the pro¬ 
portion of steam favors hydration but lowers the concentration of hydrated 

^Francis and Klcinschmidt, Anter. Pet. Inst. Butt., 1930, III, 93; Chem. Ahs., 1930, 24, 2369. 
^Jnd. Eng. Chew., 1932, 24. 1428. 
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Table 80 .—Effect of Mole Ratio and Time of Contact on Hydration, 



(Pressure, 3000 lb. per sq. in. or 211 kg. per sq. cm.) 








Cone, of 







Hydrated 





Butene-2 

Product in 



Mole Ratio 

Time of 

To Products 

Exit Aqueous 

Catalyst 

Temp. 

HaO.CiH. 

Contact 

Hydrated 

Polymerized Solution 


*C. 


Sec. 


—Per Cent- 


CifeCU . 

.. 427 

S 0.0 

78 

6.3 

<0.05 

0.51 

CibCU . 

.. 427 

10.0 

78 

1.24 

0.16 

0.50 

CusCU . 

.. 427 

1.0 

71 

0.3 

1.5 

1.00 

CuaCb . 

.. 482 

10.0 

72 

2.7 

0.31 

1.10 

CuaCla . 

.. 482 

1.0 

67 

4 1.01 

« 1.48 

1.86 

CUaCla . 

.. 482 

1.0 

137 

0.88 

8.5 

3.60 

Thoria . 

.. 427 

50.0 

71 

2.44 

<0.05 

0.18 

Thoria ..._ 

.. 427 

10.0 

67 

0.83 

<0.05 

0.31 

Thoria . 

.. 482 

50.0 

67 

5.2 

0.72 

0.53 

lUPO. 

.. 427 

10.0 

65 

3.6 

0.0 

1.40 

II 3 PO 4 . 

.. 427 

10.0 

364 

3.2 

<0.05 

\2\ 

IbPO* . 

.. 482 

10.0 

.59 

4.4 

<0.05 

1.57 

H 3 PO 4 . 

.. 482 

10.0 

310 

1.91 

24.1 

0.70 

I!,PO. 

.. 538 

10.0 

138 

1.87 

27.8 

0.57 

H.PO. 

... 538 

10.0 

57 

5.4 

<0.05 

2.07 


products in the condensate. Under comparable conditions, the amount of oleBn 
hydrated relative to that polymerized was greatest with the phosphoric acid 
catalyst. An increase in the time of contact from 65 to 364 seconds in the pres¬ 
ence of phosphoric acid at 427® C. varied the percentage hydration of butene-2 
to only a slight degree, indicating that equilibrium was approached under these 
conditions. At higher temperatures, however, an increase in the contact time re¬ 
sulted in diminished yields of hydrated products and an increase in polymerization. 

The experiments in Table 81 on the influence of pressure in the presence of 
various catalysts, show that an increase of pressure from 3000 to 5000 pounds 
per square inch favored polymerization to a much greater extent than hydration. 


Table 81 ,—Effect of Pressure on Hydration. 

(Mole ratio of steam to butene-2, 50 to 1) 

Cone, of 
Hydrated 
Butene-2 Product in 




Pressure 

Time of 

To Products Exit Aqueous 

Catalyst 

Temp. 

Lbs. per 

Contact 

Hydrated Polymerized 

Solution 


" C. 

sq. in. 

Sec. 


—Per Cent— 


CuaCla . 

. 427 

5000 

132 

7.6 

1.10 

0.60 

CUaCla . 

. 427 

3000 

77 

6.4 

0.00 

0.50 

CUaCla . 

. 482 

5000 

122 

3.1 

2.10 

0.24 

CUaCIa . 

. 482 

3000 

72 

6.8 

0.3 

0.58 

Thoria . 

. 427 

5000 

132 

2.3 

4.4 

0.11 

Thoria . 

. 427 

3000 

76 

2.40 

<0.05 

0.18 

Thoria . 

. 471 

5000 

121 

4.70 

1.60 

0.37 

Thoria . 

. 465 

3000 

67 

5.2 

0.72 

0.53 


Under conditions where polymerization was reduced to a negligible amount, 
the conversion of butene-2 into hydrated products was only about 3 to 6 per cent 
per passage even under such high pressures as 3000 pounds per square inch (210 
atmospheres). Marek and Flege, however, employed much higher temperatures 
than are usually considered desirable and accordingly a large excess of steam 
over butene was necessary to suppress polymerization. By using more active 
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catalysts at lower temperatures it should be possible to employ lower steam-olefin 
ratios without the occurrence of extensive polymerization. A further disadvan¬ 
tage of temperatures as high "as 400° to 500° C. is that under such conditions the 
alcohols tend to become dehydrogenated, yielding ketones and their condensation 
products.*® Accordingly purer alcohols would probably be obtained by conduct¬ 
ing hydration at lower temperatures in the absence of catalysts capable of cata¬ 
lyzing dehydrogenation. 

The hydration of butenes by heating with aqueous solutions, or suspensions, 
of the heavy metals sulphates, particularly zinc sulphate, has-been suggested by 
Bent.®® Temperatures of 200° to 375° C. and pressures not less than 100 atmos¬ 
pheres are recommended. 


Summary and Conclusions 


The general reaction 

CuH«. 4- H,0 


C.H,„+iOH 


is reversible and represents both the direct hydration of olehns to alcohols and 
the dehydration of adcohols to olefins. While some of the higher olefins, such as 
amylenes, hexenes or isobutylene, appear to be hydrated fairly readily by mod¬ 
erately dilute mineral acids, the simple gaseous olefins, ethylene and propylene, 
are much more resistant to direct hydration. The thermodynamic calculations indi¬ 
cate that comparatively low temperatures are necessary to obtain appreciable 
quantities of alcdiols and that efficient catalysts and high pressures are required. 
Even at low temperatures the equilibria are well over to the olefin side of the 
equation, i.e., the equilibrium concentrations of alcohol are small.®®* 

From the calculated free energies of the formation of alcohols, up to and 
including hexanol, Frost ®^ concluded that high pressures and temperatures of 
227° to 427° C. favor the direct hydration of olefins. 

In spite of these adverse considerations much work has been done with a 
view to perfecting processes for the alluring reaction of direct hydration of the 
lower olefins. It cannot be said, however, that these efforts have been crowned 
with anything in the nature of success. Doubtless the seeming simplicity of the 
reaction will continue to entice that type of investigator who possesses the confi¬ 
dence that success lies just around the corner. 

On the other hand, from details given in the process ®® of the I. G. Farben- 
industrie already noted, it appears that propylene is somewhat more amenable to 
the hydration process than is ethylene. 

Very much more promising than the direct hydration of ethylene and 
propylene appears to be the use of acids of catalytic strength, i.e., of a strength 
exceeding that necessary for the direct hydration process but yielding, on combi¬ 
nation with gaseous olefins under pressure, not only free alcohols but also alkyl 
esters of the mineral acid. Thus, for example, Swann, Snow and Keyes ®* 
in discussing the results obtained by heating ethylene under 800 lbs. per square 
inch pressure in the presence of halogen acids of higher ranges of concentration, 
state: 

'^Increasing the concentration of hydrobromic or hydriodic acids favors the 


*The butonol-2 obtained by Marek and Flegc showed an acetylation value corresponding to about 
81.5 per cent butanol. 

** British Patent 378,764, 1932; assigned to Bataafsche Petroleum Maatschappij: Brii. Chem. 
Ahf. B. 1932. 1071. • 

*** Cf. Sanders and Dodge, Ind. Eng» Chem., 1934, 26, 208. 

•^Zhur. Priktadnoi Kkirn., 1930, 3, 1069; Chem. Abe,, 1931, 25. 3233. 

* British Patent 324,897, 1928; BrU. Chem. Abe. B, 1930, 408. 

•Lac. cit. 
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formation of the alkyl halide without apparently increasing the alcohol forma¬ 
tion. * With the concentrated acid, large proportions of the alkyl halide are 
formed. Since the halides are so easily obtained in large quantities and since 
they may be rather easily hydrolyzed photochemically or catalytically, an indirect 
process (of making alcohol) may be developed involving the steps: formation 
of alkyl halide, hydrolysis of halide, and reconcentration of acid.” It is difficult 
to see, however, in what way such a process will offer advantages over the sul¬ 
phuric acid process, particularly as halogen acids are difficult to reconcentrate 
in bulk. 

Closely related is the proposal advanced by McElroy" to manufacture alco¬ 
hols by passing a current of gaseous olefins (j)ropylene especially) upwards in 
intimate contact with a downwardly moving current of hot dilute acid {o( 
catalytic hydrating strength), removing alcohol vapors, water vapor and residual 
gas after such contact, removing concentrated acid liquor at the bottom, and 
subsequently returning the acid to the top oi the tower after adding to it sufficient 
water to compensate for that used up in the hydration process. Such a process 
might be considered to occupy a position midway between the direct hydration 
process and the ordinary concentrated sulphuric acid process. The alkylsulphuric 
esters are hydrolyzed by dilution with water, the alcohols distilled off, and the 
acid reconcentrated to its original esterilying strength for further use. 

**U. S. Patent 1,438,123, Dec. 5, 1922; JS.C.l.. 1923, 42. 1I9A. Cf. Cotelle. U. S. Patent 41,685, 
Feb. 23, 1861. 



Chapter 12 

Direct Esterification of Olefins with Mineral and 
Organic Acids 


Many instances are known of the direct combination of olefins with mineral 
and other acids to yield esters of alcohols, and evidence of many more is being 
rapidly accumulated. The subject is of very great importance since the normal 
procedure for the manufacture of alcohols from olefins includes the union of 
these compounds with sulphuric acid to produce alkylsulphuric esters. Moreover 
the possibility of directly esterifying olefins to yield certain desirable esters of 
the corresponding alcohols opens up a wide and promising field of research. 

The reaction involved in the direct esterification of olefins may be expressed 
by the equation: 


R. Rt 

\ / 

C=C +HX- 


R. Rt 

\ / 

^ CH-C-i?* 

\ 


where R^, /? 2 » ^ 3 ? and i?,j are aliphatic radicals or hydrogen, and X represents 
an acidic radical such as —Cl, or — SO4H. Under the proper conditions, how¬ 
ever, this reaction becomes a reversible one. 

An important rule governing the addition of halogen acids to olefins is that 
proposed by Markownikov,^ who stated that the halogen atom of the halogen acid 
tends to become united to the carbon atom which is combined with the least 
number of hydrogen atoms. Another way of stating this is that addition takes 
place in such a manner as to produce the maximum number of methyl groups in 
the molecule. Thus 1-butene and 2-butene add hydriodic acid with the production 
of the same secondary butyl iodide,^ while isobutylene yields the tertiary iodide 
almost entirely. 


CH,CH,CH=-CH, 



CH.CH=CHCH, 


CH.CHtCHICH, 


CH, 


\ 


/ 


C-=CH. + HI 


CH. 


CH, 


\ 


CICH, 


/ 


CH, 


1 Ann., 1870, 153. 256. Also, Butlerow, Ann., 1868. 145, 274. 
* Lie^n and Rosti, Ann., 1871, 158, 166. 
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However, Ipatiev and his collaborators * found that when the higher ethylenic 
hydrocarbons are treated with a solution of hydrogen bromide in glacial acetic 
acid the combination does not take place normally according to Markownikov’s 
rule as there is also found a certain amount of abnormal products. For various 
olefins the proportion of these products formed is different and becomes less 
with the increasing difference between the amounts of hydrogen united with the 
carbon atoms on either side of the double linking. Thus with isobutylene, con¬ 
taining the grouping >C=CH 2 , the proportion of abnormal product is 6 to 7 
per cent; with trimethylethylene, having >C=CH—, 10 to 15..per cent and with 
isopropylethylene, possessing —CH=CH 2 , 50 per cent. 

The work of Ipatiev has been confirmed add enlarged to a certain extent by 
Delacre.* The latter found that crude 3.3-dimethyl-1-butene and hydrogen bro¬ 
mide gave the primary bromide instead of the expected secondary derivative. 
It was thought that the impurities associated with the crude hydrocarbon exerted 
the same action as acetic acid, the solvent employed by Ipatiev. 

According to Brunei ° the equilibrium 

isobutyl bromide tertiary butyl bromide 

is established at 280° C. when the mixture contains about 90 per cent of the 
tertiary bromide. Thus the reaction of halogen acids with isobutylene at high 
temperatures yields principally the tertiary product, though at lower temperatures 
somewhat more of the isobutyl bromide is obtained. 

Ethylene 

The direct combination of ethylene and sulphuric acid to yield the ethyl esters 
of sulphuric acid has long been known. The preparation of ethyl and of isopropyl 
alcohols from ethylene and from propylene, respectively, by the formation of the 
corresponding alkylsulphuric acid and subsequent hydrolysis, was investigated by 
Berthelot.® The absorption of the olefins by the acid did not take place under 
practical optimum conditions, however, and the yields of alcohols were insig¬ 
nificant. 

The ethylene is normally absorbed in about 96 per cent sulphuric acid at a 
temperature not greatly exceeding 100° C. Plant and Sidgwick ^ later showed 
that besides ethylsulphuric acid some diethyl sulphate, (CoH 6 ) 2 S 04 , was formed, 
but not until the concentration of ethylsulphuric acid had attained a high figure. 
Still later, Damiens ® observed that the yield of diethyl sulphate was higher at 
low temperatures and with concentrated (100%) sulphuric acid. Maimeri 
found that if the absorption of pure ethylene in 100 per cent sulphuric acid was 
conducted under pressure it then became very rapid and much diethyl sulphate 
was formed at ordinary temperatures. Thus at 3.5 atmospheres pressure of 
ethylene (using 100% acid) the yield of diethyl sulphate was 35 per cent 
and of ethylsulphuric acid 51 per cent, based on the sulphuric acid, while at 10 
atmospheres pressure, the diethyl sulphate yield had increased to 62 per cent and 
the ethylsulphuric acid yield diminished to 30 per cent of tlie sulphuric acid. In 
general, however, when the absorption is conducted at atmospheric pressure, 

» Bcr., 1903, 36. 1988. 

* Dull. acad. toy. Betg., 1906, 7; Chem. Soc. Abs., 1906, 90 (1), 476. 

* Bcr., 1911, 44, 1000. 

* Ann. chim. phys., 1895, (7) 4, 101. 

^ J.S.C.I., 1921, 40. 14T. 

* Compt, rend,, 1922, 175, 585; Chem. Ahs., 1923. 17, 259; Butt. soc. chim., 1923. (4) 33. 71: 
Chem, Abs,, 1923, 17, 1208. 

•Aiti Congr. Nas. Chim. Ind., 1924, 269; Chem. Abs., 1925, 19, 1402. 
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using 96 per cent sulphuric acid, very little diethyl sulphate is formed, tlie main 
product being ethylsulphuric acid. 

A detailed account of the various factors influencing the direct combination 
of ethylene with sulphuric acid is unnecessary at this stage since it is discussed 
at length in Chapter 13. It is of interest to note, however, that certain derivatives 
of sulphuric acid combine with ethylene to yield ethyl esters, as for example 
benzenesulphonic acid. Chlorosulphonic acid, when mixed with an equal weight 
of sulphuric acid (100%), was shown by Traube and Justh^® to absorb ethylene 
rapidly and quantitatively from coke-oven gas with the production of ethyl 
chlorosulphonate, (ClSOjCjjHa, b.p. 155® to 160® C, at 760 mm.), which on 
hydrolysis yielded a mixture of ethyl alcohol, ethyl chloride, and sulphuric and 
hydrochloric acids. 

The absorption of ethylene by means of ortho-, pyro-, and metaphosphoric 
acids at 140® C. and 1 atmosphere pressure was investigated by Muller,who 
reported that ethyl dihydrogenphosphate was formed with orthophosphoric acid, 
and possibly also with the pyrophosphoric acid. The rate of absorption decreased 
as the quantity of dissolved gas increased. However, at the end of 17 days, 100 
grams of orthophosphoric acid had absorbed 1200 cc. of ethylene at 115® to 
145® C. The presence of a small amount of cuprous oxide or silver sulphate 
greatly increased the absorptive power of the acids. 

The direct combination of ethylene with gaseous hydrogen chloride was first 
attempted by Berthelot but without success, although this investigator was able 
to effect the combination of ethylene with hydrobromic and hydriodic acids with 
the production of the corresponding ethyl halides. Berl and Bitter later found 
that the direct union of ethylene with hydrogen chloride would proceed in the 
presence of aluminum chloride as catalyst at temperatures of 100® C. and above 
(most advantageously at 130® to 170® C.) without the formation of appreciable 
quantities of by-products. Owing to the slowness of the reaction, prolonged 
contact with the catalyst was necessary for good yields of ethyl chloride. Much 
information regarding this reaction has been furnished by the work of Wibaut 
and his collaborators,*^ who carried out a systematic examination of* the effects 
of various catalysts on this reaction under atmospheric pressure and at various 
temperatures. Bismuth trichloride on asbestos was reported to be the best catalyst 
for this reaction, other catalysts of lower activity being ferric chloride, vanadium 
trichloride and aluminum chloride. At ordinary temperatures in the presence of 
the bismuth trichloride the reaction proceeds slowly, but at higher temperatures 
(e.g., 200® to 215® C.) the yield of ethyl chloride is 80 per cent, or more, of the 
ethylene used. With the same catalyst, good yields of ethyl chloride could be 
obtained from mixtures of ethylene and coal gas or water gas, even at ethylene 
concentrations as low as one or two per cent. 

A point of interest in regard to the combination of ethylene with hydrogen 
chloride is the fact that the reaction is a reversible one since ethyl chloride can 
be made to yield ethylene and hydrogen chloride when passed over heated cata¬ 
lysts. Many other reactions of a similar type, for example, the combination of 
ethylene, propylene, and higher olefins with anhydrous halogen acids, are also 

»Brennstoir-Chem., 1923, 4, ISO; Ckem. Abt., 1923, 17, 3858. 

» Ber., 1925, 58B, 2105. 

» Compt. rend,, 1857, 44, 1350; ibid,, 1860, 50, 612. 

»Ber., 1924, 57B, 95. 

‘♦Wibaut, Diekmann and Rutgers, Proc. Acad. Sci. Amsterdam, 1924, 27, 671; Chem. Abs., 1925. 
19, 1804; Ree. trav. ckim., 1928, 47, 477; Chem. Abs., 1928, 22, 1949; 2. Elektrochem., 1929, 35, 602; 
Ckem. .4bs., 1930, 24. 1076. . - » ow . 
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reversible under certain conditions. In the case of the combination of ethylene 
with hydrogen chloride according to the reaction 

GH 4 + HCI GH.Cl 

the equilibrium is well over to the side of the ethyl chloride even at 200® C. but 
the amount of dissociation increases with rise in temperature. From a measure¬ 
ment of the equilibrium constants of this reaction at 114° and 124° C., which were 
found to be = 0.818 X 10"* and K^ 2 a = 2.186 X 10’® where 

^ ^ HCl 

Wibaut and Tidman have arrived at the value of 29.9 Cals, for the heat of reac¬ 
tion at constant pressure, which is in good agreement with Berthelot's thermal 
data. 

The synthesis of ethyl chloride by the direct combination of ethylene with 
hydrogen chloride has attracted much attention probably largely from the point 
of view of the possible production of ethyl alcohi»l by the hydrolysis of the ethyl 
chloride formed. A number of interesting methods have been devised for 
carrying out such reactions. Thus, for example, Wibaut prepared alkyl halides 
by passing a mixture of olefin and hydrogen chloride or bromide over a metal of 
the fifth group (e.g., a bismuth trihalide) at temperatures above 100° C. but 
not exceeding 250° C,, the product being collected by absorption in activated 
charcoal. Higher temperatures are required when the olefin is diluted with other 
gases or air. 

Suida efifected the combination of ethylene and hydrogen chloride, at atmos¬ 
pheric or increased pressure, in the presence of porous material impregnated with 
the liquid double compound of aluminum chloride and ethylene, (QHtjAlCla)^, 
obtained by the passage of ethyl chloride over powdered aluminum chloride at 
100° to 120° C. until it is completely converted into a dark brown liquid. On 
conducting a mixture of hydrogen chloride and ethylene over this catalyst at 
90° C., a yield of 66 per cent is obtained. Suida also described the direct com¬ 
bination of ethylene with hydrogen chloride at a pressure of 30 atmospheres and 
at temperatures below 50° C., conveniently at 10° C., in the presence of ferric 
chloride, aluminum chloride, or the molecular compounds of these with ethylene. 
As a modification of the above process, ethylene is combined with hydrogen chlo¬ 
ride under 60 atmospheres pressure in the presence of an inert solvent, e.g., 
ethyl chloride itself, using aluminum chloride or its double compound with ethyl¬ 
ene as a catalyst.*® A similar combination of conditions has been suggested by 
Suida,*® and the use of aluminum chloride to catalyze the combination of ethylene 
with hydrogen chloride has also been proposed by Webb.®® 

Acid-resistant adsorbents are recommended by Strange and Kane®* as cata¬ 
lysts for the direct combination of low molecular weight olefins with hydrochloric 

« British Patent 209,722, 1923; 1924, 43, 731B; U. S. Patent 1,591,151, July 6. 1926; 

Brit. Ckem. Ahs. B. 1926, 721. » . . J 7 . 

German Patent 420,441, 1924; assigned to Chemische Fabrik vorm. WeiIer*ter>Meer; Brit. Chcm 
Abs. B, 1926, 463. 

** British Patent 229,298, 1925; J.S.C.I., 1925, 44, 653B. Also German Patent 417,170, 1924: 
Brit. Chcm. Abs. B. 1926, 108. 

‘•Chemische Fabrik vorm. Weiler-ter-Meer, British Patent 235,521, 1924; J.S.C.I., 1925, 44, 737B. 

••German Patents 478,082, 1924; Chcm. Abs., 1929, 23, 4231; and 485,434, 1924; Chtm. Abs., 1930. 
24, 866. Both patents assigned to 1. G. Farbenindustrie A.-G. 

•• U. S. Patent 1,560,625, Nov. iO, 1925; assigned to Carbide and Carbon Chemicals Coro.; 
Brit. Chcm. Abs. B, 1926, 77. 

“ British Patent 353,032, 1930; Brit. Chcm. Abs. B, 1931, 1085. Also French Patent 709.829 
I9il ; Chcm. Abs., 1932, 2b, 997. 
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.•or hydrobromic acid. The adsorbents mentioned are active carbon or activated 
charcoal, colloidal silica, or natural siliceous materials which have been dehydrated 
or extracted with acids, such as kieselguhr. The reaction takes place at tempera¬ 
tures below 120° C. 

The direct combination of ethylene with hydrogen bromide apparently occurs 
much more readily than in the case of hydrogen chloride. Thus, Berthelot,-- on 
heating ethylene with a saturated solution of hydrobromic acid at 100° C. in a 
sealed tube for 100 hours, obtained a large quantity of ethyl bromide. Ethylene 
and a solution of hydriodic acid were found to react somewhat more rapidly. 
Gustavson observed that the direct combination of ethylene with gaseous hydro¬ 
gen bromide took place in the presence of aluminum bromide at 0° C. with the 
production of ethyl bromide and also other products. At higher temperatures, 
however, the reaction product was a complex mixture in which hydrocarbons and 
complex double compounds of aluminum bromide were present. Wibaut, Diek- 
mann and Rutgers observed that an efficient catalyst for this reaction was 
bismuth tribromide dispersed on asbestos. These workers noted that, in the 
presence of bismuth tribromide, the addition of hydrogen bromide to ethylene 
proceeds even at 20° C., and at atmospheric pressure at a much greater rate than 
that of hydrogen chloride under similar circumstances. 

A method, which apparently combines dehydration of the alcohol to the olefins 
and subsequent addition of the halogen hydride, was described by Carlisle.-® This 
consists in passing the v^apors of the alcohol together with the halogen hydride 
over an aluminum oxide catalyst maintained at a temperature of 150° to 300° C. 

Maass, Wright, and Sivertzobserved that in a mixture of liquid ethylene 
and liquid hydrogen bromide (under pressure) no reaction occurs at 0° C., 
although a slow reaction proceeded in the case of a mixture of liquid propylene 
and liquid hydrogen bromide at —78° C. Later Swann, Snow and Keyes 
showed that ethylene heated under fairly high pressure (about 800 pounds per 
square inch) to 150° C. with moderately concentrated aqueous solutions of halo¬ 
gen acids (hydrobromic and hydriodic acids) yielded considerable quantities of 
ethyl halides together with very small amounts of free alcohol. Thus on heating 
ISO cc. of 45 per cent hydriodic acid together with ethylene, under an ethylene 
pressure of 800 pounds per square inch, for 3 hours at 150° C., 24 grams of the 
ethyl halide were obtained. 

The direct esterification of ethylene by means of organic acids is apparently 
very difficult to effect. In the presence of condensing agents, such as sulphuric 
acid, esterification does take place. For example, Traube and Justh found that 
ethylene and chlorosulphonic reacted in the presence of sulphuric acid to form 
ethyl chlorosulphonate. Ellis proposed to esterify olefins with organic acids by 
heating in the presence of sulphuric or phosphoric acids. The olefins may be 
used directly, or dissolved in an inert solvent, such as a petroleum distillate. Or 
the olefins may be first absorbed in sulphuric acid and then the salt of an organic 
acid added, such as calcium acetate,*® 

In producing esters by the reaction between calciuln acetate and alkyl sulphates 
in the presence of an inert organic solvent, the addition of a hygroscopic solid 

^Compt. rend., 1850, 44. 1350; 1860, 50. 612. 

“J. prakt. Chem., 1886, (2) 34, 161; Chem. Soc, Ahs., 1886, 50, 999. 

^ Rec. trav. chim., 1928, 47, 477; Chem. Abs., 1928. 22, 1949. 

** U. S. Patent 1,834,089, Dec. 1, 1931; assigned to Koessler and Hasslacher Chemical Co.: Chem. 
Abs., 1933. 26, 997. 

^J.A.C.S., 1924, 46, 2664; 1925, 47, 2883. 

» Ind. Eng. Chem., 1930, 22. 1048. 

*• Loc. cit. 

»U. S. Patent 1,365,052, Jan. 11, 1921; Chem. Abs., 1921, 15. 865. 

Ellis et al., U. S. Patents 1,365,050 and 1,365,051, Jan. 11, 1921; Chem. Abs., 1921, 15, 865. 
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material, such as plaster of Paris or sodium sulphate, facilitates the separation 
of the calcium sulphate from the reaction mixture.®^ 

Alkyl esters may be obtained also by the action of an aqueous solution of 
hydrogen chloride (or bromide) on dialkyl sulphates or alkylsulphuric acids at 
temperatures above 100° C .*2 An alternate method consists in absorbing the 
olefin in sulphuric acid and causing the alkylsulphuric acid to react (by heating) 
with a carboxylic acid, e.g., acetic or benzoic acid. The addition of neutral 
sulphate or phosphate in quantity sufficient to bind the free sulphuric acid present 
and that formed during the reaction is necessary.®® 

Propylene * 

Propylene is capable of combining with both mineral and organic acids much 
more readily than ethylene. Indeed it appears to be a general rule that the 
chemical reactivity of the olefin hydrocarbons increases with increasing molecular 
weight up to a certain maximum and then declines. 

In comparing the additive powers of ethylene, propylene, n- and iso-butylene, 
trimethyl- and tetramethylethylene, and also di-isobutylene with various mineral 
acids, Brunei and Probeck found that a maximum was obtained with iso¬ 
butylene. ' 

Although, as stated, the union of propylene with sulphuric acid takes place 
much more readily than in the case of ethylene, isopropylsulphuric acid, though 
formed in quantity under certain circumstances, is by no means the only product 
of the reaction. A number of side reactions take place and in order to obtain* 
appreciable quantities of isopropyl alcohol it is necessary to adjust the conditions 
very carefully. Ellis ®® has shown that for the production o£ isopropyl alcohol 
the olefin should be dissolved in 87 per cent acid (d 1.8). Absorption can be 
continued until the density has fallen to 1.4, and during absorption the tempera¬ 
ture of the acid should be maintained at 20° to 40° C. The gases may be absorbed 
directly by the acid, or in the presence of a diluent such as a petroleum distillate. 

Any substance which is miscible with the olefins and unreactive with the acid 
is a satisfactory diluent. The mechanism by which this diluent prevents poly¬ 
merization is probably as follows: 

(1) The diluent molecules are right beside the reacting olefin molecules at the inter¬ 
face and therefore absorb the heat of reaction at the point where it is evolved, and 
thus lessen local overheating. 

(2) If pure olefins react with acid, the instant some olefin molecules are absorbed 
by the acid absolutely fresh olefin molecules rush to the interface and there are capable 
of instant reaction with the further evolution of heat. When, however, a diluent is 
present, then, after the first instant of reaction during which only the surface layer of 
reactive olefin molecules in the hydrocarbon mixture react, the acid is left in contact 
with an insulating layer of inert hydrocarbon. The reaction therefore ceases, except as 
fresh reactive olefin molecules difiuse up to the acid surface through this insulating layer 
of hydrocarbons. These diffusion processes are notably slow, and the reaction rate 
is therefore retarded. This gives time for the heat evolved at the interface to dissipate 
itself and local overheating is again eliminated. 

Archibald and Lebo, U. S. Patent 1,844,536, Feb. 9, 1932; assigned to Standard Oil Development 
Co.: Chem. Abs., 1932, 26. 1945. 

** i. G. Farbenindustrie A.-G., British Patent 370,211, 1930; Chem. Abs., 1933. 27, 2965. For 
the preparation of acetates by a simpler procedure, see I. G. Farbenindustrie A.-G., U. S. Patent 
1,910,818, May 23, 1933; Chem. Abs., 1933, 27, 3952; British Patent 364.701, 1930; Chem. Abs., 1933, 
27, 1642; German Patent 574,833, 1933; Chem. Abs., 1933, 27, 4543; Merley, U. S. Patent 1,898.737, 
Feb. 21, 1933; assigned to Doherty Research Co.; Chem. Abs., 1933, 27, 2692. 

** Lommel and Engelhard!, U. S. Patent 1,903,868, Apr. 18, 1933; assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 3223. 

** Amer. Chem. J., 1910, 44, 437. 

» Ellis et at., U. S. Patents 1,464,153, Aug. 7. 1923; 1,486,646, Mar. 11, 1924; 1,486,647. Mar. 
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(3) As far as the olehnic constituent of the mixture is concerned sulphation is a 
unimolecular reaction, and proportional to the olefin concentration at the interface. 
Polymerization, on the other hand, must from its very nature be proportional to the 
square of the olefin concentration at the interface, or perhaps even a higher power. 
Furthermore, it is the interfacial concentration alone that counts in this respect. There¬ 
fore dilution tremendously reduces the ratio of polymerization to sulphation and makes it 
possible to raise the temperature and thus avoid the cost of low-temperature refrigeration. 
At the same time, increasing the sulphation rate by increasing the temperature far more 
than compensates for the reduction in sulphation rate due to dilution. Thus the reaction 
is made commercially possible. 

Liquid hydrocarbon diluents are employed by Ellis and by Mann and Wil¬ 
liams.®** If an easily volatile diluent starts to heat at the interface, vapor will 
be formed, and since vapor formation absorbs a large quantity of heat the inter¬ 
face will therefore be cooled. Furthermore, the vapor insulates the hydrocarbon 
liquid from the acid, thereby slowing the reaction and hence also the evolution of 
heat. This is also an important auxiliary factor in making the conditions of 
sulphation commercially effective. 

After absorption is completed the acid layer is diluted with water, to bring 
about hydrolysis, and then distilled. Isopropyl alcohol is obtained in the distillate. 

In their work Plant and Sidgwick®^ observed that, after acid of 97 per cent 
strength had absorbed 50 per cent by weight of propylene in 2 hours, a colorless 
oil separated. This oil, boiling from 55® to 155® C. at 30 mm., was considered 
by them to be a mixture of open-chain secondary alcohols, produced by the 
action of sulphuric acid on propylene polymers. Ormandy and Craven later 
reported, however, that the oily products obtained by the action of 98 per cent 
sulphuric acid on propylene consist partly of paraffin hydrocarbons. Undoubtedly 
the action of sulphuric acid on,propylene and the higher olefins, under certain 
circumstances, may lead to a complex mixture of products. Under other condi¬ 
tions, good yields of isopropyl sulphuric acid, and then isopropyl alcohol, may 
be obtained. 

The reaction of propylene with halogen acids has been studied by Maass, 
Wright and Sivertz,®® who found that in a mixture of liquid propylene and 
liquid hydrogen bromide at —78° C. a slow reaction occurs resulting in the for¬ 
mation of isopropyl bromide and in addition another product of higher boiling 
point, probably a hexyl bromide. Liquid hydrogen chloride and liquid propylene 
reacted slowly at 20° C. forming besides isopropyl chloride an appreciable amount 
of a higher boiling substance, later identified as a hexyl chloride (probably 
2-chloro-4-methylpentane). The velocity of the reaction between propylene and 
hydrogen chloride in the liquid state increased with rise in temperature; above 
the critical temperature, however, the reaction velocity became almost zero.*^ It 
was found, moreover, that in a gaseous mixture of hydrogen chloride and 
propylene enclosed in a glass vessel (without catalysts) no reaction occurred at 
room temperature even when the experiment was continued for 400 days. Some 
work on the addition of propylene to gaseous hydrogen chloride and bromide 
has been carried out by Wibaut and his collaborators,*® who have shown that in 
the presence of a bismuth chloride-asbestos catalyst hydrogen chloride reacts 
vigorously with propylene at room temperature, the product being 2-chloropropane 
(isopropyl chloride). At 80° to 90® C, in the presence of this catalyst, the yield 

"U. S. Patent 1,365,043, Jan. 11, 1921; J.S.C.L, 1921, 40, 162A. 

” J.S.C.I., 1921, 40, 17T. 

^J.S.C.1^ 1928, 47, 317T. 

^J.A,C.S., 1924. 46, 2664; 1925, 47, 2883. 

^Sutherland and Maass, Trans. Roy. Soc. Canada, 1926, 20, 499; Chem. Abs., 1927, 21, 2657. 

"Sutherland and Maass, Canadian J. Research, 1931, 5, 48; Brit. Chentr Abs. A, 1931, 1239. 

" Loc. cit. 
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of isopropyl chloride was 91 per cent based on the propylene used. Gaseous 
hydrogen bromide was found to react with propylene at 20® C. in the presence 
of pure asbestos, though bismuth tribromide dispersed on glass wool was the 
best catalyst. In the presence of the latter material, the combination of hydro¬ 
gen bromide and propylene occurred readily at 20® C. (the temperature rising 
to 40® C. spontaneously) and the yield of 2-bromopropane was 93 per cent of 
the theoretical. Antimony tribromide also was observed to exert considerable 
catalytic influence on the reaction. Furthermore, after the methyl group in 
propylene is halogenated, the addition of a halogen acid yields 1,3-dihalogen pro¬ 
pane, a reagent used in organic syntheses. 

The conversion of propylene into isopropyl chloride by direct combination 
with hydrogen chloride according to the reaction: 

GH. 4- HCl GHtQ 

has been the basis for a number of processes, particularly those of Wibaut,*® 
Curnie,^^ and the T. Goldschmidt A.-G.*® Curnie proposed to make isopropyl 
chloride by allowing anhydrous propylene to react with hydrogen chloride under 
15 atmospheres pressure, a solvent being added if desired. In the process of 
the T. Goldschmidt A.-G. propylene and its higher homologues may be converted 
into the corresponding alkyl chlorides preferentially, so that any admixed ethyl¬ 
ene is not attacked, by passing these olefins together with hydrogen chloride over 
a contact mass of anhydrous iron chloride at ordinary temperatures. 

Although the reaction between propylene and hydrogen bromide is gener¬ 
ally assumed to give isopropyl bromide, nevertheless, the addition of modifying 
agents to the reacting substances makes it possible to obtain either n- or iso¬ 
propyl bromide as the main product. In the presence of air or antioxidants 
(e,g., diphenylamine) isopropyl bromide is obtained almost exclusively, though 
the presence of peroxides (e.g., benzoyl peroxide), gives practically quantitative 
yields of n-propyl bromide.^® 

Not a great deal of work has been done on the direct combination of propyl¬ 
ene with organic acids, although this reaction is capable of being achieved under 
certain conditions with the production of esters of isopropyl alcohol. Thus, 
Ellis has proposed the esterification of olefins by organic acids in the presence 
of sulphuric acid, or by absorbing them in sulphuric acid and then adding the 
salt of an organic acid. The production of ethyl acetate was accomplished by 

Oehme ** by treating a solution of ethylene in concentrated sulphuric acid 

with glacial acetic acid. Also, Woolcock*® reported that good yields of iso¬ 
propyl acetate may be obtained by absorbing propylene in a mixture of glacial 
acetic and concentrated sulphuric acids. On treating a mixture of equal volumes 
of 99.5 per cent sulphuric acid and glacial acetic acid with gaseous propylene 
at 40° C. and at atmospheric pressure until no more propylene was absorbed, 
the yield of isopropyl acetate was 27 per cent of the propylene absorbed while 
53 per cent was recovered as isopropyl alcohol (through the intermediate forma¬ 
tion of isopropylsulphuric acid), representing a total yield of 80 per c^snt, based 
on the amount of propylene absorbed. 

" U, S. Patent 1,591,151, July 6, 1926; Brit. Chem. Abs. B, 1926, 721. 

^ U. S. Patent 1,545,742, July 14, 1925; assigned to Carbide and Carbon Chemicals Corp.; Chem. 

Abs.. 1925, 19, 2830. 

British Patent 235,547. 1925; J.S.C.I., 1925. 44. 738B. 

^ Kharasch, McNab and Mayo, J.A.C.S., 1933, 55, 2531. 

«Loc. cit.; U. S. Patents 1,365,050 and 1,365,052,Jan. 11. 1921; J.S.C.I., 1921, 40. 162A. 

^German Patent 372,717, 1919; assigned to Chem. Fabrik Kalk G.m.b.H.; J.S.C.I., 1923, 42, 1200A. 

^ British Patent 334,228, 1930; assigned to Imperial Chemicals Industries, Ltd.; Brit. Chem. 
Abs. B, 1930, 1058. 
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Suida recommended that the addition of organic acids to olefins, in the 
presence of sulphuric aciclas a catalyst, be effected at 180® C. and under pres¬ 
sure of 20 to 50 atmospheres. 

Direct combination of olefins and aliphatic carboxylic acids takes place in 
the presence of the chlorides, bromides, phosphates or sulphates of heavy metals, 
as well as sulphuric or phosphoric acid or their acid salts.^^ The reaction is 
carried out at any desired pressure and at a temperature above the boiling point 
of the ester (at the pressure employed), thus allowing its removal from the 
reaction zone as a vapor. 

Butenes 

The tendency of the olefin hydrocarbons having four or more carbon atoms 
per molecule to combine with acids with the formation of the esters of the 
corresponding secondary and tertiary alcohols is relatively great in comparison 
with ethylene and propylene. Of the three isomeric butylenes, isobutylene is 
much more reactive toward acids and forms the esters of tertiary butanol with 
considerable ease. The other two butylenes both give rise to esters of the secondary 
alcohol, namely CHjCHgCHOHCHs. 

The reaction of the three butylenes with sulphuric acid to yield alkylsulphuric 
esters, and then, by hydrolysis, the corresponding alcohols, is now well known. 
Much less concentrated acid may be used to effect the reaction than with ethylene 
and propylene. The use of too concentrated acid results in the formation of 
undesirable by-products. This reaction will be discussed in detail in Chapter 16, 
which describes the production of the higher aliphatic alcohols. 

The reaction between hydrogen chloride and the three butylenes has been 
investigated by Coffin, Sutherland and Maass.** The rates of reaction with an¬ 
hydrous liquid hydrogen chloride were shown to differ so greatly that it is possible 
to utilize this reaction as a means of separating the isomers. Thus, isobutylene 
is completely converted into tertiary butyl chloride by hydrogen chloride gas at 
—^78® C., while the other two butylenes are scarcely affected. Of the chlorides 
produced, only the secondary is formed from 1- and 2-butene, while isobutylene 
yields only the tertiary chloride. In the reaction between 1-butene and 2-butene 
and hydrogen chloride, a secondary product was also formed which was shown 
to be an octyl chloride, readily decomposable into octylene and hydrogen chloride. 
The remarkable activity of isobutylene in combining with halogen acids has been 
known for many years. Zalessky found that on heating the hydrocarbon with 
concentrated hydrochloric acid to 100® C. it was converted into tertiary butyl 
chloride and Favorsky®^ noted that the reaction between hydrogen chloride and 
isobutylene occurred at 100® C. in the presence of asbestos. The observation of 
Scheschukoff ®* that isobutylene reacts with aqueous hydriodic acid at 0® C. to 
yield tertiary butyl iodide was later somewhat elaborated by Michael and Brunei,®® 
who found that mixtures of tertiary iodide and tertiary alcohol were simul¬ 
taneously produced, the composition of the mixture being dependent upon the 
concentration of the hydriodic acid used. When 60 per cent hydriodic acid was 
used the product was the iodide almost exclusively but with acids of lower con- 

M U. S. Patent 1,836,135, Dec. 15, 1931; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1932, 26. 994. 

Strange and Kane, British Patent 398,527, 1932; Brit, Chem. Abs. B, 1933, 954. See also 
Graves, U. S. Patent 1,915,308, June 27, 1933; assigned to £. I. duPont de Nemours and Co.; Chem. 
Abs.. 1933. 27, 4243. 

Canadian J. Research, 1930, 2, 267 ; Chem. Abs., 1930, 24, 3750. 

•*Ber., 1873. 5. 480. 

•*Ann., 1907. 354, 334. 

»J. Russ. Phys. Chem. Soc., 1886, 18, 207; Chem. Soe. Abs., 1886, 50, 680. 

-Amer. Chem. J., 1912, 48, 269. 
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centratjon increasing proportions of free tertiary alc6hol were found to be present. 
Various proposals for the direct addition of hydrogen chloride to butylenes have 
been made, such as those of the T. Goldschmidt A.-G*^ and Blanchet*®. 

The direct combination of butylene with acetic acid was described by the 
Bataafsche Petroleum Maatschappij.®® Their method consists in heating a mix¬ 
ture of the olefin, glacial acetic and sulphuric acids, and ferro- or ferri-cyanides 
(as catalysts) in an autoclave. A 70 per cent yield of butyl acetate and also a 
small quantity of butyl alcohol is said to result. Frolich and Young suggested 
passing olefins, particularly butylene, countercurrent to a stream of glacial acetic 
acid, containing some sulpiiuric acid, at temperatures of 50® C. or higher. Pres¬ 
sures of 100 to 180 pounds per square inch may be employed. The esters are 
extracted from the acid with a low-boiling solvent, e.g., pentane or hexane, and 
the solvent and esters separated by distillation. 


Higher Olefins 

The ease of addition of sulphuric acid to some of the higher olefins is re¬ 
markable and the products are the alkylsulphuric esters corresponding to the 
secondary and tertiary alcohols. These are discussed later in connection with 
the synthesis of higher alcohols from olefins (Chapter 16). 

Much of the earlier work on the direct combination of halogen acids with 
the higher olefins is of questionable value since the materials treated probably 
were mixtures of isomeric olefins. Nevertheless, sufficient information was col¬ 
lected to show that the pentenes and hexenes can combine with halogen acids 
with great ease to yield the corresponding alkyl halides. Wagner and Saytzeff 
found that 2-pentene reacts readily with aqueous hydriodic acid to yield 3-iodo- 
pentane, a similar product being also obtained from 1-pentene. Isopropylethylene 
combines with hydriodic acid at room temperature to yield the corresponding sec¬ 
ondary iodide, 

(CH,),CHCH-=CH, + HI —(CH,),CHCHICH. 

but this reaction does not take place at —20° C. at which temperature methyl- ‘ 
ethylethylene readily combines with hydriodic acid to yield tertiary amyl iodide, 


CH, 


\ 


C=CH, -h HI 


/ 


GH. 


CH, 

\ 

Cl—CH, 

/ 

C,H. 


Isopropylethylene or methylethylethylene does not react with hydrogen chloride 
at —80° C. in the absence of a catalyst.®® However, when aluminum chloride is 
present, isopropylethylene reacts to yield mostly 2-methyl-3-chloro-butane. The 
main product from methylethylethylene is 2-chloro-2-methylbutane. 

A critical study of the addition of hydrogen bromide to 2-pentene was made 
by Lucas and Moyse.®* The pure pentene was distilled between 35° and 37° C. 


"British Patent 235,547, 1925; J.S.C.L, 1925. 738B. 

** British Patent 251,652, 1926; assigned to Soc. Anon. d’Explostfs^ et de Prod. Chim.; Brit. 
Chem. Abs. B. 1927, 836. ° 

» British Patent 323,748, 1928; Brit. Chem. Abe. B. 1930, 359. 

««U. S. Patent 1,877,291, Sept. 13. 1932; Chem. Abe., 1933, 27. 101; British Patent 362.215, 
1931; Chem. Abs., 1933, 27, 996; both patents assigned to Standard Oil Development Co. 

•^Ann., 1876, 179. 313; Wischnegradsicy. Ann., 1878. 190. 356; Chem. Soc. Abe., 1878, 34. 393; 
Brochet, Bull. soc. chim., 1892, (3) 7, 567. 

** Leendertse, Tulleners, Waterman, Rcc. trav. chim., 1933, 52, 515: Chem. Abs., 1933, 27, 5051. 
•J.A.C.S., 1925, 47, 1459. 
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through a Hempcl column info a cold solution of 43 grams of hydrogen bromide 
in 60 grams of glacial acetic acid. The resulting product consisted of a mix¬ 
ture of 78 per cent of 3-bromopentane and 22 per cent of 2-bromopentane (this 

CH.CH,CH,CHBrCH. 

CH,CH,CH=CHCH. -f HBr --<7 

CH,CH,CHBrCH,CH, 


result being considered in agreement with the prediction made on the basis of 
the theory of electron displacement). An extended study of orientation in the 
addition of halogens and hydrogen halides to simple ethylene derivatives has also 
been made by Ingold and his collaborators.®^ 

Some interesting results have been reported by Piotrowski and Winkler ®* on 
the addition of hydrogen chloride to unsaturated hydrocarbons. The hydrocarbon 
mixture used in their experiments was a fraction of cracked gasoline (boiling 
range of 20° to 40° C:) and contained about 31 per cent by weight of amylenes. 
The hydrocarbon vapors together with a slight excess of hydrogen chloride were 
passed over heated catalysts supported on activated charcoal and held in 
two tubes. When the temperature of the first tube was maintained at 75° C. 
and that of the second tube at 150° C. the products of the reaction were pre¬ 
dominantly secondary chlorides. If the sequence of these temperatures was 
reversed, then a mixture of all possible chlorides was obtained. The presence 
of moisture interfered with the formation of the secondary chlorides, while its 
absence caused no detrimental effects. The catalysts were poisoned by sulphur 
compounds, and the latter should therefore be removed. 

The catalysts employed were the chlorides of bivalent, ter valent, and quadri¬ 
valent metals, and could be divided into three groups: (1) ferric and chromic 
chlorides which were inactive; (2) the chlorides of mercury, copper, cadmium, 
manganese, bismuth, aluminum and antimony which were only slightly active; 
and (3) zinc and stannic chlorides which were active, the latter®* giving a 
practically quantitative yield of the monochlorides of amylene. 

It is said that amylene and acetic acid react at ordinary temperatures in the 
presence of zinc chloride.®® The yield of acetates is low, however, because of 
the formation of polymers. Nernst and Hohmann ®^ have shown that, when 
heated in sealed tubes at 100° C., amylene will combine with di- and tri-chloracetic, 
tri-chlorolactic, salicylic and benzoic acids. With trichloracetic acid a maximum 
yield of 88 per cent of the trichloracetic amyl ester was obtained. 

The preparation of amyl acetate by the direct esterification of amylene is 
de.scribed by Brooks.®* Sucharda and Mazonski ®® state that amylene and hexene, 
occurring in low-boiling cracked petroleum distillates, can be converted almost 
quantitatively into the corresponding secondary and tertiary formates by formic 
acid in the presence of sulphuric acid. 

The combination of the higher open-chain olefins with organic acid takes 


Ingold and Smith O.C,S.t 1931. 21AZ) studied additions with iodine monochloride and Ingold 
and Ramsden U>C.S., 1931, 2746), the additions of hydrogen halides to propylene and 1-pentene. 
The mechanism of the additions of halogens and hydrogen halides has been discussed by Insold and 
Smith a.C.S., 1931, 2752). 

^ Prtemysl Chem., 1931, IS, 25; Ckem. Abs., 1931, 25, 1794. Also, J. Inst. Pei. Tech., 1931, 
17, 225. • 

* Piotrowski and Winkler; German Patent 574,802, 1933; assigned to Galicyjskie Towarzystwo 
.Vaftowe “Galicp” Sp. Akc.; Chem. Abs., 1933, 27. 4543. 

••Brooks, “The Non-Benzenoid Hydrocarbons,** Chemicil Catalog Co., Inc., New York. 1922, 125. 
** Z. phys. Chem., 1893, 11, 352; Chem. Soc. Abs., 1893, 64 (1), 449. 

•• U. S. Patent 1,894,662, Jan. 17, 1933; assigned to Petroleum Chemical Corp.; Chem. Abs. 
:933, 27, 2459. 

•• Prsemysl Chem., 1933, 17, 41; Brit. Chem. Abs. B, 1933, 497. 
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place much more readily than with the lower homologues. Behai and Desgrez 
brought about this direct combination by heating the reactants together in sealed 
tubes. Thus, on heating caprylene with three volumes of glacial acetic acid 
for 24 hours at 300® C. a good yield of octyl acetate was obtained. Under sim¬ 
ilar conditions heptylene yielded a secondary heptyl acetate, while on heating 
allyl acetate with glacial acetic acid, at 275® to 285® C., there was produced the 
diacetate of propylene glycol, 

CH.CH (OOCCH.) CH, (OOCCH.). 

In the direct hydration of various olefins under, the influence of aqueous oxalic 
acid solutions as observed by Miklaschewsky,^^ the oxalic acid ester is probably 
an intermediate product. The direct combination of olefins with organic acids 
is facilitated by the addition of dehydrating agents such as zinc chloride or 
sulphuric acid. to the mixture. Thus, on allowing equimolecular quantities of 
hydrocarbon and organic acid to stand at 20® C. for 24 hours in the presence 
of anhydrous zinc chloride (12 to 20 grams of zinc chloride per 100 grams of 
hydrocarbon), Kondakow found that considerable combination took place, the 
yield of ester being 20 per cent or more. In this way trimethylethylene yields 
the acetate of dimethylethylcarbinol. Bertram and Walbaum^* used a mixture 
of glacial acetic acid and 50 per cent sulphuric acid. This method is especially 
applicable to the terpene series, e.g., the conversion of camphene into isobornyl 
acetate and of pinene into bornyl esters. 

Many cyclic olefins of the terpene class are known to react very readily in 
glacial acetic acid or ether solution. Thus, for example, sylvestrene with two 
double bonds in its molecule combines with hydrogen chloride to yield a crystal¬ 
line dihydrochloridc, and carvestrene similarly combines with two molecules of 
hydrogen bromide in glacial acetic acid solution to yield a dihydrobromide thus: 
Qo^^ie + ^HBr—> QoHjgBrj, two double bonds being saturated in the process. 
The addition of halogen acids to pinene and other terpene hydrocarbons is well 
known. 

The fact that the unsaturated cyclic hydrocarbon pinene (present in turpen¬ 
tine) can combine directly with acids to yield bornyl esters has provid^ a 
commercial method for the synthesis of camphor. The esterification of pinene 
can also be effected by organic acids. Thus, bornyl trichloroacetate is readily 
prepared by heating pinene with trichloroacetic acid,’^^ and bornyl oxalate by 
heating pinene with anhydrous oxalic acid at 100® C. The bornyl acetate can be 
hydrolyzed by lime and the borneol obtained can then be oxidized to yield cam¬ 
phor.^® Esters of borneol and isoborneol are made by the reaction of formic 
or acetic acid with camphene in the presence of boron fluoride.^® According to 
Schwyzer®® the technical esterification of pinene is now carried out by means 
of oxalic acid or, better, by salicylic acid, the use of the latter resulting in the 
production of less by-products. The bornyl esters are then hydrolyzed to borneol 
which is oxidized to camphor. 

Compt. rend., 1892, 114, 676; Chem. Soc. Abj,, 1892, 62. 1162. 

« Brr, 1891, 24. Ref. 269. 

prakt. Chem., 1893, (2) 4«, 479; Chem. Soc. Abs., 1894, 66, 113. 
prakt. Chem., 1894, (2) 49, 1; Chem. Soc. Abs., 1894, 66. 204. 

^•Wallach. Ann., 1887, 239, 1; Chem. Abs., 1887, S2, 965. 

« naeyer, Ber., 1894, 27, 3488. 

V* Boudhardat and Lafont, Compt. rend.. 1891, 113, 551; Chem. Soc. Abs., 1892, 62, 199; Compt. 
rend., 1894, 118, 248; Chem. Soc. Abs., 1894, 66 (1), 255; Compt. rend.. \B97, 12S, 111; Chem. Soc. 
Abs., 1897, 74 (1), 442. 

” Reychler, Ber., 1896, 29, 696. Wagner and Brickner, Ber., 1899, 32, 2306. 

" Ampere Electro-Chem. Co.. German Patent 134,553, 1902; Chem. Zentr., 1902, 2, 975. 

** Hticken, U. S. Patent 1,902,364, Mar. 21, 1933; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1933, 27. 3223. 



Chapter 13 

Production of Ethyl Alcohol from Ethylene 

The production of most of the primary alcohols is carried out by fermentation 
processes^ by destructive distillation of carbonaceous material, or by the saponifi¬ 
cation of certain natural esters. From petroleum hydrocarbons as raw materials 
only the first two primary alcohols are produced on a large scale, namely methyl 
alcohol or methanol and ethyl alcohol or ethanol. 

As shown in the preceding chapters the addition of the elements of water 
to olefins, either by direct hydration or indirectly by means of acids, results in 
the formation of alcohols. Ethylene is the sole olefin which under these con¬ 
ditions yields only a primary alcohol, ethyl alcohol; all the other olefins yield 
mixtures of primary and secondary, or secondary and tertiary alcohols. 

Ethyl alcohol is a substance of immense industrial value as a solvent, as a 
chemical intermediate, and as a fuel for internal combustion engines. It still is 
very largely manufactured at the present time by the fermentation of various types 
of carbohydrate materials. It has long been known that ethyl alcohol could be 
prepared from ethylene in a number of ways but the industrial application of 
these reactions has until recently been prevented by economic considerations. 
The ethylene of coke-oven gas, amounting to only 3 per cent by volume of that 
gas, was the main source of that material until a decade ago. During the past 
few years large quantities of ethylene and other olefins have been produced in 
commercial cracking operations, a factor which has greatly stimulated interest 
in the various processes for the manufacture of alcohols from the lower olefins. 

Two procedures are available for the conversion of ethylene into ethyl alcohol, 
namely: 

(1) Direct hydration according to the reaction: 

CH,=CH, + H,0 —GHsOH 

This has been discussed in some detail (Chapter 11) and does not appear to be 
very promising, although continuing to be a subject of active investigation. 

(2) Combination of ethylene with various acids, followed by hydrolysis of the 
resulting ethyl ester. 

In this chapter the well-known sulphuric acid process will be discussed since 
this alone seems to have attained a measure of success. The reactions involved 
in the production of ethylsulphuric acid followed by hydrolysis of this substance 
may be represented by: 

aH4-fH,S04 —GH.HSO 4 
C.H.HS04 + H,0 GH.0H + H,S04 

The reaction between ethylene and sulphuric acid to yield ethylsulphuric acid 
was studied in Faraday’s laboratory as early as 1827 by Hennell, who used gas 
containing olefins and suggested the production ”of either ether or alcohol ac¬ 
cording to circumstances which are under perfect control”.^ 

^Proe, Roy. Soc. (London), 1828, lit, 365. 
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Berthdot,* however, was the first to investigate the reaction from the point 
of view of the synthesis of alcohol from gases containing ethylene. He found 
that the absorption of ethylene by concentrated sulphuric acid was very slow at 
ordinary temperatures even with good agitation. More rapid absorption occurred 
at high temperatures though some loss of acid from oxidation and charring of 
the olefin also took place. In another publication Berthelot* described his ex¬ 
periments on the velocity of absorption of ethylene in sulphuric acid as well as 
the separation of olefins from illuminating gas by means of iodine. He was 
able to show that alcohol could be made by processes other than fermentation. 
The absorption of olefins by sulphuric acid and their subsequent conversion into 
ether was also discussed.^ 

Some interesting views were expressed by Payen,® who criticized the attempts 
being made at that time to produce alcohol from the olefins in illuminating gas. 

new process for the production of alcohol from illuminating gas is said to have 
been recently discovered whereby one hectoliter of alcohol can be made for 25 francs. 
As a matter of fact one liter of alcohol produced from oil-forming gas was shown at 
the London Industrial Exhibition; this oil-forming gas, however, was the result of 
decomposing alcohol according to usual laboratory methods, and as is well known the 
content of this same gas in illuminating gas does not exceed 10 per cent. The costs 
of making this liter of alcohol, which was exhibited in London, are said to have 
amounted to not less than 100 francs. . . . There is also a rumor that alcohol production 
is being carried out on a large scale at Saint Quentin, and that coal is fed into one side 
of the apparatus while alcohol is discharged on the other side. According to reliable 
information which I have received, only one or two liters of alcohol have been taxed 
up to the present and furthermore it has not yet been definitely proved that this alcohol 
was produced tw the application of the new method. 

“Benjamin Corenwinder has shown in a letter to Pasteur that a priori this method 
of production would be very difficult and expensive, because one part of alcohol requires 
ten parts of sulphuric acid, and furthermore the purification of the alcohol is not an 
easy task. This purification, however, can be accomplished by means of olive oil, which 
after continued use imparts a very rancid odor to the alcohol. 

“I therefore do not believe the rumor mentioned above has any serious basis, and 
that alcohol production from oil-forming gas, while scientifically possible, has not yet 
been developed into a practical and economical process.” 

According to Goriainow and Butlerow,® ethylene is not dissolved by sulphuric 
acid at ordinary temperatures but at 100® C. (and still better between 160® and 
175° C.) the gas is very rapidly absorbed. By subsequently diluting and distilling 
the acid liquor they obtained a considerable quantity of alcohol. Later work ap¬ 
pears to indicate, however, that at the higher temperatures mentioned considerable 
charring and oxidation occur. 

Fritzsche^ was the first to attempt the large-scale manufacture of ethyl alcohol 
and diethyl ether from ethylene by the sulphuric acid process. The source of 
ethylene was initially coal gas stripped of its higher unsaturated hydrocarbon 
content by washing with 62° to 64° Be sulphuric acid at ordinary temperature. 
Ethylene was absorbed from this purified gas in hot concentrated sulphuric acid 
at temperatures of 110® to 120® C., at which temperature the absorption is rapid 
and the decomposition of the resulting ethylsulphuric acid slight. According to 
Fritzsche, the resulting ethylsulphuric acid may be worked up at will into alcohol, 
ether or esters of organic acids. Alcohol or ether may be obtained by heating 
with water and esters by the addition of the salts of organic acids. The cost 

* Compt. rend., 18S5, 40, 10. 

•Ann. chim. pkys., 185S. 43 (3), 385; Ann.. 1855. 04. 78. 

* Compt. rend., 1855, 40, 102. . 

* Dingters Polytech. J., 1863, 167. 236. 

•Ann. Chem. Phar., 1874. 169. 196; Ber., 1873, 6, 196. 

* Chemische Industrie, 1897, 20, 266; 1898, 21. 33. 
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of reconcentrating the dilute acid was considered to be so great as to make it 
doubtful if alcohol could be produced commercially in this way. 

The absorption of ethylene in sulphuric acid, followed by the addition of water, 
distilling the mixture, and determining the quantity of alcohol in the distillate 
is the basis of a method for the quantitative estimation of ethylene in gas 
mixtures.® 

The production of diethyl ether from the mixture of sulphuric and ethyl- 
sulphuric acids obtained by absorbing ethylene in concentrated sulphuric acid was 
discussed by Fritzsche.® The method involves the use of fdur distilling vessels 
A, B, C, and D, connected in such a way that the vapors evolved from A pass 
through the liquids contained in B, C, and £>, and are condensed beyond D, 
Each vessel is charged with the same volume of ethylsulphuric acid mixture, the 
liquid in A being diluted with 35 per cent of water, that in B, with 22 per cent, 
that in C, with 10 per cent, and that in D being undiluted. The contents of A 
arc strongly heated and the liquid in B is only slightly warmed with the result 
that pure ether passes beyond D and is condensed. When the liquid in .<4 is suffi¬ 
ciently concentrated it is run out, the liquid in B transferred to A, that in C 
to Bj and that in D to C; after which D is charged with a further quantity of 
undiluted acid. The dilutions in the first three containers are adjusted as before 
and the distillation continued until A is again concentrated. Instead of removing 
the charge in A after each operation, the process can be made to work continu¬ 
ously by using an apparatus in which the concentrated acid passes in a constant 
stream into the vessel, water being introduced continuously into the apparatus 
to maintain the correct dilution. 

Later Fritzsche recorded some results obtained with his process in the 
United States where large quantities of oil gas, containing 22 per cent or more 
of ethylene, were available. The most important consideration was ,the removal 
of higher olefins and diolefins by a preliminary wash with 66® Be sulphuric acid 
at temperatures below 40® C. Brooks removed higher monolefins and diolefins 
from cracked oil gas by subjecting the mixture to pressures of 300 to 550 pounds 
per square inch. At these pressures a large amount of undesirable compounds 
condense out leaving a gas containing a substantially high ethylene fraction. 

In the course of an investigation of the methods of analysis of gaseous un¬ 
saturated hydrocarbons, Lebeau and Damiens^® observed that certain substances 
dissolved or suspended in concentrated sulphuric acid were capable of accelerating 
the absorption of ethylene to a marked degree. It was found, for example, that 
solutions of vanadic and uranic acids, as well as uranyl sulphate, in sulphuric 
acid were excellent catalysts, and that tungstic and molybdic acids possessed some¬ 
what less catalytic power. These catalysts were only active after being reduced 
by mercury or some other metal in sulphuric acid solution, the reduction being 
frequently accompanied by marked color changes. 

An attempt to manufacture alcohol by the sulphuric acid reaction was made 
by Bury and Ollander^® and Tidman^* at Skinhingrove (England) about 1919 to 
1921, using coke-oven gas containing about 2 per cent of ethylene as the raw 
material. The best strength of acid was found to be between 95 and 95.8 per cent 


■Fritaeiche, Z. angew. Ckem,, 1896, 9, 456: Cli«m. Soe. Abs., 1896, 70 (2). 678. 

*Z. anal. Ckem., 1897, 36, 298. British Fattnt 20,225, 1896; J.S.C.I., 1897, 16, 824. German 
Patent 89.598, 1896; Z. angew. Ckem., 1896. 9. 734. 

** Cke^sche Industrie, 1912,* 33, 637; Ckem. Abs., 1913, 7, 243. 

S. Patent 1,919^618, July 25, 1933; assigned to Standard Alcohol Co.; Ckem. Abs., 1933, 
27, 4818. Brooks, U. S. Patent 1,894,661, Jan. 17, 1933; assigned to Petroleum Chem. Corp.; 
Ckem. Abs., |933, 27, 2572. 
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and the optimum temperature range 60® to 80® C. The absorption was carried 
out in towers packed with fused silica but mechanical agitators were considered 
more suitable. The interesting observation was made that the addition of silica 
to the sulphuric acid increased the speed of absorption by 5 per cent. This was 
considered to be a catalytic reaction since, in a repetition of the experiment under 
similar conditions except that the silica was coated with a slime of lead sulphate, 
the absorption was not so rapid. The efficiency of absorption was about 70 per 
cent, and after saturation the acid was diluted to 64 per cent with water and 
distilled under a vacuum of 26.5 inches, the temperature rising from 94® to 
146® C. during the distillation. This operation could be performed satisfactorily 
without frothing. The acid residue showed 80 per cent sulphuric acid and the 
distillate contained 15 per cent alcohol. Attempts to recover the alcohol from 
the absorption product by means of a countercurrent flow of acid and super¬ 
heated steam failed because of the large amounts of froth produced. Concentrated 
alcohol produced in this way possessed an objectionable odor which was traced 
to the presence of certain impurities, notably diethylene disulphide, resulting from 
the action of ethylene on the hydrogen sulphide present in the gas. Commercial 
development was handicapped by the large amount of acid required, namely 6 to 
7 pounds of acid per pound of ethylene, and the expensive reconcentration neces¬ 
sary. 

Our knowledge of the reaction between ethylene and sulphuric acid has been 
extended by the work of Plant and Sidgwick,'® who studied the influence of vari¬ 
ous factors on the absorption of ethylene by acids of various concentrations with¬ 
out catalysts. Both the acid concentration and the temperature are important. 
Apart from decomposition, three succe.ssive stages were observed in the absorp¬ 
tion process corresponding to (1) solution of ethylene in the liquid, (2) its 
reaction with sulphuric acid to yield ethylsulphuric acid, and (3) further inter¬ 
action between ethylene and ethylsulphuric acid to yield diethyl sulphate. It was 
found that some diethyl sulphate was formed before all the sulphuric acid had 
been converted into ethylsulphuric acid, diethyl sulphate appearing after about 
20 per cent of ethylene was absorbed. Considerable blackening occurred at 
100® to 126® C. with 99 per cent acid, and absorption in oleum (containing 14 
per cent sulphur trioxide) at these temperatures yielded large amounts of carbyl 
CH,OS02^^ 

sulphate, | O, a substance not hydrolyzable to alcohol. 

CHjSOj / 

A study of the reactions involved was made by Damiens,^® who, with de Loisy, 
is responsible for the application of certain catalysts to the absorption process.^^ 
Damiens investigated the effects of various factors, namely, concentration of 
acid, efficient contact of gas with acid, partial pressure of the ethylene, tempera¬ 
ture of absorption and the influence of catalysts. He found that, other iactors 
being the same, the velocity of absorption in 99.5 per cent acid is 3 to 5 times 
greater than that in 95.5 per cent acid. Intensive agitation and good contact of 
gas with acids for a sufficient period of time favor rapid absorption. The veloc¬ 
ity of absorption is diminished in roughly the same proportion as the partial 
pressure of ethylene. Raising the temperature from 25® to 60® C increased the 
rate of absorption threefold. New and efficient catalysts for the reaction were 
found in cuprous salts, such as cuprous oxide, sulphate and chloride, all of which 
accelerate absorption. The addition of 5 per cent of cuprous oxide to 95 per 

1921, 40, MT. 

^*Compt. rend., 1922, 175, 585; Bull. soc. chim., 1923, S3 (4), 7l; Ckem. Abe., 1923, 17, 259. 
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cent acid causes a rapid absorption of ethylene at 40® C. giving a 94 per cent 
yield of ethylsulphuric acid. ' Cuprous oxide dissolved in 98 per cent acid pro¬ 
duces an identical reaction but continued introduction of ethylene yields diethyl 
sulphate. The proportion of diethyl sulphate is higher at lower temperatures, 
and Damiens considered that the following equilibrium was set up: 

H,S04+(CiH.),S04 2 C.H.HSO 4 

Damiens observed the remarkable fact that sulphuric acid Jieated for a short 
time with cuprous oxide (until white fumes are evolved) and then cooled ab¬ 
sorbed ethylene rapidly at 15® to 20® C. in the presence of mercury. The prod¬ 
ucts consisted mainly of hydrocarbons from the polymerization of ethylene. To 
explain the catalytic activity of cuprous salts Damiens assumed the formation of 
copiplexes of the type Cu 2 S 04 *n(C 2 H 4 ), which could either combine with the 
sulphuric acid to yield ethylsulphuric acid or with themselves to form higher 
hydrocarbons. 

It is interesting to note that Boe.seken and Max separated a mixture of 
saturated and unsaturated hydrocarbons from the products of the absorption of 
ethylene in 93 to 95 per cent sulphuric acid containing 5 per cent of cuprous 
sulphate and 2 per cent of mercurous sulphate. The saturated hydrocarbons of 
low boiling point were probably paraffins. • 

Neumann also recorded some experiments on the absorption of ethylene by 
sulphuric acid. The formation of ethylsulphuric acid increased with the con¬ 
centration of the acid employed until 99 per cent was reached. Above that point 
the yield fell off sharply and carbyl sulphate made its appearance. Addition of 
catalysts increased the speed of absorption but at the same time produced un¬ 
desirable by-products. 

The search for other catalysts of the reaction between ethylene and sulphuric 
acid led to the conclusion by Gluud and Schneider that silver sulphate is an 
excellent material for this purpose. The addition of this compound (the most 
favorable concentrations being to I per cent by weight) to sulphuric acid 
makes it possible to attain a much greater absorption at 40° C. than in ordinary 
acid at 80® C. The catalytic activity of silver sulphate as observed by Gluud 
and Schneider was also independently noticed by Lommeli and Engel ha rdt,=*® 
who expressed the opinion that the reaction proceeds in two distinct stages, 
namely (1) the addition of ethylene to the silver salt which occurs rapidly even 
at room temperatures, and (2) the formation of ethylsulphuric acid which is 
slower but attains a satisfactory velocity at 40® C. Ethylene can be recovered 
unchanged from the initial addition compound by evaporation. Such addition 
compounds are also formed in aqueous solutions in the absence of sulphuric acid. 

The description of an interesting process for the production of ethyl alcohol 
from ethylene in refinery gases has been given by Gerr, Pipik and Mezhe- 
bovskaya.*^ 


The gases used contained about 30 per cent unsaturates, and the underlying principle 
was the separation of ethylene by activated charcoal.” When the gases are passed 
through a large excess of charcoal the entire mixture is first absorbed, and then with 


« Rec. trav. chim., 1929, 48. 486; Chem. Abs., 1929, 23, 2929. 

und Wasscrfack, 1924, 67, 1, 14, 53; Chem, Abs., 1924, 18, 2596. 

»«»» Ber., 1924, S7B, 254. 

»• Ber., 1924, 57B, 848. 

Azerb. Ncft. Khoz., 1932, No. 2, IS; Chem. Abs., 1932, 26, 2853. See Azerb. Neft. Khoc., 
1932, No. 7, 88; Chem. Abs., 1932, 26, 5745; Geer and MelUcova (Azerb. Neft. Khoz., 1932, No. 7, 82* 
Chem, Abs., 1032, 26, 5745) regenerated the activated charcoal by treatment with steam at 200® to 
360“ C. 

** For the theoretical basis of this use of activated charcoal, see Hill, Petroleum World (I os 
Angeles), 1929, 14, No. 1, 101, 110; Chem. Abs., 1929, 23, 2285. 



PRODUCTION OF ETHYL ALCOHOL FROM ETHYLENE 337 

continued passage of the gas those hydrocarbons with the lower vapor pressures displace 
those with the higher vapor pressures. Saturated hydrocarbons are the least hrmly 
held by the charcoal, and unsaturated hydrocarbons, containing double or triple bonds, 
are the most firmly held. Ethylene, the olefin of lowest molecular weight, is more 
easily displaced than any of its homologues. 

An almost quantitative separation of ethylene from other unsaturated hydrocarbons 
could be obtained when a ratio of one liter of gas to 4 grams of charcoal was used. 
Absorption pf the exit gas from the charcoal in sulphuric acid (d. 1.84) followed by 
hydrolysis and distillation yielded practically pure ethyl alcohol. For less pure or 
technical alcohol, the ratio could be decreased to 4 liters of gas to 5 grams of charcoal. 
The technical alcohol, however, always possessed a yellowish color and a slightly unpleas¬ 
ant odor" together with a slightly higher boiling point (78.6® C. at 760 mm.). 

The gases were absorbed in concentrated sulphuric acid (d. 1.84) containing 1 per 
cent of silver, and the yield of alcohol (based .on the raw gas) was about 13 to 15 per 
cent. Decreasing the quantity of silver catalyst materially decreased the yield of alcohol. 
The temperature of the acid during absorption was maintained at about 40® C. In the 
preparation of pure alcohol, the acid remaining after hydrolysis and distillation was 
transparent and clear, and the silver could be* recovered cither by electrolysis or by 
precipitation with hydrochloric acid. The recovery of the silver from the preparation 
of technical alcohol was complicated by the fact that the sludge of polymerization 
products formed during the reaction contained a large portion of the silver, and that 
some of the silver separated on the walls of the scrubber, leaving only a very small 
proportion dissolved in the acid layer. The sludge could be dissolved in nitric acid, 
from which the silver was recovered by precipitation. 

Attempts were made to substitute an iron catalyst (the walls of the acid-scrubbing 
unit) for silver at a temperature of 80® to 95® C. The yield of alcohol was much lower, 
being about 8 per cent (based on the raw gas). On the basis of the ethylene content 
about 60 per cent utilization was obtained with the silver catalyst, and only 40 per cent 
with the iron catalyst. 

The charcoal could be regenerated by treatment with superheated steam at 250® to 
300® C. for several hours. 

Dalin and Gutuirya" used the method of Gerr, Pipik and Mezhebovskaya in an 
investigation of alcohol manufacture from cracked gas. The product consisted of 90 
per cent ethyl alcohol. However, only 5.5 to 6.2 per cent of the theoretical yield was 
obtained due to the faulty equipment and unsatisfactory regeneration of the charcoal. 

The absorption of ethylene by ortho-, pyro-, and mctaphosphoric acids was accelerated 
by the addition of cuprous oxide or silver sulphate." Ethyl dihydrogen orthophosphate 
was formed with orthophosphoric acid and possibly also from pyrophosphoric acid. 

The possibility of employing equal weights of chlorosulphonic acid and 100 
per cent sulphuric acid for absorbing ethylene from coke-oven gas was examined 
by Traube and Justh.** The chlorosulphonic acid absorbs about 82 per cent of 
the theoretical quantity of ethylene yielding ethyl chlorosulphonate, which on 
hydrolysis is converted partly to alcohol and sulphuric and hydrochloric acids, 
and partly to ethyl chloride and sulphuric acid. 

The effect of increasing the pressure of ethylene above atmospheric in the 
reaction with sulphuric acid was first investigated by Maimeri.^^ Experiments 
with 100 per cent sulphuric acid and 98 per cent ethylene at ordinary temperature 
showed that the amount of diethyl sulphate formed increased with increases in 
pressure, the absorption becoming ultimately so rapid that it was necessary to 
cool the reaction vessel. On dilution of the reaction product with icedf water 
diethyl sulphate separated and was distilled under reduced pressure. The aqueous 

Bataafsche Petroleum Maatschappij (French Patent 744,119, 1933; Chem, /lbs., 1933, 27, 3943; 
British Patent 393,1.S2, 1932; Brit. Chem. /lbs. B, 1933, 776> free alcohols of objectionable odor by 
dehvdratinsr the alcohol-water polymer mixture before distillation, usinR such salts as anhydrous 
copper sulphate, calcium oxide or chloride. The mixture may also be treated with F.deleanu extract 
from mineral oil. See also Merley (U. S. Patent 1,873,005, Aug, 23, 1932; assigned, to Doherty 
Kesearch Co.; Chcptt. Abs., 1932, 26, 5964) for a method of dehydrating aqueous alcohols. 

**Azcrb. Neft. Khoe.. 1933, No. 3. 66; Chem. Abs., 1933, 27, 4211. 

« Muller, Bcr., 1925, 58B, 2105. 

** Brennstoff-Chem., 1923. 4, 150; Chem, Abs., 1923, 17, 3858. See also Traube, British Patent 
147^43, 1920; J.S.C.I., 1921, 40, 74A. 
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layer was neutralized with sodium hydroxide,, evaporated to dryness, and the 
sodium ethyl sulphate extract^ with alcohol. At 3.5 atmospheres pressure of 
ethylene the yields of diethyl sulphate and ethylsulphuric acid were 35 per cent 
and 51 per cent respectively (based on the sulphuric acid used), while at 10 
atmospheres pressure the figures were 62 per cent and 30 per cent. The total 
yield of alcohol (based on sulphuric acid) was 57.5 per cent at 3.5 atmospheres 
and 76.7 per cent at 10 atmospheres, the latter being three times the best ob¬ 
tained by previous workers. Maimeri considered this method to be the most 
economical for the production of diethyl sulphate. 

Thau and Bertelsmann experimented with a coke-oven gas which had been 
washed with oil to remove benzol and freed of hydrogen sulphide. It was dried 
with sulphuric acid of 60^ Be and scrubbed with acid of the same strength, at 
temperatures varying from 60® to 135® C, in lead-lined iron containers filled 
with quartz lumps. The yield of alcohol diminished from 20.67 grams per cubic 
meter at 70® C. to 9.16 grams per cubic meter at 135® C. At 60® C. it was 
19.32 grams per cubic meter. The ethylene content of the exit gas diminished 
from 0.85 per cent at 60® C. to 0.47 per cent at 135® C. As the temperature was 
increased considerable decomposition of the ethylsulphuric acid began to take 
place, sulphur dioxide being formed at 90® C. and some ether at 110® C. 

The recovery of alcohol from the ethylene of coke-oven gas was discussed 
by Gluud, Schneider, and Keller,*® who stated that the use of silver sulphate as 
a catalyst materially increases the probability of obtaining alcohol commercially 
from this source. It is essential however to eliminate the gaseous heavy hydro¬ 
carbons present in the raw gas and to reduce the quantity of water necessary 
for hydrolyzing the ethylsulphuric acid. Later Gerr and Popov used the cat¬ 
alytic activity of silver sulphate for the production of alcohol from the ethylene 
present in cracking gas. A gas containing 54 per cent of paraffin hydrocarbons, 
12.2 per cent of hydrogen, and 33.8 per cent of unsaturated hydrocarbons was 
passed over calcium chloride, then over wood charcoal (to remove the higher 
homologues of ethylene), and finally through an absorption tube, kept at 40° C. 
and containing glass beads or glass wool, in which a stream of a 1 per cent 
solution of silver sulphate in 94 per cent sulphuric acid absorbed the ethylene. 
In this manner 33.8 grams of alcohol were obtained from 300 liters of gas. 

Behrens®^ described the preparation of ethyl alcohol, as well as acetal¬ 
dehyde, from ethylene in the gases obtained by the destructive distillation of coal, 
lignite, peat, wood and similar materials. The gases are scrubbed with sulphuric 
acid, and the ethylsulphuric acid is either (1) hydrolyzed to yield alcohol, or 
(2) heated to give purified ethylene which can be oxidized catalytically to acetal¬ 
dehyde. 

DeLattre proposed a method of treating coal-distillation gases by which they 
are passed, freed of the usual impurities, through concentrated sulphuric acid in 
the presence of vanadium or uranium oxides. The ethylsulphuric acid formed is 
converted into alcohol by hydrolysis. The residual gas containing methane and 
Its homologues can be chlorinated photochemically and the chlorohydrocarbons 
then transformed into the corresponding alcohols by reaction with alkalies. 

In 1919, Damiens, deLoisy and Piette described a process for the nianufac- 
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ture of alcoliol and ether from ethylene. The ethylene remaining in coal or coke- 
oven gas, after removal of ammonia, benzene and ethylene homdogties, was ab¬ 
sorbed in 66° Be sulphuric acid (best at 100° to 120° C.) which contained one 
or more catalysts. Good results were obtained with acid containing 1 to 2 per 
cent of phosphoric acid anhydride, or 1 to 5 per cent of ferrous or cuprous sul¬ 
phate. Before absorption of ethylene, the gas is dehydrated and freed from traces 
of higher reactive hydrocarbons. The acid, after absorption, is diluted and dis¬ 
tilled to give either alcohol or ether or both. For example, when the absorbing 
acid was diluted with 60 per cent of its weight of water, distillation yielded a 
mixture of 22 per cent ether and 78 per cent alcohol. By diluting with 14 per 
cent of water and distilling, a mixture of 4 per* cent ether and 96 per cent alcohol 
was obtained. 

In a description of the Skinningrove Iron Co.'s process, developed by Bury,** 
a number of details were presented. Cooled coke-oven gas is freed of hydrogen 
sulphide, and then of water by passing it through sulphuric acid. It is reheated 
in a heat exchanger and the ethylene absorbed in concentrated sulphuric acid at 
60° to 80° C. in a series of scrubbers. The ethylsulphuric acid flows to a heat 
exchanger and thence to an alcohol still to which superheated steam is supplied. 
Ether may be recovered instead of alcohol or the solution oxidized electrolytically 
to yield acetic acid. Plant tests were said to have proved a recovery of 90 per 
cent of the ethylene (from gas containing 2 to 3.5 per cent), with 70 per cent 
as a safe working basis. Of the ethylene absorbed at least 70 per cent can be 
converted into absolute alcohol, an overall recovery of 50 per cent. 

In making diethyl sulphate from ethylene and sulphuric acid, Curme*® took 
advantage of the greater volatility of this compound. A rapid stream of ethylene 
is passed through sulphuric acid (93 per cent) at about 100° C. Ethylsulphuric 
acid is the initial product, but continued passage of the gas yields diethyl sul¬ 
phate which is carried over with the stream of ethylene and condensed. After 
separation from some water (also carried over by the ethylene), diethyl sulphate 
is recovered in a substantially pure condition. Prolonged passage of the ethylene 
results in practically all of the sulphuric acid being converted into diethyl sulphate. 

In the preparation of this same compound from ethylene and sulphuric acid, 
Maimeri made use of pressures greater than atmospheric. Ethylene, free 
as far as possible from diluting gases, is treated under 15 atmospheres pressure 
at 55° to 65° C. (in the absence of catalysts) with 85 per cent sulphuric acid. 
Good stirring is necessary and the temperature must be maintained below 75° C. 
The reaction product is poured onto ice and separates into two layers, the lower 
of which consists of almost pure diethyl sulphate in a yield of 80 per cent of 
the theoretical. 

The absorption of ethylene in dilute sulphuric acid (less than 80 per cent 
strength) at increased temperatures and pressures has been proposed by Joshua, 
Stanley and Dymock.®^ The reaction is carried out in the presence of materials 
(e.g., pumice, porcelain, or silica gel, or a compound of phosphoric acid and boric 
anhydride) which increase the surface contact of the reacting substances. A 
liquid surface extender, such as a refined mineral oil, or a combination of solid 
and liquid contact agents, may be employed simultaneously. The temperature at 
which absorption takes place determines the product of the reaction. For ex- 

•* nritjsh Patent 147,360, 1920; Chcm. 1920, 14. 3784. 
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ample, when ethylene is absorbed in dilute sulphuric acid at 90° C. and 50 to 
100 atmospheres the main product is ethyl alcohol, while at temperatures above 
100° C, at 50 atmospheres pressure, a mixture of ethyl ether and ethyl alcohol 
is obtained.*® Brooks*® sulphates ethylene or propylene by treating the gaseous 
olefin with 80 to 95 per cent sulphuric acid, under a pressure greater than 250 
pounds per square inch, and at temperatures of 30° to 125° C, 

A continuous method for the production of ether free from alcohol was 
described by Fritzsche.*® In heating ethylsulphuric with water, ether vapors are 
produced along with the alcohol vapors. This mixture of*ether and alcohol 
vapors is introduced into vessels containing ethylsulphuric, sulphuric acid or both. 
The alcohol vapors coming into contact with the ethylsulphuric a.cid are converted 
into ether, Bradley recommended absorbing ethylene in concentrated sulphuric 
acid at about 140° C. Superheated steam, at a temperature higher than the boil¬ 
ing point of the acid, was then introduced into the mixture. This latter step 
keeps the acid strength constant during the distillation of the ether vapors, and 
permits re-circulation of the acid without further concentration. 

Hydrolysis and distillation of ethylsulphuric acid may be accomplished by 
passing sulphuric acid containing ethylsulphuric acid and a stream of ammonia 
gas into a saturator in which dilute sulphuric acid is present. The dilute acid 
hydrolyzes the ethylsulphuric acid, and the heat of the reaction between ammonia 
and sulphuric acid is sufficient to effect distillation of the alcohol.^* 

Basore developed a process having several features worthy of comment. 
The hydrolysis of ethylsulphuric acid by water to yield alcohol is relatively slow 
and requires a longer time than had hitherto been employed, and when the con¬ 
centration of ethylsulphuric acid in the scrubbers is permitted to exceed 30 per 
cent (by weight) of the sulphuric acid, the subsequent dilution and treatment of 
the acid liquor yields considerable quantities of ether. Recognizing these facts, 
Basore preferred to discontinue the ethylene absorption when the ethylsulphuric 
acid content had risen to 10 to 20 per cent of the sulphuric acid and conducted 
the process as follows: The purified gas containing ethylene (e.g., coke-oven 
gas) is washed with sulphuric acid of 66° Be, at a temperature of 70° to 80° C. 
When the ethylsulphuric acid content has risen to 10 to 20 per cent (by weight 
of the sulphuric acid), the acid is run into another vessel where a volume of 
water is added approximately 60 per cent of that of the sulphuric acid-ethylsul- 
phuric^acid mixture. This is heated for 60 minutes at a temperature of 100° 
to 120° C. to effect the complete hydrolysis of the ethylsulphuric acid, and is 
then distilled to yield alcohol. 

A number of substances which catalyze the absorption of ethylene in sul¬ 
phuric acid are mentioned by Damiens, de Loisy and Piette.*** These consist 
of the lower oxides or salts of metals exhibiting more than one valence state, 
as for example iron, nickel, cobalt, cerium, manganese, chromium, copper, lead, 


“Joshua and Stanley, British Patent 360,492, 1930; assigned to The Distillers Co.. Ltd. 

0 AmvSb 1932^ 231a 

27 *i0^^i^‘ h88S.58S, Nov. 1, 1932; assigned to Petroleum Chemical Corp.; Chem. Abs., 

’» German Ji’atent 88,05 L189S; Chejn. Zentr,, 1896, 2, 720. 

Cellulose and Chemical 
1,674,89], June 26. 
h Patent 229,272, 

^9^2, 332; German Patent 544,284, 19i6; Chem] Abs., 1932r"26^^246^^’ 1®30, Brit, 
Compagnie de Bethune. British Patent 197,315. 1923; J.S.C.J.. 1923 42 llQftA* 

229,272, 1924; Chem. Abs.. 1925, 19, 3092. 1J98A, British 

« U. S. Patent 1,385,515, July 26, 1921; Reissue 15,211, 1921; Chem. Abs 1921 m 
Cf. Kremann. Monotsh., 1970, 31, 245; Chem. Abs., 1910, 4 . 2404. ' *** 

“®”*«** Patent 180,988, 1922; J.S.C.I., 1923, 42. 440A; U. S. Patent 1 574 796 Mar p 
Chem. Abs.. 1926, 20. 1415; U. S. Patent 1,589,372, June 22, 1926; Chem Abs 192A ia 
U. S. Patent 1,599.119. Sept. 7, 192«; Cktm. AbL 1926, 20, J460. ’ 



: Brit. 
1933, 


Manu* 

1928; 

1924; 

Chem. 

Patent 

3851. 

1926; 

3015; 



PRODUCTION OF ETHYL ALCOHOL FROM ETHYLENE 341 


mercury, titanium or tin. Ferrous sulphate, cuprous chloride, cuprous oxide, and 
cuprous sulphate offer the advantage that they are insoluble and may be* easily 
removed from the acid by filtration and used again. In the process alcohol is 
made from the ethylene of illuminating gas by passing the purified gas through 
a column (filled with pumice) in which it is washed by a stream of 66® Be 
sulphuric acid, containing 5 per cent of cuprous oxide as catalyst, and main¬ 
tained at a temperature of 35® to 40® C In the presence of the cuprous salts 
diethyl sulphate begins to form at low temperatures (0® to 15® C.) when the 
concentration of ethylsulphuric acid is only 25.6 per cent instead of 75 per cent 
as normally. , 

The use of silver or silver salts as catalysts for the absorption of ethylene 
in 96 per cent sulphuric acid is suggested by Engelhardt, Lommel and Ossen- 
beck.*® The silver may be employed in a colloidal state or as a salt or com¬ 
plex compound. The addition of 0.1 to 0:2 per cent of silver sulphate to 96 
per cent acid is said to increase the volume of ethylene absorbed 13 times. 
Furthermore the rapidity of absorption is increased still more by raising the 
temperature or by the addition of small quantities of foam-producing or emulsi¬ 
fying materials (olive oil, castor oil, Turkey-red oil, chloroform, carbon tetra¬ 
chloride or stearic acid). The use of foam-producing substances has also been 
suggested by the I. G. Farbenindustrie A.-G.^® 

In a process for the hydration of olefins McElroy®^ used sulphuric acid of 
catalytic strength, i.e., of a concentration sufficient to absorb the olefin and 
simultaneously give it up in the forn) of alcohol. He proposed to effect this 
reaction in a tower where the olefin gases are scrubbed countercurrently with a 
stream of acid. The concentration of the acid is adjusted so that it is less than 
catalytic strength at the end where the vapors leave the column and above 
catalytic strength at the other end where the gas first comes in contact with the 
acid. The temperature is regulated so that alcohol and water vapors are carried 
over with the gas stream. To replace water removed in this manner, continuous 
small additions of water or steam are made to the acid bath. 

In a similar manner, Wibaut and Diekmann,^® using an absorption tower, 
investigated the behavior of ethylene with acids of varying concentrations. The 
tower was heated electrolytically, allowing a means of controlling the tempera¬ 
ture. Water vapor was added to the ethylene gas in order to keep the acid con¬ 
centration constant. On the passage of 5 liters of ethylene using 65 per cent 
sulphuric acid at a temperature of 150® to 160® C., the distillate contained 
0.21 gram of alcohol; 0.08 gram more alcohol was obtained on dilution and 
distillation of the acid. In a second experiment under the same conditions 4 per 
cent of the ethylene was converted. Using 55 per cent acid, only 0.01 gram of 
ethyl alcohol was found in the distillate. With acid of 70 per cent strength 0.32 
gram of alcohol was present on dilution and distillation of the acid, no alcohol, 
however, being observed in the distillate. In this latter experiment only^3 liters 
of ethylene were passed through the reaction chamber. 

The Compagnie de Bethune described the production of ethylsulphuric acid 
by the absorption of ethylene in sulphuric acid of about 94 per cent concentra¬ 
tion at 90® to 95® C. The ethylene or gas containing ethylene is circulated con¬ 
tinuously through a drying tower and a sulphuric acid column containing Raschig 

U. S. Patent 1,4.S8,646, June 12, 1923; assigned to Farbenfabriken vorm, F. Bayer & Co.; 
Chem. Abs., 1923, 17, 2.S87. Sec also British Patent 185,757, 1922; Chem, Abs., 1923, 17. 771. 

« German Patent 390,621, 1921. 

«U. S. Patent 1,438,123, Dec. 5, 1922; Chem. Abs., 1923, IT. 771. 

** Proc. Koniff Akad. iVettens. Amsterdam, 1923, 26, 321; J.C.S., 1923, 124, 1049. 

•British Patent 199,007, 1923; Chem. Abs., 1924, 18. 274. 
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rings or other packing materials and heated externally. A modification con¬ 
sists i« using hot concentrated sulphuric acid containing a constant proportion 
of ethylsulphuric acid (corresponding to an ethylene content of 11 to 18 per cent). 
It is stated that this mixture absorbs ethylene more rapidly than sulphuric acid 
alone. A further improvement is realized by passing ethylene through a series 
of absorption vessels, maintained at successively higher temperatures. Each vessel 
is supplied independently with fresh sulphuric acid at such a rate as to maintain 
the concentration of ethylsulphuric acid at its optimum value for absorption 
purposes. 

Taveau suggested conducting a mixture of olefins (such as cracking gas) 
through a series of absorption vessels containing sulphuric acid in increasing 
concentrations. The first two vessels are kept at a temperature of 30° C. and 
in these propylene and butylene are absorbed. In the last vessel ethylene is 
absorbed in ^ per cent acid at approximately 100° C. 

The production of alcohol from the ethylene of coal gas by absorption in 
chlorosulphonic acid or fluorosulphonic acid has been described by Traubc.*® 

The autocatalytic action of ethylsulphuric acid in accelerating the absorption 
of ethylene in sulphuric acid was utilized by Compton.®^ Ethylene is absorbed 
in sulphuric acid containing 20 to 90 moles of ethylene per 1000 moles of sulphur 
trioxide and the composition of the bath is held within the desired limits of 
concentration by frequent additions of fresh acid. 

Bonn liquefied coke-oven gases by cooling in stages and thereby obtained 
a mixture of liquefied methane and ethylene, which is separated by fractional dis¬ 
tillation. The ethylene is purified and further treated by the usual methods for 
the production of ethyl alcohol or other ethyl derivatives. 

While investigating the problem of the utilization of coke-oven gas as a 
source of ethyl alcohol, the Compagnie de Bethune developed a process for 
separating a mixture of ethane and ethylene from that gas by liquefaction at 
—140° to —200° C. The distilled ethylene is absorbed in sulphuric acid and 
the residual ethane is thermally dehydrogenated at 600° to 800° C. to yield more 
ethylene. The utilization of the ethane of coke-oven gas is said to increase the 
yield of alcohol from distillation gases of coal by 30 per cent. 

The Bataafsche Petroleum Maatschappij used various catalysts for acceler¬ 
ating the absorption of ethylene in sulphuric acid, and for suppressing undesir¬ 
able side reactions of the ethylene homologues. In one procedure various cyanogen 
compounds are suggested for this purpose, among them potassium ferro- and 
ferricyanides, tetraethyl ferrocyanide, sulphoferricyanic acid, sodium nitroprus- 
side and prussoarsenite, and sodium ferrocarbonylpentacyanide. Other catalysts 
are compounds of the metals osmium, iridium, platinum, ruthenium, rhodium, pal¬ 
ladium, copper, iron, cobalt or nickel.®® Those metals or compounds which are 
insoluble in concentrated sulphuric acid may first be brought into a soluble form 
by converting them, for example, into soluble complex compounds with carbon 


^^‘Ji*"*’,?^***^^?*,*"* 221,512, 1923; Chem. Abs., 1925, 19, 832; German Patent 
504,325, 1923; Chem. Abs., 1930, 24, 5306; see also Armstrong, J.S.C.I., 1933, 52, 251. 

“Compagnie dc Bethune, British Patent 273,263, 1927; Brit. Chem. Abs. B, 1927 859 

25, 4557. Canadian Patent 258,227, 

1924; Brtt. Chem. Abs. B, 1927, 378; both patents assigned to The Texas Co. 

“U. S. Patent 1,510,425, Sept. 30. 1924; J.S.C.I.. 1925. 4B. 

** tJ. S. ^**Jf"* J*55*8.560, Aug. 31, 1926; assigned to Carbide and Carbon Chemicals Corporation; 
Chem. Abs., 1926, 20, 3460. 

“ German Patent 338,358, 1916; J.S.C.I., 1921, 40, 684A. 

British Patent 303,176, 1928; Brit. Chem. Abs. B, 1930, 358. French Patent 660,387, 1927; 
Chem. Abs., 1930, 24. 2760. 

“French Patent 677,822, 1929; Chem. Abs., 1930. 24. 3247; French addition Patent 40,932, 193'2; 

®«‘»sh Patent 323,748, 1928; Chem. Abs., 1930, 24, 3247; British Patent 
3817^, 1932; Chjm. Abs., 1933, 27, ^943; Dutch Patent 25,123; Chem. Abs., 1932, 26, 1939. 
loiV Petroleum Maatschappij, British Patents 336,603 and 336,604, 1929; Chem. Abs., 

ISrdlf 25j lo43* 
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monoxide or nitric oxide. It is also recommended that emulsifying agents or 
substances (ethyl alcohol, nitrobenzene, acetic acid or ether) which increase the 
solubility of ethylene in the acid be added. The metals of the platinum group 
themselves are active catalysts in a finely divided or colloidal form, as when 
precipitated on a carrier such as carbon black, silica gel or decolorizing clay.®® 
The complete absorption of ethylene can be carried out by passing the gas, at a 
rate of 3 liters per hour into a solution of, for example, 5 grams of platinum 
dichlorodiphenylisonitrile in 100 cc. of 96 per cent sulphuric acid at a temperature 
of 160® C. About 90 per cent ethylene is absorbed when the rate is increased to 
5 liters per hour. , 

The addition of some salts, particularly chlorides, to alcohol often results in 
the decomposition of both salt and alcohol. For example, aluminum chloride 
when added to either methyl or ethyl alcohol gives a violent evolution of hydrogen 
chloride. Ferric chloride does not react as rapidly, though at 50® C. its satu¬ 
rated solution yields chloroform and a dark red iron precipitate. Chloroform 
is also obtained slowly on boiling a saturated solution of cupric chloride in 
ethyl alcohol.®®* 

As pointed out, a number of outstanding attempts have been made,’ particu¬ 
larly by Fritzsche, Bury and Ollander, and Damiens and deLoisy, to apply the 
sulphuric acid process to large-scale production-of ethyl alcohol from ethylene, 
apparently without much success. Commercial operation is hindered principally 
by the necessity of reconcentrating large quantities of diluted sulphuric acid to 
95 to 97 per cent. It is reported that this difficulty has been overcome by the 
Compagnie de Bethune by neutralizing the diluted acid with ammonia and- 
marketing the ammonium sulphate. So far as is known, the only firms actually 
manufacturing ethyl alcohol by this process are the Compagnie de Bethune and 
the Carbide and Carbon Chemicals Corporation. 

Summary 

In the preceding discussion of the conversion of ethylene to alcohol by ab¬ 
sorption in sulphuric acid and subsequent hydrolysis, the following salient features 
may be noted: 

(1) The two principal reactions occurring during absorption are: first, the 
formation of ethylsulphuric acid, and second, at a later stage in the absorption 
operation, the production of diethyl sulphate. 


C,H,-fH,S04 —C,H5S04H 

C,H4 + C.H,SO*H —(QH.)*S04 


(2) The absorption of ethylene in sulphuric acid under ordinary conditions 
is rather slow but may be accelerated (a) by employing acid of very high con¬ 
centration, (b) by increasing the reaction temperature, (c) by efficient i^gitation 
and intimate contact of acid with gas, (d) by adding such catalysts as silver 
sulphate or cuprous salts, and (e) by increasing the partial pressure of ethylene. 

(3) The limiting concentration of acid is about 100 per cent or slightly less, 
since fuming acid favors the formation of carbyl sulphate, which hydrolyzes, not 
to alcohol, but to ethionic acid,®® and then to isethionic acid, thus: 


** Bataafsche Petroleum Maatschappij. British Parent 336.633, 1930; C/irm. ,4bs.. 1931. 25, 1843. 
Dutch Patent 27,237, 1932; Ckem. Abs., 1932, 26, 5574; French Patent 695,707, 1930; Ckem. Abs., 
1931, 25, 2733; French Patent 696,561, 1930: Clr^. Abs., 1931, 25, 2733. 

Lloyd, Brown, Bonnell and Jones, /.C.y., 1928. 658. Sec also Suknevitsch and Tschilingarian. 
/. Gen. Ckem. Russ., 1932, 2, 783; Brit. Ckem. Abs. A. 1933, 372. 

** Salts of ester-like condensation products of ethionic and fatty acids have been suggested as 
detergents. Such materials are discussed in Chapter 46. 
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CHtSO, 

\ CH.OSO.H CH,OH 

0 + H,0 I +H.0 —I 

/ CH,SO,H CH.SO,H 

CH.SO 

(4) An increase in the temperature of absorption causes a notable increase 
in the velocity of reaction. Here again there is a practical limit, which appears 
to be in the neighborhood of 100® C., beyond which undesirable side reactions 
occur. 

(5) All observers have stressed the importance of intimate contact for a 
sufficient time between the acid and gas. The methods for achieving intimate 
contact vary widely and comprise the use of porous or granular packing material, 
mechanical agitation, countercurrent washing over Raschig rings or other ex¬ 
tended surfaces, and the addition of foam- and froth-producing materials and 
emulsifying agents, as well as organic solvents. 

(6) It has been demonstrated beyond doubt that certain catalytic materials 
and increased pressures both increase the velocity of absorption. 

(7) The hydrolysis of ethylsulphuric acid seems to be fairly rapid in the 
presence of water at 100® C. and involves little difficulty. Ammonia has been 
proposed as a neutralizing agent. Depending upon the degree of dilution of the 
ethylsulphuric acid, hydrolysis and distillation yield alcohol or ether or mixtures 
of the two. Dilution with about an equal volume of water favors high propor¬ 
tions of alcohol in the product. 

Diethyl Sulphate 

It is interesting to note that diethyl sulphate may be used as a commercial 
ethylating reagent in many organic reactions. According to Cade,°^ it has a 
boiling point of 96® C. at 15 mm., of 120.5® C. at 45 mm., and of 208° C. at 
760 mm. (with decomposition); d'* 1.837, and melting point of —24.5° C.; is 
non-inflammable and non-toxic. Organic hydroxy-compounds react readily with 
this material to yield ethers, while inorganic salts convert it to the corresponding 
esters. With amines, diethyl sulphate gives either mono- or di-substituted deriva¬ 
tives. Thus, diethylaniline is obtained by the action of 1.4 moles of diethyl 
sulphate on 1 mole of aniline in the presence of 1.2 moles of calcium hydroxide. 
Other procedures, than those previously mentioned, for the manufacture of di¬ 
ethyl sulphate involve the reaction between ethyl alcohol and sulphuric acid or 
sulphur trioxide,®* and the vacuum distillation of ethylsulphuric acid.®® 

Higher Alcohols from Ethyl Alcohol 

The catalytic conversion of ethyl alcohol to alcohols of higher molecular 
weight, such as butyl alcohol, has been proposed. One process for such a con¬ 
version is the passage of ethyl alcohol vapors at superatmospheric pressure (130 
atmospheres or higher) and at temperatures of about 325® C. over a catalyst of 

•^Chem. Met. Eng., 1923, 29, 319. C/. Wachtel, Z. exp. Path. Ther., 1920, 21, 1: Chem. Abs.. 

1921, 15, 120. 

“Lilienfeld, British Patent 143,260, 1920; J.S.C.I., 1921, 40, 322A. Bader, U. S. Patent 1,484,249, 
Feb. 19, 1924; assigned to H. Dreyfus; J.S.C.I., 1924, 43. 314B. Adamson, U. S. Patent 1.399,238. 
Dec. 6, 1921; assigned to General Chemical Co.; J.S.C.I., 1922, 41, 79A. The production of dialkyl 
sulphates by reaction of olefins and sulphuric acid was also described by Deanesly, British Patent 
363,028. 1930; Chem. Abs., 1933, 27, 1421; Canadian Patent 310,439. 1931; Chem. Abs., 1931, 25, 
3014; French Patent 704,876, 1930; Chem. Abs., 1931. 25, 4557; French Patent 718,943, 1931; dhem. 
Abs., 1932, 20> 3261; all patents assigned to Bataafsche Petroleum Maatschappij. 

•• British Cellulose and Chemical Manufacturing Co., Ltd., British Patent 175,077, 1922; J.S.CJ.. 

1922, 41, 309A. 
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magnesium oxide containing a small proportion of copper oxide.** In another 
procedure,*® ethyl alcohol vapors together with hydrogen are conducted at atmos¬ 
pheric pressure and a temperature of 200° C. or higher over a magnesium oxide 
catalyst activated by the oxides of metals such as lead, nickel, cobalt, silver, 
uranium, tungsten, copper and others. The catalyst may be stabilized by the 
addition of aluminum hydroxide, stannic acid, silica gel or wood charcoal. The 
products consist not only of n-butyl but also hexyl and octyl alcohols, acetalde¬ 
hyde, and some butyric and crotonic aldehydes. By passing a mixture of ethyl 
and methyl alcohol and hydrogen over these catalysts a product is obtained con¬ 
taining methylethylcarbinol, propyl, isobutyl, butyl, hexyl, heptyl, octyl and nonyl 
alcohols.*® Joshua, Stanley and Dymock*^ ^ass a mixture of ethyl and butyl 
alcohols and hydrogen over a mixed catalyst of aluminum, uranium, and thorium 
oxides with copper, silver, nickel or chromium. The main product is hexyl 
alcohol. 

•«Wibaut, U. S. Patent 1,910,582, May 23, 1933; Ckem. Abs., 1933, 27, 3951; British Patent 
336,811, 1930; Chem. Ahs., 1931, 2S, 1844; French Patent 695,765, 1930: Ckem. Abs., 1931, 2S, 2739; 
German Patrat 545,849, 1930; Chem. Abs., 1932, 26. 3521; all patents assigned to Bataafsche Petroleum 
Maatschappij. In the presence of dehydration catalysts such as . aluminum oxide, thorium oxide, or 
aluminum sulphate at 400“ C. under pressure, the alcohols arc said to be transformed to the corre¬ 
sponding ethers (Bataafsche Petroleum Maatschappij, British Patent 332,756, 1929; Chem. Abs., 1931, 
25, 302; French Patent 701.335, 1930; Ckem. Abs., 1931. 25, 4011). 

** Fuchs and Querfurth, British Patent 364,134, 1930; Brit. Chem. Af^. B. 1932, 459. 

** Deutsche Ciold- und Silber-Scheideanstalt vormals Roessler, British Patent 381,185, 1932; 
Ckem. Abs., 1933, 27. 3943. See also French Patent 42,154, 1933; Chem. Abs., 1933, 27, 4813; 
addition to 722,050; Ckem. Abs., 1932, 26. 4062. 

•’British Patent 393,267, 1931; assign^ to British Industrial Solvents, Ltd.; Brit. Ckem. Abs. B, 
1933, 777. 



Chapter 14 

Reaction Between Sulphuric Acid and Propylene. 
Production of Isopropyl Alcohol 


The reaction between ethylene and concentrated sulphuric acid results almost 
exclusively in the esterification of ethylene with the production of ethylsulphuric 
acid and subsequently of diethyl sulphate. Propylene, however, reacts much more 
rapidly and easily with sulphuric acid and therefore less concentrated acid and 
lower temperatures may be employed. One can even separate ethylene and propyl¬ 
ene by using sulphuric acid of the proper concentration. The simple esterification 
of propylene is complicated by polymerization and decomposition of the polymers 
as the predominating reactions at higher temperatures. Diluted acid is customarily 
used as concentrated acid favors the formation of polymers. 

In the following pages a resume is given of the most important work on the 
reactions of propylene and sulphuric acid, the subject being treated with special 
reference to the production of isopropyl alcohol. Since many of the industrial 
processes for making alcohols from olefins are concerned with mixtures of ethyl¬ 
ene homologues found in the gas from cracking plants, some of the methods 
here given are also applicable to the production of the higher secondary and ter¬ 
tiary alcohols, a subject more fully discussed in a subsequent chapter. 

It has long been known that propylene can be converted into isopropyl alco¬ 
hol by reaction with sulphuric acid followed by hydrolysis of the resulting iso- 
propylsulphuric acid, as follows: 

CH, 

CH.CH=CH, + H,SO. —>- \hSO.H 

cnf 


CH. 

\hSO.H + H,0 



CHsCHOHCH. + H.SO. 


Yet the published work dealing with these reactions is not very extensive. 
Berthelot carried out some investigations on the production of secondary alcohols 
by this method. As early as 1855 we find his publications, one dealing with the 
absorption of propylene in sulphuric acid followed by the distillation of the acid 
compound mixed with water and others discussing the use of 98 per cent sul¬ 
phuric acid * and the transformation of the alcohol, produced from olefin-contain¬ 
ing gas and sulphuric acid, into ether.* Later Berthelot * investigated the velocity 
of and the effect of temperature on the absorption of propylene in sulphuric acid, 

^Jakresher. Fortschr. Chem., 1855, 611; Ann. Chim. Phys., 1894, (7) 4, 102; sec also Compt. 
rend., 1894, 118, 1009. 

*Ann. Chim. Phys., 1855, (3), 43, 385. 

*Compt. rend., 1855, 40, 102. 

*Ann. Chim. Phys., 1895, (7), 4, 105. 
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and the formation of polymerization products during the subsequent distillation 
with water. He observed that sulphuric acid hydrate absorbed two hundred times 
its volume of propylene and that on mixing with water and distilling, an alcohol 
with a boiling point of 82^ C. was obtained. 

Plant and Sidgwick* noted that the rate of absorption of propylene in sul¬ 
phuric acid was very much greater than that of ethylene. On passing propylene 
through 97 per cent sulphuric acid at 25® C., a 50 per cent increase in weight 
took place in two hours. Apart from the production of isopropylsulphuric acid 
and isopropyl sulphate there was also formed a quantity of colorless oil boiling 
from 55® to 155® C. at 30 mm. Analysis of this oil together with the fact that 
it appeared to react with metallic sodium led !^lant and Sidgwick to believe it was 
a mixture of higher secondary alcohols produced by the action of sulphuric acid 
on the polymers of propylene. This conclusion, however, has been contested 
by Orniandy and Craven.® 

A series of measurements of the relative rates of absorption of gaseous olefins 
in sulphuric acids of various concentrations has been reported by Davis and 
Schuler.^ Their results for the absorption of ethylene in concentrated acid 
showed: (a) the film of acid on the glass walls of a pipette absorbed as much 
per unit area as the surface of the acid itself, (b) the absorption rate was not 
greatly changed by renewal of the surfaces or by the agitation in the liquid 
caused by rotation of the pipette, and (c) the rate was hardly affected by a 
nine-fold change in the volume of the acid. In view of these results Davis and 
Schuler concluded that the reaction between ethylene and sulphuric acid takes 
place entirely in a very thin film at the surface; These investigators showed 
that the absorption rate of propylene always remained about 300 times that 
of ethylene for acid concentrations of 80 per cent and higher, this in spite of 
the fact that the absolute values for the rates of absorption changed almost 200- 
fold over the range of acid concentrations employed. 

Ormandy and Craven in a series of publications ® have brought forward much 
evidence to show that the interaction of olefin hydrocarbons with sulphuric acid 
produces not only alcohols, alkylsulphuric esters, and olefin polymers, but a re¬ 
markable splitting of the olefin polymers takes place yielding considerable quan¬ 
tities of paraffin hydrocarbons. Empirically the reaction leading to thfe production 
of open chain paraffins is written by Ormandy and Craven as: 

3xCnHsa ' ^ 2CnxHinx-fa ~f~ CnxHins 

Thus it was found that on bubbling gaseous olefins, of 3 or more carbon atoms 
per molecule, through 98 per cent sulphuric acid at 25® C. separation of colorless 
oils occurred immediately. Dilution of the acid layer yielded oily products re¬ 
ferred to as acid wash oils and the residual aqueous acid was fractionated to 
recover the free alcohols. The separated oils possessed physical properties and 
yielded analytical results which showed that they consisted of mixtures .of open 
chain paraffins. The acid wash oils were unsaturated, had a high refractive index, 
and tended to darken on exposure to air. Apparently Ormandy and Craven con¬ 
sidered that triolefins are present in these oils. Some results obtained with propyl¬ 
ene are noteworthy. Propylene was passed into 98 per cent acid below 25® C. 
until about 12 per cent by weight was absorbed. The products of the reaction 
contained 46.7 parts of free oil, 44.7 parts of acid wash oils, and 5.2 parts of 
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isopropyl alcohol per 100 parts of olefin absorbed. The absorption of propylene 
was studied in some detail and the result established that one molecule of sul¬ 
phuric acid absorbs at least three molecules of propylene over and above that 
which goes to form hydrocarbons. Thus by absorbing propylene in 98 per cent 
acid below 25® C. for 17 hours 1,10 moles of propylene (per mole of sulphuric 
acid) were recoverable as hydrocarbons and in addition 3.78 moles of propylene 
were otherwise absorbed. In an experiment in which propylene was absorbed 
in 80 per cent sulphuric acid, a 10 per cent increase in weight took place after 
14 hours bubbling and 24 per cent of the propylene was converted into paraffins 
and 62 per cent into isopropyl alcohol. This experiment clearly confirmed the 
findings of Ellis and his co-workers as to the desirability of using as dilute acid 
as possible, consistent with sufficiently rapid absorption, to avoid undesirable 
side^reactions in the manufacture of isopropyl alcohol from propylene. 

fey saturating 98 per cent sulphuric acid with propylene at as low a tempera¬ 
ture as the melting point of the mixture would permit, Ormandy and Craven® 
were able to prepare diisopropyl sulphate, a colorless liquid melting at —19® C., 
d^* ** 1.1155, and n 1.4121, which decomposes rapidly when warmed to 55®-60® C. 
This instability of diisopropyl sulphate was also noted by Bert,^® who prepared 
the substance by the action of sulphuryl chloride on the sodium derivative of 
isopropyl alcohol. Medvedev and Alekseeva found that on removing all traces 
of mineral acids the diisopropyl sulphate was quite stable. It could be distilled 
in vacuo without appreciable decomposition and kept unchanged for several days 
over talcium chloride. 

Attempts have been made by a number of workers, to hydrate propylene to 
isopropyl alcohol with water in the presence of catalysts. On passing a stream 
of propylene, to which a quantity of steam had been added at 125° to 130° C., 
couptercurrent to a stream of 45 per cent sulphuric acid or of a concentrated 
aqueous solution of benzenesulphonic acid, Wibaut and Diekmann obtained 
some isopropyl alcohol on cooling the exit gases. By carefully adjusting the 
proportion of steam in the ingoing gases it was possible to maintain the concen¬ 
tration of the acid at a constant value, and under these conditions the acid 
functioned as a hydrating catalyst. A large proportion of the propylene, how¬ 
ever, was decomposed by the sulphuric acid and separation of carbon and forma¬ 
tion of sulphur dioxide took place. 

Comparatively few experimental details have been published on the conditions 
necessary for the production of good yields of isopropyl alcohol from propylene. 
The conclusion of Ormandy and Craven that it is difficult to prepare isopropyl 
alcohol by the use of sulphuric acid without losing 30 per cent or more by 
polymerization was contested by Norris and Davis,who stated that carefully 
controlled tests both in the laboratory and in ^ semi-commercial plant have shown 
that it is possible to obtain almost quantitative yields of isopropyl alcohol from 
propylene using very concentrated sulphuric acid. 

Industrial Production of Isopropyl Alcohol 

The production of tremendous volumes of gaseous and low-boiling liquid olefins 
during commercial cracking operations has greatly stimulated the industrial use 
of these olefins as raw materials for the manufacture of secondary and even of 

• J.S.CJ., 1930, 49, 362T; cf. Levaillant, Compt, rend., 1929, 188, 261; Chem. Ahs., 1929, 23, 4669. 
soc. chim., 1925, 37, 1252; Ckem. Abe., 1926, 20. 1793. 

"Birr., 1932, 6SB, 131. 

** Proc. Konig. Akad. IVetenseh. Amsterdam, 1923, 26, 321; Chem. Ahs., 1923, 17, 3858. 

^J.S.C.L, 1929, 48, 70T. 
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tertiary alcohols. The first commercial .production of isopropyl alcohol was un¬ 
dertaken during the War period by the Melco Chemical Co* operating the Ellis 
process.^* The still gases obtained in the cracking process were freed of hydrogen 
sulphide and water vapor, and the olefins then absorbed by passing the gases 
through 87 per cent sulphuric acid (sp. gr. 1.8) at 15® to 20® C., a rise in tem¬ 
perature being avoided by refrigeration. The undissolved gases at that time were 
used for fuel. When the specific gravity of the acid solution reached 1.4, the 
product was diluted with 4 volumes of water, and the polymers which separated 
were withdrawn. The diluted acid was next distilled, and the isopropyl alcohol 
obtained as a 20 per cent aqueous mixture. The crude product was further con¬ 
centrated by distillation, yielding a constant-boiling mixture of isopropyl alcohol 
and water, containing 91.09 per cent alcohol by volume. 

During the World War when acetone was in great demand for making air¬ 
plane “dope”, the Bureau of Aircraft Production took over the Melco plant and 
thoroughly studied the problem of making acetone from the isopropyl alcohol by 
catalytic oxidation in the presence of copper, or other metals, and by its dehydro¬ 
genation in contact with heated zinc, copper or brass. The enormous wartime 
need of acetone undoubtedly could have i^en satisfied in this manner had not 
the termination of the War soon thereafter eliminated the demand. Later the 
Standard Oil Co. of New Jersey obtained the rights to the Ellis process, and 
for many years has been producing both 91 per cent and anhydrous isopropyl 
alcohol in large quantities at its Bayway refinery. 

Since that time the higher secondary and tertiary alcohols have been added 
to the list of commercial organic chemicals. By far the most important produc¬ 
tion of such alcohols has been that carried out under the auspices of the Standard 
Oil Co. of New Jersey, who later organized the Standard Alcohol Co. to continue 
this development.^* 

Ellis has developed a process for producing alcohols from cracking gas 
which consists in bringing the gas in contact with sulphuric acid of 1.8 specific 
gravity at fairly low temperatures (below 20® C.) in the presence of a non- 
rcactive liquid absorbent for the gases immiscible with sulphuric acid. This 
process results in the absorption of propylene and higher olefins. The resulting 
acid liquor, when it has reached a specific gravity of 1.3 to 1.4, is hydrolyzed 
with water to yield a mixture of isopropyl alcohol and higher alcohols. The acid 
liquor may also be used to make acetates or other esters of the secondary alcohols 
by reaction with the sodium salt of the appropriate aliphatic acid. The ethylene 
present in the cracking gas may afterwards be absorbed in more concentrated 
acid (100 per cent) at 60® to 70® C., also in the presence of a liquid diluent (for 
example, molten paraffin wax), to yield ethylsulphuric acid. 

Two other processes for the manufacture of alcohols by sulphuric acid treat¬ 
ment of olefins have been developed by Ellis.*In the first, cracked gasoline 
ioiling up to 110® C. is agitated for 3 hours with sulphuric acid of 1.8 specific 
gravity, the temperature being kept low by cooling. The mixture is then,allowed 
to stand and the acid extract, separating as a bottom layer, is drawn off, diluted 
with water, and distilled with steam to yield a mixture of water-insoluble alcohols. 
About 25 per cent of these alcohols boil up to 115® C., 55 per cent from 115® to 
150® C., and 20 per cent above 150® C. The upper layer of hydrocarbons may 

^^Chem. Met. Eng., 1920, 23. 1230; J.S.C.L, 1921, 40, 89R. 

Nat. Pet. News, 1932, 24^ No. 49, 25. The Sundard Alcohol Co. was formed in 1932 to con¬ 
tinue operations under the ElUs process and to include certain improvements of Davis and others. 
.(See also Chapter 16.) 

«U. S. Patent 1.464,153, Aug. 7, 1923; Chem. Abs., 1923, 17, 3248. 

» Ellis et al., U. S. Patents 1.486,646, March 11, 1924, and 1,486,647, March 11, 1924. 
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Courtesy Standard Alcohol Co. 


Fig. 23.—General View of 


be retreated with sulphuric acid to extract the residual olefins, leaving a mixture 
of saturated hydrocarbons only. The second process is concerned with the 
production of acid extract and alcohols from the gaseous products of cracking. 
By washing the cracking gas in an absorption tower, packed with contact mate¬ 
rial, with sulphuric acid of 1.8 specific gravity at a temperature below 40° C., 
there is obtained an acid liquor, the major portion of which consists of sulphated 
derivatives of olefins (mixture of alkylsulphuric acids) of more than two carbon 
atoms, predominantly derivatives of propylene. Since the extent of polymeriza¬ 
tion depends mainly on the time of exposure of the olefin to sulphuric acid, on 
the temperature, and on the concentration of the acid, too high temperatures and 
too concentrated acids are to be avoided. The sulphated material, as formed, 
should be immediately mixed with water to check any sulphonation or polymeri¬ 
zation, The alcohols may be removed from the dilute acid by distillation with 
steam. 

In order to avoid excessive polymerization of propylene caused by too high 
an acid concentration or temperature, Brooks and Cardarelli kept the partial 
pressure of propylene in excess of 50 pounds per square inch. Best results were 
obtained with the partial pressure in excess of 100 pounds per square inch with 
an acid concentration of 75 to 80 per cent and a temperature of 10° to 30° C.; 
or with an acid concentration of 70 to 75 per cent and a temperature of 40° C. 

In the absorption of propylene, and its homologues present in cracking gas, 
in sulphuric acid of 1.8 specific gravity at about 20° C., protracted contact be¬ 
tween the gas and the acid, as previously noted, is undesirable.^® Generally 
speaking 3 to 10 hours circulation of each batch of acid is sufficient, according 
to Ellis,^® to give good yields of alcohol, while the passage of the gas for 24 


27 4818 ^ 1,919,617, July 25, 1933; assigned to Standard Alcohol Co.; Chem. Ahs., 1933, 

1;594,823, Aug. 3, 1926. Cf. British Patents 146,956, 1920; 146,957. 1920; 
173,538, 1921; all assigned to S. B. Hunt, trustee. 
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Isopropyl Alcohol Plant. 


to 48 hours through a single batch of acid is likely to yield little or no alcohol. 
Introduction of the gas normally is continued until the specific gravity of the 
acid liquor has fallen to 1,3 to 1.4.^® 

Ellis-® also suggested adding sulphuric acid of about 1.8 specific gravity 
gradually to cracked petroleum containing both olefins and saturated liquid hydro¬ 
carbons, separating the acid layer by settling and then hydrolyzing it' to yield 
alcohols. Before hydrolysis, the acid layer can be used for the treatment of addi¬ 
tional olefin-containing material. 

The use of an inert liquid, such as petroleum oil, agitated with the absorbing 
acid has been recommended by Mann and Williams.®^ Gaseous propylene is 
readily soluble in such a petroleum liquid and by employing it, better contact 
between the acid and propylene is secured. This procedure also reduces the poly¬ 
merizing effect of the acid on propylene. 

Mann proposed the removal of small quantities of oil from isopropyl alcphol 
by bringing the liquid into intimate contact with sawdust. Lebo suggested 
separating isopropyl alcohol from other admixed alcohols by adding a small quan¬ 
tity of benzene to the crude isopropyl alcohol before distilling. The benzene 
forms a low-boiling mixture with the isopropyl alcohol and this mixture can 
be separated subsequently into benzene and isopropyl alcohol by distillation. It 
has also been reported by Lebo ** that isopropyl, butyl and amyl alcohols may be 

Incidentally it is proposed to increase the yield of olefin by thermally dehydrogenating the 
paraffin hydrocarbons (remaining after the first absorption) at 500**-700* C. under a pressure of 7 to 8 
pounds less than atmospheric. The resulting olefins are absorbed in acid of sp. gr. 1.8 to yield 
isopropyl and higher alcohols. 

»IJ. S. Patents 1,365,044 and 1,365,046, Jan. 11, 1921. 

**17. S. Patent 1,365,043, Jan. 11, 1921; assigned to Standard Oil Development Co.: Chem. 
Abs., 1921, 15. 944. 

” U. S. Patent 1,413,864^ Apr. 25, 1922; assigned to Standard Oil Development Co.; J.S.C.I., 
1922, 41, 438A. 

** U. S. Patent 1,422,583, July 11, 1922; assigned to Standard Oil Development Co.; Chem, 
Abs., 1922, 16. 3093. 

U. S. Patent 1,870,815, Aug. 9, 1932; assigned to Standard Oil Development Co.; Chem. 
Abs., 1932, 26, 5578. 
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freed from certain impurities, particularly sulphur compounds, by first digesting 
the crude product with less than 2 per cent by volume of 40® Be. nitric acid, 
then neutralizing the acid with an alkali, and finally distilling the alcohol from 
the neutralized mixture. 

In the Ramage process the low«boiling fractions of cracked distillates, con¬ 
taining both olefins and aromatics, are treated with 60° to 66° Be. sulphuric acid, 



Courtesy Standard Alcohol Co. 


Fig. 24. —Agitator Motors in an Isopropyl Alcohol Plant. 

cooling if necessary to prevent loss of volatile hydrocarbons. For example, a 
fraction of cracked gasoline, boiling between 70° and 95° C., is treated with 25 
per cent by weight of 66° Be. sulphuric acid with thorough agitation. After the 
addition of the acid is completed, a volume of water, equal to about 10 times the 
volume of acid, is added and the mixture then allowed to separate into two layers. 
An alkali, such as sodium carbonate, may be dissolved in the water. This alkali 
MU. S. Patent 1.407,770. Feb. 28, 1922; Chem. Abs., 1922, 16, 1663. 
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neutralizes the acid and assists in the hydrolysis of the alkylsulphuric acid deriva¬ 
tive formed. The upper, or oil layer, is withdrawn and separated into various 
fractions by distillation. The lower-boiling fractions are said to consist largely 
of alcoholic and aromatic bodies, the intermediate fractions of xylol and terpenes, 
and the high-boiling fraction (above 275® C.) is a lubricating oil, very probably 
containing largely polymerization products of the olefins. 

In another process developed by Ramage a mixture of olefin and aromatic 
hydrocarbons, having a boiling range of 20® to 150® C. obtained by the cracking 
of petroleuhi oil, is treated with about 20 per cent by volume of .66® Be. sulphuric 
acid, the temperature being maintained below 40° C. Upon settling the mixture 
forms two layers: (1) a supernatant mixture of liquid hydrocarbons mostly of 
an aromatic nature (which can be fractionated and the lower fractions nitrated 
to yield nitro-compounds) and (2) an acid sludge, consisting of a mixture of 
sulphuric acid derivatives of the lighter olefins, chiefly those up to and including 



Courtesy Standard Alcohol Co. 


1^'iG. 25.—Steam StilU in an Isopropyl Alcohol Plant. 

CioHjo, and acid resins derived from the higher olefins. The acid sludge is 
diluted with an equal volume of water, agitated, and allow^ed to settle, yielding 
(1) an aqueous solution of various alcohols which is distilled to concentrate the 
alcohols, and (2) a tarry layer containing acid resins. The latter is extracted 
with 10 per cent caustic soda solution from which the acid resins may be pre¬ 
cipitated by acidulation. 

A process described by McElroy is intended to convert the gaseous olefins 
present in oil gas into alcohols by what may be virtually a catalytic hydration in 
the presence of sulphuric acid. Olefin gas is brought into contact with sulphuric 
acid of such a concentration and at such a temperature that the olefin is absorbed 
and immediately,,given up in the form of alcohol, which is carried forward in 
the gas stream and condensed. The olefin gas first passes through a preliminary 
scrubber where it comes in contact with dilute sulphuric acid (1 part of acid 
and 3 parts of water) which removes the more easily polymerized olefins. The 
olefin gas then passes from the top of the preliminary scrubber to the base of 
the reaction chamber, which is maintained at a temperature of 80® to 100® C. by 

«U. S. Patent 1,483,835, Feb. 12, 1924; Ckem. Abs., 1924, 18, 1194. 

” U. S. Patent 1,438,123, Dec. 5. 1922; Chem, Ab*,, 1923, 17, 771. 







354 


CHEMISTRY OF PETROLEUM DERIVATIVES 


^ heating packet. Dilute sulphuric acid is fed into the top of the reaction chamber 
and flows down through a customary bubble tower arrangement to secure inti¬ 
mate contact with the ascending stream of olefin gas. As the temperature of 
the reaction chamber is high enough to cause the evaporation of some water, 
the acid withdrawn from its base is much more concentrated than that entering 
the top. This concentrated acid, together with any dissolved olefins, is pumped 
back to the acid tank at the top of the reaction chamber, where it is diluted with 
water to the original strength. The olefin gas passing up through the chamber 
is absorbed by the acid, forming alkyl acid derivatives. These are immediately 
hydrolyzed to the corresponding alcohols, which in turn are vaporized. The 
alcohol .vapors together with water vapor pass out of the top of the reaction 
chamber into an accessory column still. Part of the water vapor is condensed 
in a preliminary condenser and returned to the reaction chamber. The uncon¬ 
densed gases are led to a final condenser to yield a condensate containing 10 to 
15 per cent or more of alcohol, which may be further rectified. 

The Compagnie de Bcthune proposed the conversion of the ethylene homo- 
logues (principally propylene) present in coke-oven gas into the corresponding 
alcohols by treatment with about 90 per cent sulpl\uric acid at 18® C., followed 
by hydrolysis of the alkylsulphuric acid and distillation of the alcohols. 

The successive removal of olefins in the gases from cracking * operations is 
reported by Taveau.*® The olefin-containing gases are passed countercurrent to 
sulphuric acid through a series of reaction chambers. By using acids of suc¬ 
cessively higher concentrations and by raising the temperature, the removal of 
the olefinic gases in stages is accomplished. For example, the cracking gases are 
first brought into contact with 65-66 per cent sulphuric acid at 30® C., under 
which conditions isobutylene is absorbed. The residual gases are next treated 
with 85 per cent acid, at the same temperature, which removes the remaining 
isomeric butylenes. Acid of about 94 per cent* concentration, in the following 
series of reaction chambers at 30® C., reacts with the propylene, and 98 per cent 
acid at 100® C. used in the last chambers absorbs ethylene. The reactive acid 
liquor from each step is hydrolyzed, or otherwise treated, as soon as possible to 
avoid unnecessary polymerization. 

Another process suggested for the separation of olefins from gaseous mixtures 
consists in treating the mixture with sulphuric acid in three stages.®® The con¬ 
centration of the acid for the first stage is less than 65 per cent, for the second 
stage, 78 to 82 per cent, and for the third stage, above 90 per cent. For the first 
two stages the temperature is kept at 32® to 49® C. The addition of an absorp¬ 
tion oil to the acid assists by promoting more intimate contact between the acid 
and olefins and by reducing polymerization of the olefins. 

The fractional extraction of olefins from cracking gas at lower temperatures, 
3® C. or less, has been reported.®‘ At such temperatures sulphuric acid of not 
less than 75 per cent stren^h removes isobutylene and the amylenes, while 
propylene and the normal butylenes are absorbed by acid of not less than 88 
per cent strength. 

An apparatus for the absorption of olefins present in petroleum distillation 
gases has been described by Mann.®* The absorbing liquid may be, for example, 
sulphuric acid of 1.8 specific gravity mixed with a saturated paraflin oil in the 


** French Patent 636,651, 1926; Brit. Cketn. Abs. B, 1930, 500. 

*»U. S. Patent 1,810,192, June 16, 1931; assigned to The Texas Co.; Chem. Abs., 1931, 25, 
4557. 

•»Buc, British Patent 340,098, 1929; Brit. Chem. Abs. B, 1931, 192; French Patent 684,567. 
1929; Chem. Abs. 1931, 25, 2733. Both patents assigned to Standard Oil Development Co. 
Markovich and Pigulevskii, Russian Patent 25,599, 1932; Chem. Abs., 1932, 26, 5312. 

"U. S. Patent 1,654,181, Dec. 27, 1927; assigned to S. B. Hunt; Brit. Chem. Abs. B, 1928, 249. 
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proportion of 1 part of acid to 5 parts of oil, and gas is supplied to the absorber 
under a pressure of 4 to 5 atmospheres. 

A plan offered by Pilat, Piotrowsky and Winkler®® to produce propyl and 
butyl, as well as higher, alcohols from the olefins of gases obtained in coal dis> 
tillation or from the cracking of oil utilizes numerous features described above. 
The gases, after being desulphurized, dehydrated and freed of gasoline, are ab¬ 
sorbed under pressure at temperatures below 20® C. in 70 to 90 per cent sulphuric 
acid. A well-refined oil, such as solar oil, may be mixed with the sulphuric acid. 

Another procedure involves using dilute sulphuric or hydrochloric acids (con¬ 
centration less than 3 moles per liter) at high temperatures and maintaining the 
gaseous olefins under high pressures.®^ For example, propylene or a higher olefin 
at a partial pressure greater than 10 atmospheres is forced into the dilute acid 
at a temperature of ISO® to 222® C. Catalysts consisting of compounds of bis¬ 
muth or of copper may be added to the acid.. This method may be utilized also 
for the separation of propylene and higher olefins from ethylene. Apgar ®® sug¬ 
gested treating a gas containing unsaturated hydrocarbons (propylene and buty¬ 
lene) with 70 to 90 per cent sulphuric acid under 100 to 150 pounds pressure 
at 21® to 27® C. After treatment with the acid, the immiscible oils arc separated, 
and the alcohols recovered from the acid extract by hydrolysis and distillation. 

The Societe Anonyme d’Explosifs et de Produits Chimiques separated crack¬ 
ing gases by liquefaction into fractions consisting of (1) pentanes and amylenes 
and (2) butanes and butylenes. Propylene and ethylene remaining in the residual 
gases are treated with cold sulphuric acid in which the propylene is absorbed, 
the ethylene remaining undissolved. Hydrolysis of the acid products followed 
by distillation yields isopropyl alcohol. Higher secondary and tertiary alcohols 
may be obtained by treating the liquid olefin fractions in a similar manner. 

The process of Curme and Reid*^ for the production of isopropyl alcohol 
calls for the absorption of propylene in concentrated sulphuric or phosphoric 
acids at a temperature of —10® to 0® C., the temperature rising to 15® to 20® C. 
toward the end of the absorption. The product, containing as much as 80 per 
cent of diisopropyl sulphate, is hydrolyzed by emulsifying with water below 
40® C. and the alcohol recovered in the usual manner. 

Merley ®* described an interesting process for the production of alcohols from 
olefins. He sought to produce alcohols in a very pure state by eliminating the 
evil-smelling polymers principally by hydrolyzing the acid solution with four 
volumes of water and then dissolving the polymers in alcohols, particularly those 
having more than five carbon atoms. These higher alcohols are either formed 
during hydrolysis of the acid sulphates of the corresponding olefins originally 
present, or they are added during the operation. 

Merley treated the gaseous olefins in a reaction chamber countercurrently with 
sulphuric acid. The absorption mixture then enters a second reaction chamber 
where liquid olefins are introduced, the reaction temperature being kept between 

** Prtemysl Chem., 1929, 13, 208; Chrm, Abs., 1930, 24, 1963. Cf. Holxman, Allgcm, Oel m. 
Fctt-Ztg., 1931. 28. 245; Ckem, Abs., 1932, 26. 1107. 

»*I. G. Farbenindustrie A.G., British Patent 324,897, 1928; Brii. Chem. Abs. B. 1930, 408 
Cf. Suida, U. S. Patent 1,836,135, Dec. 15, 1931; assigned to I. G. Farbenindustrie A.-G.: Chem. 
Abs., 1932, 26, 994. 

U. S. Patent 1,846,666, Feb. 23, 1932; assigned to Sinclair Refining Co.; Brit. Chem. Abs. B. 
193.1, 11; Chem. Abs., 1932, 26 , 2467. ^ 

»• British Patent 251,652, 1927; Chem. Abs.. 1927, 21 , 1546. 

”U. S. Patent 1,695,24^ Dec. 11, 1928: assigned to Carbide and Carbon Chemical Corn- 
Chem. Abs., 1929, 23 , 609. Cf. Deanesly, British Patent 363,028, 1930; Chem. Abs., 1933. 27 , 1421; 
Canadian Patent 310,439, 1931; Chem. Abs., 1931, 25 , 3014; French Patent 704,876, 1930; Chem. Abs. 
1931, 25 . 4557: French Patent 718,943, 1931; Chem. Abs., 1932, 26 , 3261; all patents assigned to 
Bataafsche Petroleum Maatschappij. 

“U. S. Patent 1,809,788, June 9, 1931; assigned to Doherty Research Co.; Chem. Abs., 1931, 
25 , 4283. 
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0® and 5® C The ester mixture is withdrawn to the acid settling tank where 
the hydrocarbons separate^ From there the sulphuric ester mixture passes to 
the drowning tank where it is diluted with water, generally four volumes of water 
to one volume of the ester mixture, and cooled at the same time to prevent any 
rise in temperature. At this stage a large quantity of polymers separates and 
is decanted. The mixture is next conducted to a lead-lined hydrolysis tank, to 
which is attached a reflux condenser. Here, a heating appliance raises the tem¬ 
perature of the diluted mixture and hydrolysis occurs with the formation of 
alcohols. During heating and hydrolysis the temperature is kept low enough so 
that alcohol vapors are condensed by the reflux condenser. At the same time 
some of the polymer material, which had not previously separated, dissolves in 
the heavy alcohols having more than five carbon atoms. As stated above, if these 
alcohols are not formed from the olefins originally present they may be added in 
sufficient quantity before or after the dilution with water in order to dissolve 
the polymers and thus separate them from the other alcohols. Completion of 
hydrolysis is indicated when the surface layer temporarily changes in color from 
brown to green, which usually occurs after four hours of heating. The heating 
is immediately stopped and the resulting mixture of alcohols, water and acid 
quickly cooled. After cooling an additional quantity of the alcoholic solution of 
polymers rises to the surface and is withdrawn. The mixture of diluted acid 
and alcohol is then distilled in a lead-lined still and the following fractions arc 
separated: 

(1) Up to 80® C., consisting chiefly of ketones and some isopropyl alcohol. 

(2) From 80® to 82® C., principally crude isopropyl alcohol of specific gravity 
0.8166 to 0.8200. 

(3) From 82* to 86" C, principally isopropyl alcohol together with some butyl 
alcohol, the mixture having a specific gravity of 0.82 to 0.848. 

(4) From 86® to 88* C, crude butyl alcohol of specific gravity 0.848 to 0.863. 

(5) From 88* to 100* C., containing the higher alcohols. 

These fractions are further treated in the usual manner to obtain the various 
alcohols in a pure state. 

A description of a method for the conversion of the olefins present in the 
gaseous and low-boiling products from cracking petroleum distillates in the vapor 
phase at about 610° to 620° C., into various secondary and tertiary alcohols has 
been given by Davis and Murray.** These olefins are first separated into several 
fractions, each of which is then further treated separately. It was determined by 
Davis and Murray that such olefins may be arranged in the order of increasing 
reactivity toward sulphuric and other polybasic acids **“ shown in Table 82. 

The initial separation of the olefins is effected as follows; The gases are first 
desulphurized and washed with cooled gas oil to dissolve the butylenes and higher 
olefins. The gas escaping from the scrubbers contains ethylene and propylene 
together with hydrogen and saturated hydrocarbons. The gas oil from the scrub¬ 
bers passes into a still and oil heating discharges its dissolved butylenes and 
amylenes (mixed with some paraffin hydrocarbons). By adjusting the tempera¬ 
ture and pressure the amylenes are condensed and the butylenes pass on in gaseous 
form. This treatment results in the separation of the olefins from one another 

> 

» British Patent 248,375, 1926; Brit. Ckem. Abs. B. 1927, 403. U. S. Patents 1,790,517 and 
1.790,523. Jan. 27, 1931. French Patent 614,023, 1926. All patents assigned to Petroleum Chemical 
Coro. See also Little. 1929, 48 , 202T. 

»• Ormandy and Craven (J. Jnst. Pet. Tech., 1931, 17, 185; Chem. Abs., 1931, 25, 2841; see 
Chapter 50) also observed that with acid concentrations of 81 to 92.8 per cent, olenns of high 
molecular weight were more resistant to sulphuric acid than those of low molecular weight. This 
was not true with higher concentrations of acid, however. 
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Table 82 .—Olefins Arranged in Order of Reactivity Toward Sulphuric Acid, 


Olefin 

Ethylene . 

Propylene. 

Pentene-1 . 

Pentenc-2 . 

Butene>l .. 

Butene-2 . 

Isopropylethylene . 

Unsymmetrical methylethylethylene 

Trimethylethylene . 

Isobutylene . 


Boiling Point 
® C. 

. —103 
. —48.5 

39-40 

. 36(741 mm.) 

-5 
1 

21.1 

. 3W3 

. 37 - 4 ? 


State 

Gas 

Gas 

Liquid 

Liquid 

Gas, or in solution 

Gas, or in solution 

Liquid 

Liquid 

Liquid 

Gas, or in solution 


into the following fractions, each of which also contains paraffin hydrocarbons 
and certain highly unsaturated substances: 

(1) The gaseous fractions containing ethylene and propylene. 

(2) The butylene fraction containing isobutylene, butyIene-1 and butylene-2. 

(3) The residue of the condensate which may contain each of the five isomeric 
amylenes and varying amounts of hexenes and higher olefins. 


The ethylene-propylene fraction [i.e., fraction (1)] is first scrubbed with 8(7 
to 84 per cent sulphuric acid to remove the highly reactive hydrocarbons, after 
which the propylene is absorbed in 95 to 100 per cent sulphuric acid at a tem¬ 
perature below 30® C., leaving the ethylene virtually unattacked. Isopropyl alco¬ 
hol is then obtained in the usual way by hydrolysis and distillation.*® Fractions 
(2) and (3) will be referred to again in Chapter 16 in connection with the pro¬ 
duction of the higher secondary and tertiary alcohols. 

The Bataafsche Petroleum Maatschappij suggested the use of certain 
catalysts for the absorption of ethylene and its homologues in sulphuric acid. 
These catalysts, among which may be mentioned potassium ferrocyanide and 
ferricyanide and other complex cyanides such as sulphoferricyanic acid, sodium 
nitroprusside, sodium ferrocarbonyl-pentacyanide, are said to minimize polymer¬ 
ization reactions. The absorption of butene-1, for example, is said to be effected 
by heating 90 grams of the butene with 400 grams of 70 per cent sulphuric acid 
and 10 grams of potassium ferrocyanide for several hours in an autoclave. The 
yield of butyl alcohol is 80 per cent. Butyl acetate can be prepared directly by 
heating glacial acetic acid with a similar mixture for 8 hours at C. in an auto¬ 
clave. Propylene can also be absorbed to the extent of 90 per cent in a liquid 
prepared by passing carbon monoxide or nitric oxide through a suspension of 
cuprous oxide (5 grams) in 90 per cent sulphuric acid (100 cc.).*^* The isopropyl 
alcohol resulting on hydrolysis can be dehydrated with anhydrous potassium 
carbonate, calcium oxide, calcium chloride, or better, copper sulphate.*^® 

The direct esterification of propylene by a mixture of an organic aci^ and 


For more specific information regarding this process and the method of operation the original 
references should be consulted: Davis, U. S. Patent 1,844.208. Feb. 9, 1932, and Davis and Murray. 
L), S. Patent 1,844,210, Feb. 9, 1932; both assigned to Petroleum Chemical Corp. Additional 
information concerning the process of the Petroleum Chemical Corp. is given in the following 
U. S. Patents: Davis, 1,790,519 and 1,790,520, Jan. 27, 1931: Davis and Harford. 1.790521 
Jan. 27, 1931; Davis and Murray, 1,790,517; 1.790,518; 1,790.522; Jan. 27, 1931. » • » * 

♦'British Patent 323,748, 1930; Brit. Chem. Abs. B, 1930, 359. Also Dutch Patent 25,123, 1931; 
Chem. Abs., 1932, 26, 1939. French Patent 40,932, 1931; Chem. Abs., 1933, 27, 1359; addition to 
French Patent 677.822, 1929; Chem. Abs., 1930, 24 , 3247; British Patent 381,723, 1932; Chem. Abs 
1933. 27. 3943. Cf. Chapter 13. * 

Bataafsche Petroleum Maatschappij, French Patent 695,707, 1930; Chem. Abs., 1931. 25. 2733; 
British Patent 336.633. 1930; Chem. Abs., 1932, 26 , 5574. 

Bataafsche Petroleum Maatschappij, French Wtent 744.119, 1933; Chem. Abs., 1933. 27. 3943: 
French Patent 749.119, 1933; Chem. Abs., 1933, 27. 3943. 
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sulphuric acid was described by Woolcock.** Equal volumes of 99.5 per cent 
sulphuric acid and glacial acetic acid are treated with propylene at 40° C. until 
no more gas is absorbed. On diluting with water isopropyl acetate separates and 
from the diluted acid layer isopropyl alcohol can be recovered. Of the propylene 
absorbed 53 per cent appeared as isopropyl alcohol and 27 per cent as isopropyl 
acetate, while in a comparative experiment, using 99 per cent sulphuric acid 
alone, the yield of isopropyl alcohol was only 5 per cent, because of polymeriza¬ 
tion. In another example, oil gas containing 28 per cent propylene, 30 per cent 
ethylene and the remainder hydrogen and paraffin hydrocarbons was passed into 
a mixture of equal volumes of 99.5 per cent sulphuric acid and glacial acetic acid 
at a temperature of 40° C. The exit gas contained only 5 per cent propylene, 
and isopropyl alcohol and isopropyl acetate were recovered as before from the 
acid mixture. 

^ British Patent 334,228, 1929; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. Ahs. B, 
1930, 1058. 



Chapter 15 

Properties and Uses of Isopropyl Alcohol and 
Its Derivatives 

Isopropyl alcohol has been produced in commercial quantities since about 
1919, first by the Melco Chemical Co. and then by Standard Oil Co. of New 
Jersey, from the propylene of cracking gas. Since 1932 it has been manufactured 
by the Standard Alcohol Co., operating the Ellis process and including certain 
improvements of Davis and others. The industrial manufacture of this synthetic 
organic chemical is the direct result of the scientific exploration of petroleum 
as a chemical raw material. Although limited quantities of isopropyl alcohol 
have been manufactured in Europe by the hydrogenation of acetone, the produc¬ 
tion of this substance from the propylene of petroleum cracking has greatly re¬ 
duced its cost and opened up a wide field of utility for both the alcohol and its 
many derivatives. 

The production of isopropyl alcohol from the propylene of cracking gas 
amounted to about 37,500 gallons in 1922. In 1931, the production increased to 
about 1,500,000 gallons. It is now available in tank car lots at a price which 
makes it an economical solvent possessing advantages of great industrial sig¬ 
nificance. 

The crude alcohol, resulting from the distillation of the dilute acid liquor, 
consists of isopropyl alcohol mixed with much water and small amounts of propyl 
ether, olefins and hydrocarbons. The crude alcohol stock may be purified by 
treating with alkaline calcium hypochlorite, alkaline potassium permanganate, 
silica gel or absorbent charcoal, followed by dehydrating with solid caustic soda, 
and finally fractionating. Usually, distillation of the aqueous alcohol is carried 
out to yield a constant-boiling mixture containing 91 per cent isopropyl alcohol 
and 9 per cent water. This azeotropic mixture is much more readily dehydrated 
than the corresponding ethyl alcohol azeotrope; a short digestion with an excess 
of dry solid caustic soda, followed by distillation, is sufficient to yield an anhy¬ 
drous alcohol boiling at 82.4° C.^ 

The purification and deodorization of isopropyl alcohol is effected, according 
to Mann,* by the use of chlorine and decolorizing carbon. Agitation of the alco¬ 
hol with a mixture of calcium hypochlorite and hydrochloric acid is suggested 
by Hudson * for the same purpose. Another process of purifying alcohols derived 
from olefins, proposed by Buc,* consists in agitating the alcohol with a highly 
refined petroleum distillate having an initial boiling point of 299° to 304° C., 
stratifying, separating and repeating the process six to eight times. The alcohol 
is then distilled. A method for extracting the polymers present in the crude 

* Grant and Johns. Amer. J. Pkarm., 1922, 94 , 418. 

^ »U. S. Parent 1,502,149, July 22, 1924; Chtm, Abf,, 1924, 18, 2901; assigned to Sundard 
Oil Development Co. 

* U. S. Patent 1,657,505, Jan. 31, 1928; Brit. Chrm. Abs. B, 1928, 255; assigned to Standard 
Oil Development Co. 

*\J. S. Patent 1,712,475. May 7, 1929; Brit. Chrm. Abs. B, 1929. 886; assigned to Standard 
Oil Development Co. In a later process for purifying alcohols, Buc (U. S. Patent 1,911,798, May 
30, 1933) eliminates tertiary alc<diols and analogous in^iurities with an acid of high filing point. 
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alcohol or dilute acid liquor by a water-insoluble straight-chain mineral oil 
fraction [of which the initial boiling point is not less than 204® C. (400® F.)] 
has been described by Merley.® 

Isham® employed benzenesulphonic acid for the separation of alcohols, such 
as those formed from mixed olefins, and dissolved polymers. The polymers are 
difficultly soluble in benzenesulphonic acid which readily extracts the alcohols. 
Lyons ^ distilled the crude alcohol with sufficient water to throw the hydrocarbon 
impurities out of solution in the alcohol. The low-boiling impurities are first 
distilled from the diluted liquid, and these are followed by*a fraction of prac¬ 
tically pure alcohol which can be collected separately. 


Properties of Isopropyl Alcohol 


Pure isopropyl alcohol is a colorless liquid with a somewhat bitter taste and 
characteristic, though not unpleasant, alcoholic odor. It is miscible in all pro¬ 
portions with water but may be salted out of solution by saturating with sodium 
chloride or other salts. 

The ternary systems, water-isopropyl alcohol-salts, have been studied quanti¬ 
tatively at 25® C. by Ginnings and Chen ® for ten inorganic salts and qualitatively 
for a large number of others. Of all the salts investigated, potassium carbonate 
and potassium fluoride exhibited the greatest salting-out effect. These investi¬ 
gators further reported that isopropyl alcohol was easier to salt out than methyl or 
ethyl alcohol, but more difficult than either n-propyl alcohol or tertiary butyl alcohol. 

The anhydrous alcohol may be prepared by treating the 91 per cent alcohol 
with 10 per cent of its weight of flake sodium hydroxide, withdrawing the 
aqueous layer formed, again treating with a small proportion of sodium hydrox¬ 
ide, decanting the alcohol layer, and distilling.® The alcohol so produced can l>c 
mixed with eight volumes of carbon disulphide, xylene, or petroleum ether with¬ 
out showing any trace of turbidity. 

The addition of dry sodium chloride to dilute alcohol results in the formation 
of two liquid layers. The lower layer is an aqueous solution of sodium chloride, 
while the upper layer is 87 per cent isopropyl alcohol containing about 2 to 3 
per cent sodium chloride. Distillation of the upper layer yields isopropyl alcohol 
of practically the same composition as the 91 per cent azeotropic mixture. 

The boiling point of the anhydrous alcohol at atmospheric pressure is given 
variously^® by a number of observers but the figure 82.4° C. may be taken 
as most reliable. Several workers have recorded specific gravities, all at 
15® C./15® C., for anhydrous isopropyl alcohol with more or less variance as 
follows : 


Observer 

J15 

^15 

Thorpe” . 

. 0.7903 

Doroshewski “ . 

. 0.7898 

Young” . 

Lebo^‘ . 

. 0.7899 

. 0.7902 


■U. S. Patent 1,713,346, May 14, 1929; Chem. Abs., 1929, 23, 3341; Brit. Chem. Ahs. B, 
1929, 887; assigned to Doherty Research Co. 

* U. S. Patent 1,732,894, Oct. 22, 1930; assigned to Doherty Research Co.; Chem. Ahs., 1930, 
24 , 127. 

* U. S. Patent 1,854,801, April 19, 1932; assigned to Doherty Research Co.; Chem. Ahs., 1932. 
26. 3261. 

•J.A.C.S., 1931, 53, 376S. Cf. Frankfortcr and Temple, J.A.C.S., 1915, 37, 2697. 

•Gilson. J.A.C.S., 1932, 54 , 1445. 

>• 82.27* C. Brunei, Crenshaw and Tobin, J.A.C.S., 1921, 43. 561; 82.44* C. (corr), Young and 
Fortey, J.C.S., 1902, 81. 735; 82.28* C., Parks and Barton, J.A.C.S., 1928, 50, 24. 

1897, 71. 920. 

«/. Russ. Phys.-Chem. Soc., 1909, 41 . 958; Chem. Zentr., 1910, 1, 157. 

^J.C.S.. 1902. 81 . 728. 

^*J.A.C,S., 1921, 48 , 1005. 
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Lebo obtained the value of d*J as 0.7855 and found that the change in density 
per degree Centigrade was equal to 0.00080. 

The vapor pressure of isopropyl alcohol of about 99.97 per cent purity was 
measured by Parks and Barton with the results given in Table 83. 


Table 83. —Vapor Pressure Data for Isopropyl AlcohoL 


Temp. 

Vapor Pressure 

Temp. 

Vapor Pressure 

"C. 

Mm. Hg. 

•c. 

Mm. Hg. 

0.00. 

. 8.9 

50.00 . 

. 176.8 

5.00. 

. 12.1 

‘ 55.00 . 

. 227.4 

10.00. 

. 17.0 

60.00 . 

. 288.5 

15.00. 

. 23.8 

65.00 . 

. 363.1 

20.00 . 

. 32.4 

70.00. 

. 454.8 

25.00 . 

. 44.0 

75.00 . 

. 561.4 

30.00 . 

. 59.1 

80.00 . 

. 691.8 

35.00 . 

. 78.9 

85.00 . 

. 84S.6 

40.00 . 

. 105.6 

90.00 . 

. 1020.7 

45.00 . 

. 136.8 




From the above data the molal heats of vaporization in calories were calcu¬ 
lated to be 10,620 at 25“ C., 10,490 at 50° C., and 9,600 at 82.28° C., and the 
molal entropy of vaporization is 33.8 calories per °C. at 38.7° C. The most 
reliable value of the heat of vaporization at 82.2° C. is 161.0 1.5 calories per 

gram.^® 

Solid isopropyl alcohol melts at 184.67° K. (—88.46° C.) and the heat of 
fusion is 1284 calories per mole (21.4 calories per gram).^^ 

According to Richardson and Sutton,^® isopropyl alcohol has a flash point of 
12° C. and a lower explosive limit, in air at 25° C., of 2.5 per cent by volume. 
Its auto-ignition temperature in air varies from about 457° C. in pyrex glass to 
649° C., 634° C. and 638° C. in the presence of copper, steel, and chromium, 
respectively.^® 

The specific gravity (d-J) of isopropyl alcohol-water mixtures are given by 
Lebo in Table 84. 


Table 84. —Specific Gravity of Isopropyl Alcohol-Watcr Mixtures. 


Alcohol by Weight 


Per Cent 

^ 4 

100.00 . 

.. 0.78556 

90.35 . 

.. 0.80866 

85.09 . 

.. 0.82282 

74.35 . 

.. 0.84828 

6S.22. 

.. 0.87003 


Alcohol by Weight 

,120 

Per Cent 

^ 4 

53.07 . 

.. 0.89868 

43.02 . 

.. 0.92418 

33.17. 

.. 0.94590 

21.39. 

.. 0.96847 

9.58. 

.. 0.98293 


Young found that the boiling point of the azeotropic mixture of isopropyl 
alcohol and water is 80.37° C., and it consists of 87.90 per cent of weight ot 
alcohol. Mixtures containing more alcohol than this azeotropic mixture, on boil¬ 
ing, evolve a vapor richer in alcohol than the liquid, and those with a lower 
alcohol content give off, on boiling, a vapor poorer in alcohol than the liquid, 


»J.A.C.S., 1928, 50, 24. 

Parks and Nelson, /. Phys. Chcm., 1928, 32, 61; cf. Drown, 1903, 83, 991; Matthews, 

J.A.C.S.. 1926, 48. 562. 

« Kelley, 1929, 51, 1145. 

Eng. Chcm., 1928, 20, 187. 

Thompson, Ind. Eng. Chem., 1929, 21, 134. 

•• Loc. cit. 

»J.C.S., 1902, 81, 728. 
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the composition of the vapor tending to approach that of the constant-boiling 
^mixture. Lebo investigated the boiling points of various isopropyl alcohol-water 
mixtures and found that the azeotrope has a boiling point of 80.4® C., a compo¬ 
sition of 877 per cent alcohol by weight (or 91.1 per cent by volume) and a 
density (d*;) of 0.8158. 

The critical temperature of isopropyl alcohol is 234.9° C., according to 
Pawlewsky.** 

Isopropyl alcohol contains one hydrogen atom replaceable by metals to form 
isopropoxides and double compounds of this alcohol and calcium chloride and 
other inorganic salts are known. In chemical properties, isopropyl alcohol is a 
typical secondary alcohol yielding well-defined esters and ethers and being oxi¬ 
dized readily to acetone, the corresponding ketone. 

Uses of Isopropyl Alcohol 

Isopropyl alcohol is finding increasing application in industry and the arts, 
notably as a solvent, dehydrating agent, and preservative, in the preparation of 
medicinal extracts, in the manufacture of perfumes,cosmetics, astringents,** 
shampoos,** and theater sprays, and as a resin solvent. Smith and Eoff *** sug¬ 
gest its use in flavoring extracts. Briefly, if is being used more and more as a 
substitute for ethyl alcohol, mainly because isopropyl alcohol is not subject to 
trade restrictions, as is ethyl alcohol. Isopropyl alcohol, since it is not taxed 
and is readily available, can be sold at a lower price than even tax-free ethyl 
alcohol, hence it is in a position to compete with ethyl alcohol for every use. 

Pharmacology of Isopropyl Alcohol 

Some doubts have been raised from time to time as to whether the substitution 
of isopropyl for ethyl alcohol, particularly in perfumery and in the manufacture 
of cosmetics and mouth washes, is entirely free from objections from the point 
of view of public health. The following summarizes the principal results of 
pharmacological and toxicological investigations of isopropyl alcohol to date. 

Macht found that when injected intravenously into cats, isopropyl alcohol 
is twice as toxic as ethyl alcohol, four-fifths as toxic as normal propyl alcohol, 
and one-fourth as toxic as benzyl alcohol. This relative order of toxicity was 
substantiated by comparative experiments on the action of various alcohols on 
the isolated hearts of frogs, and on isolated plain muscle. When rats were ex¬ 
posed to air saturated with the vapor of various alcohols, methyl alcohol killed 
them in one or two days, whereas several days' exposure to the vapors of either 
ethyl or isopropyl alcohols produced no apparent injury. Furthermore, no sub¬ 
sequent blindness or defects of vision resulted from the inhalation of isopropyl 
alcohol vapor. 

According to experiments of Burton-Opitz the application of isopropyl 
alcohol to wounds in concentrations up to 50 per cent resulted in healing, appar¬ 
ently by normal granulation. Isopropyl was found to possess healing properties 

Ber., 1882, IS, 3035; for heat of combustion see Zoubow, /. Russ. Phys.-Chem. Soc., 1898, 
30, 926. 

" Ellis. U. S. Patent 1,582,912, May 4. 1926. 

Nolan and Ellis, U. S. Patent 1,891,440, Dec. 20, 1932. 

‘*dry*' water-free) shampoo of the isopropyl alcohol type has been on the market 

for many years under the name “Vapon” (see Ellis, U. S. Patents 1,700,035 and 1,700,036, Jan. 
22, 1929; Hevdt, U. S. Patent 1,723,169, Aug. 6, 1929). 

U. S. Patent 1,384,680, July 12, 1921; Chem. Abs., 1921, 15, 3696. 

*•/. Pharmacol, and Experim. Thtrapeutics, 1920, 16, 1. 

Unpublished communication, quotM by Grant and Johns, Amer. J. Pkarm., 1922, 94, 418; 
Chem. Abs., 1922, 16, 2944. 
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similar to those of ethyl alcohol, so far as these could be test^ in dogs. When 
injected in small quantities and in ooneentratioiKi xi ID to 100 per cent into the 
jugular vein and conjunctiva, the effect of isopropyl‘alcohol was approximately 
the same as that of ethyl alcohol. 

Grant and Johns reported that the use of isopropyl alcohol in lotions, lini¬ 
ments, antiseptic solutions for the throat, and in cleansing liquids, produced no 
noticeable injurious effects even after prolonged use. One of these investigators 
repeatedly took sponge baths from head to foot in 50 per cent isopropyl alcohol 
without injury. 

An important detailed study of the physiological effects of isopropyl alcohol 
on rabbits, guinea pigs, dogs, cats, monkeys, ‘and persons, by Fuller,*® showed' 
that when taken into the system in strength capable of being ingested without 
local discomfort, the animal economy is capable of absorbing this alcohol in 
reasonable amounts without toxic results. A form of intoxication is apparent, 
especially in the early part of the test, but a tolerance is quickly established and 
thereafter the outward appearance of intoxication differs in no respect from that 
induced by ethyl alcohol. 

According to the observations of Munch and Schwartze,*® the toxicity and 
the narcotic action of the alcohols of a homologous series increases with the 
molecular weight. A similar conclusion was also reached by Rost and Braun,*' 
who found, however, that normal propyl alcohol is more active than isopropyl 
alcohol. It appears from the work of Kemal ** that when isopropyl alcohol is 
administered to man it is excreted partly as acetone in the urine and in the 
breath; the amount of acetone excreted is greatly increased by drinking large 
amounts of water. 

Bijlsma®* critically examined the pharmacology of isopropyl alcohol with 
special reference to the question of its substitution for ethyl alcohol in cosmetics 
and mouth washes. Both alcohols have qualitatively the same effect on man and 
animals but quantitatively isopropyl is 2.4 times stronger than ethyl alcohol 
in the same molar concentration. The effect of drops in the eyes was the same 
for both alcohols. Local and general toxic effects were similar, the latter being 
quantitatively somewhat greater with isopropyl alcohol. Bijlsma concluded that 
the use of isopropyl alcohol in mouth washes and for external application need 
cause no concern. 

In addition to the above, various opinions have been expressed regarding the 
use of isopropyl alcohol in the manufacture of cosmetics and toilet preparations. 
This alcohol exerts a definite disinfecting and preserving action and it has been 
used with success in the preservation of anatomical specimens.** Westermann **• 
found that the disinfecting value of aliphatic alcohols increases with their molecu¬ 
lar weights. Boruttau ** stated that there is no objection to the incorporation of 
isopropyl alcohol in cosmetics and toilet preparations,** and asserted that it can 
be safely used as a preservative in foods.*'^ 


** Amcr. J. Pharm., 1922, 94, 418; Chem. Abs,, 1922, IS, 2944; Grant, Amer. Perfumer, 1921, 16, 
.134; C/trm. Abs., 1922, 16, 312. 

Lab. Clin, Med., 1926, 12, 326; Ckem. Abs., 1928, 22, 2994. 

3®/. Lab. Clin. Med., 1925, 10. 985; Ckem. Abs.. 1926, 20, 1851. 

« Arb. Reicksgesundh., 1926, 67, 580; Ckem, Abs., 1927, 21, 2738. 

” Biochem. Z., 1927, 187, 461; Brit. Ckem. Abs. A, 1927, 990. 

Arch, intern. PMrmaccAyname, 1928, 34, 204; Physiol. Abs., 13, 475; Ckem. Abs., 1929, 
•n, 3741. 

«Pope, Science, 1928, 68, 487. 

Z. H\a„ 1933, 115, 154; Brit. Ckem. Abs. B, 1933, 654. 

Med. Wschr., 1921, 47, 747; Ckem. Zeit., Rep., 1921, 45 (154), 344; Amer. Perfumer, 
:IV26, 262. 

^See also, Loffl, Seifensieder-Ztg., 1921, 48, 542; Ckem. Abs., 1921, IS, 3364. Fuller, Ckem. 
Met. Bug., 1923. 20, 538. 

” Werteljakr. Ger. Med., 1919, 68, 1; Physiol, Abs., 1920, 6. 48; Ckem. Abs., 1921, 16. 273. 
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The Federal Board of Health pi the German Republic on May 18, 1926, 
submitted (to the Minister of the Interior) the following opinion®* regarding 
the use of isopropyl alcohol in medicines, cosmetics, foods, and other preparations. 
“According to the relatively meager toxicological researches on isopropyl alco¬ 
hols, it can only be stated that in animal experiments, it possesses a higher nar¬ 
cotic effect than does ethyl alcohol. Since experiments regarding the effect of 
this higher alcohol on human beings and its fate in the animal and human body 
are scarcely available, it is impossible to decide whether or not the use of iso¬ 
propyl alcohol instead of ethyl alcohol should be permitted. Even if it should be 
found that isopropyl alcohol is not more harmful to human beings than is ethyl 
alcohol—^which is contrary to results of animal experiments—the introduction of 
this alcohol which is pharmacologically more active and certainly not less harmful 
than ethyl alcohol, should be opposed for the protection of public health.’" This 
Board consequently forbade the use of isopropyl alcohol in medicines and food¬ 
stuffs but failed to discover any well-founded objections from a sanitary stand¬ 
point against its use in the preparation of odorants, perfumes and the usual 
cosmetic preparations. 

Later, in a session held on March 22, 1929, the Federal Board of Health of 
the German Republic adopted the following view regarding the use of isopropyl 
alcohol.*® “Isopropyl alcohol offers no advantage over ethyl alcohol, either 
physiologically or pharmacologically, which can be advanced as reason for its 
use instead of ethyl alcohol. From the sanitary point of view, however, no 
objections can be raised against its use for perfumes, odorants, cosmetics, such 
as mouth and tooth washes, nail polishes, brilliantines, hair washes, bay rum and 
massage preparations—except French brandy, and as hand disinfectant. Isopropyl 
alcohol must, however, be excluded from general use in medicines, including 
French brandy, for internal as well as external use, and also in foodstuffs.” 

To summarize, it may definitely be concluded that the substitution of isopropyl 
alcohol for ethyl alcohol in certain of its us«s, particularly in preparations which 
are applied externally, is entirely free from objection. 

Solvent Properties of Isopropyl Alcohol 

Isopropyl alcohol has proved superior to ethyl alcohol in solvent properties 
for some uses, though there is often a striking difference between the solvent 
powers of the 91 per cent isopropyl alcohol-water azeotrope and the anhydrous 
alcohol. Applications of this alcohol as a solvent include the following:*® 

(1) In the manufacture of fine organic chemicals and synthetic 'materials, 
for extracting pure S7ibstances from mixtures or for extracting impurities from 
ifisoluble substances, and as a recrystallising solvent. Isopropyl alcohol may 
advantageously be used in the preparation or purification of benzoic acid, salicylic 
acid, )8-naphthol, saccharin, acetanilide, benzaldehyde, salol, benzidine, creosote 
carbonate, veronal, benzonaphthol, various dyes, heliotropin, santonin, aloin, 
tannin, coumarin, saponins, hydroquinone, alkaloids generally, and others. 

(2) In the preparation of solid medicinal extracts, plant principles and oleo- 
resins. Although official preparations must be extracted by ethyl alcohol or 
acetone, as the case may be, there is a large field for the use of isopropyl alcohol 
for non-official products of this nature, for example, in proprietary remedies and 

** Reichs-Gcsundheitsblatt, 1926, 1, 810. 

*• Reichs^GesundhcitsblaU, 1929, 4, 549. 

^ For a review of the applications of isopropyl alcohol see, Grant and Johns, Amcr. J. Pharm., 
1922, 94, 418; Valli-Donau, Rev. parfumerie, 1924, 4, 288. 
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flavoring compounds^^ For the manufacture of such products isopropyl hasf 
important advantages over denatured grain alcohol on account of its purity and, 
where its solvent power is comparable with that of ether or acetone, it may 
replace these solvents advantageously with reduced fire hazard and diminished 
losses by evaporation. 

(3) As a solvent for medicinal substances for external medication. The use 
»f isopropyl alcohol in external medications should obviate the necessity for using 
poisonous or offensive denatured alcohol, expensive medicated alcohol and the 
rather costly pure ethyl alcohol. It should also be of value in the compounding 
of liniments, collodions, alcoholic lotions and antiseptic varnishes for burns. 
Ellis described the topical use of isopropyl alcohol in such preparations as 
witch-hazel extract and perfumes and as ^ rubbing alcohol in place of ordinary 
ethyl alcohol. The results obtained by Brandrup** indicated that this alcohol 
could be used advantageously in preparation of extracts of belladonna and 
cinchona. Despite its somewhat unpleasant taste, isopropyl alcohol can be incor¬ 
porated in certain types of antiseptics for oral and nasal use and its solutions 
may be used for medicating surgical dressings. 

(4) In cos'knetics. The application of isopropyl alcohol as a solvent medium 
for the manufacture of perfumes, toilet waters, bay rum, hair tonics, bandolines, 
brilliantines, shampoo liquid or jelly, liquid rouge, and all kinds of cosmetic 
lotions, as well as in theater sprays is extensive.** 

In the preparation of certain perfumes and barbers' specialties the odor of 
isopropyl alcohol has severely limited its application. In order to modify the 
odor and make it resemble that of ethyl alcohol more closely, Isham** proposed 
a solvent consisting of isopropyl alcohol, acetaldehyde, and butyl acetate in the 
proportion of 5 gallons of the alcohol, 3 cc. of acetaldehyde, and 6 cc. of butyl 
acetate. 

(5) In the laboratory. Isopropyl alcohol is a useful solvent in the laboratory 
and may be employed for making solutions of phenolphthalein, methyl-orange, 
phloroglucinol, dimethylglyoxime and picric acid, as well as for standard soap 
solutions for water testing. It may be used in solvent extractions from aqueous 
solutions or from petroleum ether solutions. Miscibility is prevented, in the first 
case, by the addition of salts or alkalies to the water layer, and in the latter 
instance by adding water to the alcohol. Isopropyl alcohol can be employed in 
the preparation of staining, solutions for bacteriological and pathological work. 
Its value in dehydrating tissues and in the preservation of biological specimens 
is already established. A number of tests carried out by Pope*® on the preser¬ 
vation of newts gave favorable results with isopropyl alcohol solutions (aqueous) 
in concentrations of 40 to 50 per cent. Isopropyl alcohol competes in price with 
ethyl alcohol without the restrictions of the latter and is without the irritating 
properties of formaldehyde. 

In connection with the use of isopropyl alcohol in pharmaceutical laboratories, 
Schamelhout *® reports that it may be substituted for ethyl alcohol in the deter¬ 
mination of acid numbers and saponification values of fats,*^ oils, and balsams, 
and also in such tests as the detection of rhapontic in rhubarb. 

Luly, U. S. Patent 1,648,314, Nov. 8. 1927, proposes to employ as a solvent for drugs a 
mixture of isopropyl alcohol, acetic acid and water. 

«• IJ. S. Patent 1,582,912, May 4, 1926. 

Ztg.,l9Z\, 46, 173; Chem. Abs., 1931, 25, 3432. 

« Vidr Valli-Donau. Rev. parfumerie. 1924, 4. 288; Chem. Abs.. 192S. 19. 703. 

^ U. S. Patent 1,692,662, Nov. 20, 1928; assigned to Doherty Research Co. 

« .Science, 1928, 68, 487. 

*•7. P/tarm. Beige, 1927, 9, 401; Chem. Abe., 1928, 22, 1211. 

('or the solubility of some vegetable oils in isopropyl alcohol of different concentrations see 
ITashi, J. Soc. Chem. Ind. (Japan), 1931, 34, 10411; lOSH, 224B, 2268; Chem. Abs., 1931, 25. 
3504; Brit. Chem. Abs. B, 1931, 894. 
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(6) In the cellulose nitrate and cellulose acetate industries. Although iso¬ 
propyl alcohol is not a solvent for cellulose esters it has distinct latent solvent 
properties. Blending this alcohol with an ester, for example, yields a solvent for 
cellulose nitrate. Thus, Clough and Johns*® propose a mixture of 47.5 per cent 
isopropyl acetate and 52.5 per cent isopropyl alcohol (azeotropic mixture, boiling 
at 80.1® C.) as a solvent for cellulose nitrate in the production of varnishes and 
films. 

Isopropyl alcohol may serve as a solvent for camphor or camphor substitutes, 
in the preparation of plastics, “dopes,'* lacquers, films, and collodion. 

(7) As a resin solvent. Isopropyl alcohol is a solvent for sandarac, mastic 
'resins, common rosin and “bush kauri,** and is a useful partial solvent for elemi, 
copal, and dammar. Isopropyl alcohol alone is not a good solvent for shellac. 
However, by adding a sufficient amount of methyl alcohol to the isopropyl alcohol, 
the shellac can.be dissolved satisfactorily. Hudson suggested employing a solu¬ 
tion of a spirit-soluble gum, such as shellac, in 2 to 2.3 times its weight of 
isopropyl alcohol, as a glazing material for candy. 

(8) Miscellaneous. Other applications of isopropyl alcohol as a solvent are 
in the production of wood stains and special dyeing materials, in the extraction 
of glycerol from distillery residues, in varnish and paint removers, in liquid 
soaps,®® in disinfectant and deodorant solutions and insecticides, in dry cleaning 
preparations and, when mixed with hydrocarbons such as gasoline, as a paint or 
varnish thinner, degreasing agent, and motor fuel.®^ It has been proposed also 
as a solvent for the extraction of sulphonated compounds formed during the acid 
treatment of petroleum oils which are to be used for medicinal purposes.®® 
Robinson ** used isopropyl alcohol of at least 80 per cent concentration to revivify 
the spent fuller's earth from petroleum oil filtration operations. The extraction 
of lubricating oil from an asphalt-base residuum with this alcohol has been 
recommended by Taveau.®* 

After the vappr-phase oxidation of petroleum oils and removal of the lower 
boiling fractions (up to 300® C.), oxidation products may be extracted from 
the residue with 90 per cent isopropyl alcohol.®® Dilution of the alcohol layer 
with water causes the separation of bodies which it is reported may be used as 
plasticizers for lacquers. 

Other Applications of Isopropyl Alcohol 

Anhydrous isopropyl alcohol proves a useful dehydrating agent in chemical, 
biological and photographic work, and may be used for drying nitrocellulose, 
sugars, starches, proteins, gelatin, and animal and vegetable tissues, for dehy¬ 
drating histological specimens, and for cleaning and drying photographic prints 
and films. It can readily be recovered in an anhydrous state. 

^U. S. Patent 1,485,071, Feb. 26, 1924; assigned to Standard Oil Development Co.; Chcm. 
Abs.. 1924, 18, 1389. 

• U. S. Patent 1,646,731, Oct. 2S, 1927; Ckem. Ahs., 1928, 22, 286. 

Heydt (U. S. Patent 1,723,169, Aug. 6, 1929; assigned to Petroleum Derivatives Co.: Chem. 

Abs.. 1929. 23. 454.^) proposes as a detergent composition for use on fabrics, isopropyl alcohol ,con* 

taining small proportion of tertiary butyl alcohol and sufficient water to give the con^sition a slow 
CAraporation rate. Zimmermann (British Patent 334,177, 1928; Brit. Chem. Abs. B, 1930, 1037) 
states that the addition of a small quantity of isopropyl alcohol to acid soaps facilitates the incorpora* 
tion of large proportions of fat solvents, such as benzene or terpenes. 

“Mann, U. S. Patent 1,811,552, June 23, 1931; Chem. Abs., 1931, 2S, 5049; assigned to 
Standard Oil Development Co. 

“Cobb, U. S. Patent 1,387,835, Aug. 16, 1921; Robinson, U. S. Patent 1,387,868. Aug. 16, 1921; 
Chem. Abs., 1921, IS. 4048. 

“U. S. Patent 1,403,198. Jan. 10, 1922; Chem. Abs., 1922, 16, 1011. 

“U. S. Patent 1,825,762, Oct. 6, 1931; assigned to The Texas Company; Chem. Abs., 1932, 

26. 590. See also .Bataafsche Petroleum Maatschappij, British Patent 380,954, 1930; Chem. Abs., 
193L 27, 2741. 

“James, U. S. Patent 1,835,600, Dec. 8, 1931; Brit. Chem. Abs. B, 1932, 877. 
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This alcohol may also be employed as a precipitant for proteins and peptones, 
for pepsin, trypsin, pancreatin, rennin, papain and other enzymes, as well as for 
various gums, sugars, soluble starches, silver protein compounds, and glycero¬ 
phosphates. 

Isopropyl alcohol is finding important application as a “key denaturant” for 
ethyl alcohol in various formulas for specially denatured alcohol to be used in 
the manufacture of perfumes and bar^rs* requisites.®® Other important and 
likely applications of this versatile material are as an antidote for phenol burns, 
as a filler for thermometers, thermostats, and compasses, and in the preparation 
of anti-freeze liquids for automobile radiators. ^ 

Isopropyl Alcohol as a Chemical Intermediate 

The availability of large supplies of isopropyl alcohol has opened up a wide 
field of possibilities in the commercial production of its derivatives. Already 
many of the esters of this alcohol are finding application as solvents or in per¬ 
fumery and confectionery. Isopropyl ether is also attracting attention. Acetone 
can readily be produced from isopropyl alcohol (see Chapter 18). The isopropyl 
group may be introduced into organic compounds by means of isopropyl alcohol, 
thus making possible the production of a multitude of comparatively rare sub¬ 
stances, some of which (e.g., thymol) find important industrial applications. 
Isopropylaniline and its homologues have been suggested as intermediates for 
the manufacture of dyes.®^ The product obtained on condensing a mixture of 
benzoin and isopropyl alcohol with naphthalene-j8-sulphonic acid in the presence 
of sulphuric acid is said to be a distributing agent for insoluble substances.®® 

Detection and Estimation of Isopropyl Alcohol 

Methods for the detection and determination of isopropyl alcohol generally 
depend upon the oxidation of this alcohol to acetone, which is then recognized 
by the well-known nitroprusside test or otherwise. Other methods which have 
been proposed depend upon the reactions of this alcohol with piperonal and mer¬ 
curic sulphate. 

Rae®® has suggested the following procedure for detecting isopropyl alcohol 
in wines and other liquors: Into a 200 cc. flask, place 20 cc. of a 1 per cent 
aqueous solution of potassium dichromate, 1 cc. of concentrated sulphuric acid 
and 10 cc. of the sample to be tested. The contents of the flask are distilled over 
a small flame using a bent glass tube as a condenser, and about 3 cc. of distillate 
is collected. The distillate is now carefully poured onto the surface of a solution 
consisting of 2 cc. of a 5 per cent sodium nitroprusside solution mixed with an 
equal volume of ammonia solution (sp. gr. 0.880) in a test tube to which about 
2 grams of ammonium chloride has been added. The test tube is then set aside 
for a few minutes. If acetone, produced by the oxidation of isopropyl alcohol, 

•• For use of isopropyl alcohol as a denaturaut for ethyl Mcohol, see Guinot. Z. Untets. Lehensm., 
1931, 62, 330; Brif, Ckem. Abs, B, 1932, 42. In 1931 the U. S. Government, as well as several 
foreign governments, adopted isopropyl alcohol as a denattirant. The present U.S.C.D.S formula 
contains 5 volumes of isopropyl alcohol to every 100 volunifes of ethyl alcohol, and formulas C.D.5A 
and C.D.IO each contain 2Vi volumes to every 100 volumes of ethyl alcohol. Isopropyl alcohol is 
also used in several special formulas. 

■^Buc, U. S. Patent 1,555,451, Sept. 29, 1925; assii[ned to Standard Oil Development Co. 
Isopropyl-p-aminophenol, from isopropyl chloride and p<aminophenol, may be used in the dyeing 
of furs or in photographic developers: Buc, U. S. Patent 1,555,452, Sept. 29, 1925; assign^ to 
Standard Oil Development Co. 

**Soc. anon, pour Find. chim. k BMe, Swiss patent 130,420, 1927; Ckem. Abs., 1929, 23, 3060; 
Swiss Patent 133,377, 1927; Ckem. Abs., 1930, 24, 475; Swiss Patent 136,544, 1928; Cktm, Abs„ 
1930. 24. 4363. 

»PAarm. 1926. 116. 630; Ck*m. Abs.» 1926. 20, 3665. 
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is present a purple ring will appear at the junction of the two liquids. Rectified 
spirit gives a negative test by this method although methylated spirit reacts posi¬ 
tively because of the presence of traces of acetone in the original. The reaction 
is stated to be sensitive to 0.1 cc. of isopropyl alcohol. A somewhat similar 
method, described by Henville,®® is also sensitive enough to detect the presence 
of 0.1 per cent of isopropyl alcohol in wines. 

According to Noetzel the presence of isopropyl alcohol in ethyl alcohol 
produces but little change in density and boiling point but appreciably raises its 
refractive index. The use of indices of refraction as criteria is impractical with 
wines on account of the disturbing influence of acids and esters. Oxidation to 
acetone gives the best method of detecting isopropyl alcohol and the process may 
be made quantitative by determining the acetone produced, e.g., by combination 
with hydroxylamine hydrochloride and subsequent titration of the free acid 
produced. 

The detection of isopropyl alcohol in brandy by oxidation to acetone, which 
is then recognized by Griebels* microbeaker method using m-nitrophenylhydrazine, 
has been described by Weiss.®^ An excellent method of detecting isopropyl alco¬ 
hol in spirits, tinctures, still wine and cosmetics is that of Reif®® and depends 
upon the production of a red or reddish-brown color when a mixture of sulphuric 
acid, isopropyl alcohol and piperonal (or anisaldehyde) is warmed on the water- 
bath for a few moments. By this method it is claimed that 1 per cent of iso¬ 
propyl alcohol can be detected without first destroying the aldehydes, terpenes, 
and acetals present in the mixture. It may also be extended to the detection of 
isobutyl alcohol. 

The detection X)f isopropyl alcohol by the formation of a precipitate with 
mercuric sulphate, as proposed by Stainer and Lauwaet,®* has been criticized by 
Matthes and Schiitz as not sufficiently specific since this reagent also yields 
precipitates with unsaturated hydrocarbons and tertiary alcohols. 

Nearly all the available methods for the quantitative determination of iso¬ 
propyl alcohol utilize its oxidation to acetone as the first step, after which the 
acetone is determined quantitatively by one of several methods. One of the best 
methods of determining the acetone produced is that of Bennett.®® This consists 
in treating the acetone with hydroxylamine hydrochloride (with which acetone 
reacts yielding acetoxime and hydrochloric acid), followed by titration of the 
liberated acid with a standard alkaline solution. This method has been recom¬ 
mended by a number of workers, notably by Simmons,®^ who has tested its 
accuracy. Noetzel®® gives the following method for the determination of iso¬ 
propyl alcohol in wines or alcohol: The sample of wine or alcohol is diluted 
with water until 100 cc. contain not more than 5 cc. of isopropyl alcohol. Twenty- 
five cc. of this solution is mixed with 50 cc. of a potassium dichromate solution 
(98 grams per liter), 100 cc. of 50 per cent sulphuric acid is added, and the 
mixture cooled. After standing for 3 hours at room temperature the unchanged 
chromic acid is reduced by adding 100 cc. of 25 per cent ferrous sulphate solution 


» Analyst, 1928, 53, 416; Chem. Ahs.. 1928, 22, 3864; cf. Rae, Analyst, 1928, 53. 646. 

•»/:. Lnters. Lebensm., 1927, 53, 388; Chem. Ahs,, 1927, 21, 3582. 

•*Z, Unters. Lebensm., 1929, 57, 45; Brit. Chem. Abs. B, 1929, 619. 

•» In spirits and tinctures:—Z. Unters. Lebensm., 1928, 55, 204; Chem. Abs., 1928, 22, 3490; 

*^28, 22, 3488; in still wines:—Z. Unters. Lebensm., 
1928, 204; -Bnf. Chem. Abs. B, 1928, 686; in cosmetics;—Z. Unters. Lebensm., 1929. 57, 277; 

Chem. Abs., 1929, 23, 5542; Bnt. Chem. Abs. B, 1929, 737. See also Z. Unters. Lebensm., 1930, 60, 
243; Chem. Abs., 1931, 25, 2077. 

••/. pharm. Belg., 1928, 10, 167; Chem. Abs., 1929, 23, 4165. 

^Pharm. Z., 1929. 74, 44; Chem. Abs., 1929, 23. 1^93. 


^Analyst. 1922, 47, 146; Chem. Abs., 1922, 16, 2094. 

”P*rf. Ess. Oil Rcc., 1927, 18, 168; Chem. Abs., 1927, 21, 2635. 
•Z. Unters. Lebensm., 1927, 53, 388; Brit. Chem. Abs. B, 1927, 668. 
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and the mixture is steam distilled. Seventy-five cc. of the distillate is collected 
in a vessel containing 5 cc. of 10 per cent caustic soda solution and 10 cc. of 
water. This distillate is redistilled, about 50 cc. being collected in a receiver 
•containing 2 g^'anis of hydroxylamine hydrochloride in 20 cc. of water. After 
shaking the latter mixture for 1 hour, the free hydrochloric acid is titrated with 
Q2SN caustic soda solution using methyl-orange as an indicator. As a blank, 
the hydroxylamine hydrochloride solution is titrated in the same manner. The 
result of the-blank experiment is deducted from that for the distillate, and the 
weight of isopropyl alcohol is given by multiplying this difference by the fac¬ 
tor 0.015. 

The method of Archibald and Beamer,®® ^thich is applicable to mixtures of 
isopropyl and ethyl alcohols, is based on the difference in solubility of sodium 
hydroxide in the two alcohols. The procedure consists in agitating 10 cc. of the 
alcoholic mixture with 20 cc. of 30 per cent sodium hydroxide solution, and 
keeping the mixture at 25° C. during agitation. One cc. of the alcohol layer 
is then withdrawn and titrated with 0.1 iV sulphuric acid solution. The volume of 
acid required is then referred directly to a special graph from which the per¬ 
centage of 91 per cent isopropyl alcohol by volume can be read off. This method 
can be used when the proportion of isopropyl alcohol does not exceed 50 per 
cent, most accurate results being obtained with mixtures containing less than 20 
per cent isopropyl alcohol. When more than 50 per cent of isopropyl alcohol is 
present, the original mixture must be diluted with a definite volume of ethyl 
alcohol and the isopropyl alcohol content of the diluted mixture determined. 

When isopropyl alcohol is to be estimated in a mixture of acetone and this 
alcohol, the acetone content may be determined first by any known method. After 
oxidation of the isopropyl alcohol the acetone content is determined again, and 
the difference between the two values thus obtained represents the acetone pro¬ 
duced from isopropyl alcohol. According to Cassar the oxidation of isopropyl 
alcohol to acetone may be carried out quantitatively in the presence of the latter 
by using chromic acid. By using a definite volume of a chromic acid solution 
of known concentration and badk-titrating the excess acid (with potassium iodide 
and sodium thiosulphate solution) the amount of isopropyl alcohol in the mixture 
may be determined in less than one hour. This method is of course applicable 
only when tlie alcohol is not mixed with other readily oxidizable materials. 

Adams and Nicholls have devised a rapid procedure for the detection and 
colorimetric determination of acetone, and thus of isopropyl alcohol. This is 
based on Penzoldt’s method,^- in which indigo is formed as a condensation 
product when sodium hydroxide is added to a mixture of o-nitrobenzaldehyde 
and acetone. To 10 cc. of a solution containing not more than 0.02 gram of 
acetone, add 1 cc. of 1 per cent solution of o-nitrobenzaldehyde in 50 per cent 
ethyl alcohol, mix, add 0.5 cc. of 30 per cent aqueous caustic soda and allow to 
stand for 15 minutes, avoiding strong daylight. The color produced is then 
compared with standards similarly treated. To detect isopropyl alcohol by this 
method the alcohol is first oxidized with bromine water and the acetone estimated. 
Five cc. of saturated bromine water is added to 10 cc. of a solution containing 
not more than 10 per cent by volume of alcohol, and the mixture allowed to stand 
3 to 6 hours, or longer, in a cold place. The acetone produced is then determined 
colorimetrically as just described. 

«• Ind. Eng, Chcm., Analyt. Ed., 1932, 4, 18. 

w/nrf. Eng. Chcm., 1927, 19, 1061; Brit. Chem. Abs. ▲. 1927, 1100. 

Analyst, 1929, 54, 2; Brit. Chem. Abs. B, 1929, 162; Chtm. Abs., 1929, 23, 1367, 

nz. Anal. Chem., 1885. 24, 149. 
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Derivatives op IsopropVl Alcohol 

The large scale production of isopropyl alcohol has made possible the prepa¬ 
ration and study of a large number of derivatives of this alcohol, hitherto 
unknown or known only in relatively small amounts. Already some of these 
derivatives are finding important applications in industry while others are being 
investigated. 

Isopropyl Ether, Of the derivatives of isopropyl alcohol, isopropyl ether 
is becoming important as an industrial solvent. It is a liquid with a sweet and 
somewhat camphoraceous odor, boiling point of 67.5® C., and specific gravity 
0.7247 (20®/20° C.). It is made on a large scale by the dehydration of isopropyl 
alcohol by means of warm, moderately concentrated sulphuric acid, though other 
acids may also be used. Apparently the catal 3 rtic dehydration of isopropyl alcohol 
in contact with ordinary dehydrating oxide catalysts, such as alumina, at higher 
temperatures, leads almost exclusively to the formation of propylene.'^* Even 
when using sulphuric acid of less than 85 per cent concentration, much propylene 
is always produced simultaneously with the isopropyl ether. Thus Mann’'* pre¬ 
pared this ether by heating a mixture of isopropyl alcohol and dilute sulphuric 
acid of 70 to 85 per cent concentration to 100® to 125^ C. and condensing the 
ether from the vapors evolved. The gaseous propylene, simultaneously formed, 
is absorbed in sulphuric acid and isopropyl alcohol recovered. For example, 75 
per cent sulphuric acid is mixed with 1.25 to 1.5 times its volume of 90 per cent 
isopropyl alcohol and the mixture is distilled through a fractionating column, 
the temperature of the liquid mixture being maintained at 100® to 125® C., and 
the temperature at the top of the column at 45® to 65® C. The ether is carried 
over with the gaseous propylene and is condensed, while the propylene is absorbed 
in concentrated sulphuric acid at about 10® C, or lower, to yield isopropyl alcohol. 
The yield of ether is approximately 40 per cent of the theoretical. 

In another process for the manufacture of aliphatic ethers, the alcohols are 
heated to temperatures as high as 300® C. under high pressures in the presence 
of dehydrating catalysts.''^ Thus on heating isopropyl alcohol in a closed vessel 
with aluminum sulphate for 4 hours at 210® to 215® C. under a pressure of 
53 to 100 atmospheres, a yield of isopropyl ether amounting to 14 per cent of the 
theoretical was obtained. The process is also applicable to the production of 
other dialkyl ethers. Purification of isopropyl ether by 65 to 80 per cent sulphuric 
acid, followed by dilution with water, separation of the insoluble ether and 
distillation, has been described by Buc.^^ 

Isopropyl ether has been suggested as a solvent for animal, vegetable and 
mineral oils, and for certain waxes and resins. It may be employed also in the 
extraction of acetic acid, or other aliphatic acids, from aqueous solutions. Mix¬ 
tures of this ether and ethyl acetate have been proposed for the same purpose.^* 
Acetone containing 5 to 20 per cent of isopropyl ether can be used in the prepa¬ 
ration of artificial silk of low luster.^® 


**See, for examde, Trautz and Winkler, /. prakt. Chem., 1922, 104, 44; Ckem. Abs., 1923. 
17, 722; Allardvce, Trant. Roy. Soc. Can., 1927, (3> 21, Sect. 3, 315; Chem. Abs., 1928, 22, 1521. 
Ormandy and Craven (J.S.C.f., 1929, 48, 29IT) reported that isopropyl alcohol and phosphoric acid 
at 170*'175* C. yielded propylene, hydrocarbons which were largely polymerides of propylene, and 
saturated hydrocarbons, proMbjy open*chain paraffins. 

*«tJ. S. Patent 1,482,804. Feb. 5, 1924: Chem. Abs.. 1924, 18, 988. 

**Bataafsche Petroleum Maatschappij, British Patent 332.756, 1929; Brit. Chem. Abs. B. 1930. 
981. 

«*U. S. Patent 1,442.520, Jan. 16, 1923; Ckem. Abs., 1923, 17, 1029. 

” Fife and Reid, Ind. Eng. Chem.. 1930, 22, 513. 

^E. B. Badger and Sons Co., British Patent 371,554, 1931; Brit. Chem. Abs. B, 1932, 792. 
**Ruth-Aldo Co., Inc., British Patent 385,673, 1931; Brit. Chem. Abs. B, 1933, 187. 
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Apparently this ether cannot be successfully substituted for ethyl ether as a 
solvent in the Grignard reaction.*® In the presence of isopropyl ether, the reac¬ 
tion between magnesium and the organic halide either does not take place, or 
else the yield of products is very much less than when ethyl ether is employed. 

It has been shown by Gover that this ether, like other simple ethers, slowly 
takes up oxygen when exposed to the air and sunlight. The products obtained 
from isopropyl ether are hydrogen peroxide, acetone and isopropyl alcohol; the 
intermediate substance is probably a peroxide of the type (C 3 H 7 )j {0 02 . 

Acetals. Various acetals may be prepared by the action of isopropyl alcohol 
on the appropriate aldehyde in the presence of a catalyst such as hydrogen chlo¬ 
ride, calcium chloride or ferric chloride.®* Diisopropylacetal, CH 3 CH(OC,H 7 ) 2 , 
is a colorless liquid of boiling point 125.5® to 126.5® C. and d*/ 0.8128.** 


Isopropyl Chloride. 


This substance, 


CH, 

>CHa. 


is a pleasant-smelling, non- 


CH, 


corrosive liquid of boiling point 36.5® C. and d\® ** 0.866. It is an excellent sol¬ 
vent for fats and may replace carbon disulphide and petroleum ether to some 
extent in the fat extraction industry. It may also be used as a refrigerant in 
certain types of machines. Its application in l&rge scale organic synthesis, 
though undoubtedly great, is still largely unexplored.®^ This halide may be made 
by the direct esterification of isopropyl alcohol with hydrochloric acid. Unlike 
tertiary alcohols, secondary alcohols, of which isopropyl alcohol is typical, do not 
immediately react with hydrochloric acid alone but readily combine in the presence 
of an excess of zinc chloride at 26® to 27® C. Primary alcohols do not react 
with hydrochloric acid under these conditions. This fact may be used to detect 
the presence of secondary and tertiary alcohols in the presence of a primary 
alcohol.®* Norris and Taylor *® reported that 60 to 82 per cent yields of isopropyl 
and other alkyl chlorides are obtained by refluxing a mixture of alcohol, con¬ 
centrated hydrochloric acid, and an excess of zinc chloride. 

According to McKee and Burke,*^ alkyl halides may be conveniently produced 
by passing a mixture of the alcohol and halogen acid in the vapor phase over a 
catalyst which consists of a solid salt of a bivalent metal, e.g., magnesium chlo¬ 
ride, at a temperature of about 300® C. 

The halides may be easily freed from polymers by boiling gently with con¬ 
centrated sulphuric acid under a reflux condenser. The purified chloride is then 
separated from the mixture either by decantation or by distillation.*® 

The direct esterification of isopropyl alcohol with hydrobromic and hydriodic 
acids is much more readily effected than with hydrochloric acid. 


Diisoi*ropyl Sulphate 

Diisopropyl sulphate may be prepared, according to Ormandy and Craven,*®* 
by the absorption of propylene in concentrated sulphuric acid at very low tem- 


Rathmann and Leighty, Trans. Illinois Stats Acad., 1931, 24, 312; Brit, Chem. Abs. A, 
1932, 728. 

*^J.A.C.S., 1924, 48, 419. The peroxide actually isolated by Clover showed an active oxygen 
content greater than that indicated the formula (CsHt)sO-Os. It was therefore suspected of l^ing 
a mixture of this peroxide and a similar derivative of acetone. 

** Adams and Adkins, J.A.C.S., 1925, 47, 1358. 

"Adkins and Broderick. J.A.C.S., 1928, SO, 178. 

"Grant and Johns, Amcr. J. Pharm., 1922 (June). 

•• Lucas, J.A.C.S., 1930, S2, 802. 

"J.i4.C.5., 1924, 46, 753. 

" U. S. Patent 1,738.193, Dec. 3, 1929. 

"Norris, U. S. Patent 1,825,814, (^t. 6, 1931; Ckcm, Abs., 1932, 26, 480; assigned to Petroleum 
Chemical Corp. 

/.S.C./., 1930, 49. 362T. 
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peratures. It may also be obtained in 34 per cent yield by adding isopropyl 
alcohol slowly to a solution.of sulphuryl chloride in carbon tetrachloride at 
0® C., followed by washing with ice water and distillation in vacuo. The method 
was employed by Levaillant,*® who gives the following physical constants for 
isopropyl sulphate: boiling point 78® to 80® C. at 3.7 mm., dj 1.118, n^J 1.409. 
This sulphate may be prepared also by the action of sulphuryl chloride on sodium 
isopropylate,®® both dissolved in ether, at temperatures of —10® to —15® C. 
Isopropyl sulphate should prove useful in intr^ucing the isopropyl group into 
organic compounds just as methyl sulphate has proved a valuable methylating 
agent. 

The sulphonation of isopropyl alcohol, mixed with high-boiling petroleum 
fractions, by chlorosulphonic acid at temperatures of about 35® C. yields sub¬ 
stances which have been proposed as cleaning, emulsifying or wetting agents.®^ 

Isopropyl Acetate. This is undoubtedly the most important of the esters of 
isopropyl alcohol from an industrial point of view. Ellis and co-workers pro¬ 
posed making this ester by the direct esterification of propylene with acetic acid 
using sulphuric acid as a catalyst,®* or by absorbing propylene in sulphuric acid 
and then adding a salt of acetk acid, such as calcium acetate.®® Isopropyl acetate 
is generally made, however, by the esterification of isopropyl alcohol with acetic 
acid in the presence of a condensing agent, such as sulphuric acid. An example 
of this esterification process follows:®* Commercial isopropyl alcohol, contain¬ 
ing 10 per cent of water and a little tertiary-butyl alcohol, is distilled with 100 
to 200 per cent excess of glacial acetic acid and a catalyst, e.g., 0.2 to 0.3 per cent 
of concentrated sulphuric acid. The still-head temperature is maintained at 
75.5® C. and the isopropyl acetate coming over is condensed and separated from 
the aqueous layer. Yields of 65 to 80 per cent are obtained before the concentra¬ 
tion of acetic acid falls to 65 per cent, at which point the distillation is stopped. 

When necessary, isopropyl acetate may be freed from the isopropyl alcohol 
by water-washing. Mann ®* has devised a process for purifying esters of this 
type which consists in treating the alcohol-ester mixture with water and a min¬ 
eral oil distillate [of an initial boiling point of 163° C. (325® F.) or higher]. 
The alcohol is more soluble in the water than in the oil-ester layer so that separa¬ 
tion ensues. The oil-ester layer is separated and distilled to yield the purified 
ester. 

Isopropyl acetate is a colorless liquid of fragrant odor. The boiling point of 
this substance as formerly given (92® C.) is apparently incorrect, since Grant 
and Johns®* report a value of 88.5® to 89.0® C., and Haggerty and Weiler,®^ 
from an accurate determination of the change of vapor pressure of this substance 
with temperature, found it to be 88.2® C. The vapor pressure is given by the 
expression: 

Log- P = 14.2517 ~ 2.0972 log„ T 
Its density is 0.877 at 15.6® C.®* 

The technical product has a specific gravity of 0.865 to 0.900, a boiling range 

• Compt. rend., 1929, 188. 261. Cf. Ormandy and Craven, J.S.C.I., 1930, 49, 362T. 

^ Medvedev and Alexejeva, Ber., 1932, 65, 131. 

•* Lindner. ItritUh Patent 313,861, 1927; Brit. Chem. Abs. B, 1929, 708. 

•»V. S. Patent 1,365,052, Jan. 11, 1921. 

•»U. S. Patent 1,365,050, Jan. 11, 1921. 

Hue, U. S. Patent 1,808,155, June 2, 1931; assigned to Standard Oil Development Co.; Chem. 
Abs^ 1931, 25. 4285. See also British Patent 300,418. 1927; Brit. Chem. Abs. B, 1929, 315. 

^U. S. Patent 1,541,430. June 9, 1925; Chem. Abs., 1925, 19. 2210. 

** Amsr. J. Pkarm., June 1922. 

•^/.A.C.S., 1929, 51, 1623. 
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of 82® to 95® C. and an acidity of 0.02 per cent acetic acid. It is miscible with 
benzene to a clear solution in all proportions. 

Isopropyl acetate is a good solvent for cellulose nitrate and its evaporation 
rate, being about one-third that of ethyl acetate, is not rapid enough to cause 
water blush. Accordingly this ester is useful in pyroxylin lacquers. It is also 
a good solvent for ester gum, cuinarone, elemi, sandarac, mastic, and kauri. It 
partly dissolves shellac, will not dissolve cellulose acetate or hard copals, and is 
miscible with hydrocarbons.®®* 

It forms a constant-boiling mixture with isopropyl alcohol (boiling point 
80.1® C.) containing 47.5 per cent of ester and 52.5 per cent of alcohol. As 
previously noted, this mixture has been proposed as a solvent for cellulose 
nitrate.®® 

Other Isopropyl Esters. The isopropyl esters of organic acids are similar 
in properties to the corresponding esters if ethyl alcohol. The esters of formic, 
butyric, valeric, benzoic and salicylic acids have been prepared and may find 
application in the perfunie and essence industry. Isopropyl formate (together 
with other esters of formic acid) in the vapor state has been found to be toxic 
to the rice weevil and to have no effect on the germination of wheat. It thus 
appears to be of value as a fumigant against various stored-products insects. 
Additions of 60 to 75 per cent by volume of carbon tetrachloride are recom¬ 
mended to free this and other formates of possible fire hiizard when thus used.^®® 
Isopropyl chloroacctate has also been shown to possess a high toxicity and hence 
to be of value as a fumigant. 


HalogenAT ioN of Isopropyl Alcohol 

The chlorination of isopropyl alcohol yields not only acetone and chlorinated 
acetones but also chloropropancs and other substances. According to Brocket 
when isopropyl alcoliol is treated with dry chlorine in the cold the product con- 
si.sts mainly of tetrachloroacetone (boiling point 183® C., d^® 1.624, and n^^ 1.497). 
According to Buc the chlorination of isopropyl alcohol to yield chlorinated 
acetones is best carried out below 70® C., while at higher temperatures the 
products are chlorinated propanes. Thus it is proposed to manufacture chloro- 
propanes by passing chlorine into boiling isopropyl alcohol. As chlorination 
proceeds the boiling point of the mixture rises and in the later stages of the 
chlorination the reaction temperature is maintained at 85® C. The chlorinated 
product is a heavy liquid which settles out at the termination of the reaction. 
The products consist^®* mainly of .1,2- and 2,2-dichloropropanes, boiling point 
97° to 98® C. and 69.7° C., respectively, and are non-flammable solvents. 

Buc ^®* has also reported a process for making pentachloroacetone by the chlo¬ 
rination of isopropyl alcohol. Isopropyl alcohol is chlorinated to a mixture of 
di- and trichloroacetones by treatment with chlorine at 35® to 70® C. (best at 


*** Durrans, “Solvents/* Chapman and Hall, London. 1930. 

The increasing importance of isopropyl alcohol as a solvent is shown by an estimate of the 
1933 consumption, which reveals that it comprised about 25 per cent of all the low-boiling acetates 
sold to the lacquer trade. 

** Clough and Johns, U. S. Patent 1,485,071, Feb. 6, 1924; Chem. Abs., 1924, 18, 1389. 

Cotton and Koark, Ind. Eng. Chem., 1928, 20, 380. 

Koark and Cotton, Ind. Eng, Chem., 1928, 20, 512; for the vapor pressures of various alkyl 
chloroacetates see Nelson, Ind. Eng. Chem., 1928, 20, 1380. 

^^Comph rend., 1894, 110, 1270; Chem. Soc. Abs., 1895, 68 (I), 259. 

U. S. Patent 1,391,758, Sept. 27, 1921; assigned to Standard Oil Development Co.; J.S.C.I., 
1921. 40, 827A. 

Grant and Johns, toe. cit. 

U. S. Patent 1,391,757, Sept. 27, 1921; assigned to Standard Oil Development Co,; J.S.C.I.. 
1921, 40, 82711; Chem. Abs., 1922, 16. 260. 
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65® C.) under which conditions the formation of chlorinated hydrocarbons is 
minimized. The chloroacetone. may be salted out of solution by inorganic salts. 
The mixed chloroacetones are further chlorinated in the presence of an excess 
of water at a temperature of 70® to 100® C. A substantially complete conversion 
of the lower chloroacetones into pentachloroacetone is effected in 48 to 60 hours. 

Dippy, Watson and Yates reported that the principal products of the reac¬ 
tion of bromine and isopropyl alcohol are isopropyl bromide and the unsymmetri- 
cal tetrabromoacetone. Along with these products are also obtained some mono- 
bromo-, 1,1-dibromo-, and 1,1,1-tribromoacetone. 

Conversion of Isopropyl Alcohol into Acetone 

Although acetone is now made very cheaply and economically by certain 
fermentation processes, isopropyl alcohol from petroleum is available in quantity 
as a source of this ketone.^®^ On the other hand, there appears to be a tendency, 
especially in Europe where supplies of isopropyl alcohol are not readily available, 
to utilize acetone as a raw material for the production of isopropyl alcohol. 

The conversion of isopropyl alcohol into acetone may be carried out either by 
catalytic dehydrogenation or by partial oxidation, both reactions resulting in a 
loss of hydrogen thus: 

CH, CH, 

\:hoh —\o + H, 

CH^ 

Where oxidation is employed, the hydrogen is, of course, removed as water. 
These processes are described more completely in Chapter 18. 


Syntheses with Isopropyl Alcohol 


One of the most important and promising reactions of isopropyl alcohol from 
an industrial standpoint is its condensation with various aromatic substances to 
yield isopropylated derivatives. In this reaction, which is brought about under 
the influence of a condensing agent such as sulphuric acid, the isopropyl alcohol 
probably functions as a source of nascent propylene, sinefe olefins are known to 
condense with aromatic substances to yield alkylated products. In some cases, 
n-propyl alcohol, and even propylene itself, may be substituted for its isomer, 
another indication that propylene is an intermediate in the process. 

This type of reaction may be illustrated by a process developed by the I. G. 
Farbenindustrie A.-G.^®® Nuclear-substituted arylalkylated or cycloalkylated com¬ 
pounds are obtained by treating either carbocyclic or heterocyclic hydrocarbons 
with the acid sulphuric esters of alcohols having three or more carbon atoms. 
For example, benzene is alkylated by mixing it with the acid sulphuric ester of 
isopropyl alcohol (from chlorosulphonic acid and isopropyl alcohol), adding 
sulphuric acid, and warming. 

This type of synthesis has been extended to the preparation of mixed ethers.^®* 
To illustrate, isopropyl ter.-butyl ether is made by heating a mixture of isopropyl 
alcohol and ter.-butyl alcohol, in the presence of sulphuric acid, to temperatures 
of about 100® C. 

Many of the isopropylated derivatives of aromatic hydrocarbons are wetting. 


1931, 2508; Brit. Chem. Abs. A. 1931, 1267. 

Baldwin. 1930. 49, 53T; IndTEng, Chem., News Bd., 1930, 8 (2), 12. 

British Patent 267,132, 1926; Chem. Abs., 1928, 22, 1164. French Patent 33,067. 1927: 
addition to French Patent 608,949; Chem. Abs., 1929, 23, 1136. 

a^Bataafsche Petroleum Maatschappij, French Patent 739,266, 1932; Chem. Abs., 1933, 27, 1890. 
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emulsifying, and foam-producing materials. It has been proposed to add sulphonic 
acid salts of isopropyinaphthalene to acid fiber-treating baths such as are used 
in carbonization of woolen fabrics or in dyeing.^® Aqueous solutions of sul- 
phonic acids of polynuclear isopropylated aromatic hydrocarbons are said to be 
of aid in the hydrolysis of fats, oils and waxes.‘” Another application of these 
emulsifying agents is in the conversion of insoluble substances such as resins 
or dyes, into emulsions or suspensions. The insoluble substance is first dissolved 
in a liquid immiscible with water and the solution is emulsified in water with 
the aid of, e.g., isopropylnaphthalenesulphonic acid. Emulsions of dyes or lakes 
may be used for dyeing many classes of materials.^'* 


Production of Thymol 

Isopropyl alcohol may be used as an isopropylating agent in the production 
of thymol. The starting materials are m-cresol arTd isopropyl alcohol (or 
propylene) and the reaction may be represented as follows: 




Thymol 


The condensing agent may be phosphoric acid,“® but sulphuric acid is usually 
recommended. Thus, m-cresol is sulphonated to a mixture of di- and tri-sulphonic 
acids by treatment with oleum at 150® C. To this mixture is then added a solu¬ 
tion of isopropyl alcohol in concentrated sulphuric acid and the whole is main¬ 
tained at 90° C. for several hours. The product is then steam-distilled to yield 
thymol, the sulphonic acid groups being split off during the step.^^* Instead of 
isopropyl alcohol, n-propyl alcohol may be employed.^^* According to the 
Rheinische Kampfer Fabrik,^^® thymol may be produced by heating m-cresol with 
isopropyl (or n-propyl) alcohol in an autoclave at 350® C., in the presence of 
catalysts effecting the conversion into propylene. Water is distilled off and the 
heating is repeated after the addition of more alcohol. The yield of thymol is 
equivalent to 60 to 70 per cent of the unrecovered m-cresol. If propyl chloride 
is used as a source of propylene, zinc oxide or other acid absorbent is added. 

Various syntheses from isopropyl alcohol, including a method for the produc¬ 
tion of thymol, have been described by Bert.^^^ 

Thymol is a crystalline solid (melting point, 51.5° C. and boiling point, 
232° C.) and an important antiseptic. It is widely used in dentifrice and mouth¬ 
wash preparations and forms a component of many ointments, soaps, and 
embrocations used in treating skin diseases. 

Pott. U. S. Patent 1,686.836, Oct. 9, 1928; assigned to Chemische Fabrik Pott and Co.; Chem. 
Abs., 1928, 22. 4835. Cf. Pospiech, British Patent 248,814, 1924; assigned to Chemische Fabrik 
Pott and Co.; Chem, Abs., 1927, 21. 826. 

Schrauth, Canadian Patent 235,373, 1924. 

1. Cl. Farbenindustrie A.*G., British Patent 264,860, 1927; Brit. Chem. Abs. B. 1928, 648. 

Blagden, British Patent 200,151, 1922; assigned to Howards and Sons, Ltd.; Chem, Abs., 1924, 
18, 274. 

Blagden, British Patent 197,848. 1922; assigned to Howards and Sons; see also Badische 
Anilin. und Soda-Fabrik, British Patent 186,202, 1921; J.S.C.I., 1922, 41. 879A; Gunther, U. S. 
Patent 1,412,937, Apr. 18, 1922; Andrews, U. S. Patent 1,306,512, June 10, 1919; McKee, U. S. Patent 
1,449,121, Mar. 20, 1923. For a criticism of the above patents see Schindelmeiser and Pam, Chem. 
and Drug.. 1923, 296. 

Badische Anilin- und Soda-Fabrik, German Patent 379,952, 1921; addition to German Patent 
350,809; J.S.C.I., 1924, 43, 403B. 

British Patent 312.907, 1929; addition to British Patent 293,753, 1928; Brit. Chem. Abs. B, 
1930, 1017. 

sac. chim., 1925, (4) 37. 1252; Chem. Abs., 1926, 20, 1793. 



Chapter i6 

Reaction of Sulphuric Acid with Higher Homologpes 
of Ethylene and Propylene. Production of Higher 
Secondary and Tertiary Alcohols 

Esterification of the olefins of more than three carbon atoms with sulphuric 
acid is a more complicated reaction than that of propylene. The extent to which 
side reactions (polymerization and splitting of the polymers) proceeds depends 
very largely, on the molecular structure of the olefin and on the experimental 
conditions, especially the acid concentration and temperature. The higher olefins 
react much more rapidly with sulphuric acid than either ethylene or propylene, 
so that it is possible to effect reaction by using acid of comparatively low con¬ 
centrations. Fairly dilute acid is indeed usually essential for good yields of 
higher alcohols, since more concentrated acid causes considerable polymerization 
and it is impossible to obtain alcohols from some olefins even by using compara¬ 
tively dilute acid on this account. 

A resume of the work on the reactions of individual olefins with sulphuric 
acid is given in this chapter. Industrial processes for the manufacture of 
the higher secondary and tertiary alcohols will be discussed together rather than 
as subdivisions under each individual olefin. 


The Butenes 


The tendency of olefins to form alkylsulphuric esters first increases with 
molecular weight attaining a maximum for the amylenes (pentenes) and hexenes 
and then declines.^ The three butenes, particularly isobutene, show a marked 
affinity for sulphuric acid. Not only are alkylsulphuric acids formed but also 
(with more concentrated acid) considerable amounts of polymers. However, 
under certain conditions (namely at fairly low temperatures with sulphuric acid 
of sufficiently low concentrations)’ all the butylenes may be converted into the 
corresponding alkylsulphuric acids and subsequently hydrolyzed to alcohols. In 
this manner isobutene is convertible into tertiary butyl alcohol and the two other 
butylenes (butene-1 and -2), into secondary butyl alcohol. 


CH, 

CH,'^ 


CH, 


CH 


\(OH)CH, 

/ 


CH,CH,CH=CH, 

\ 

CH,CH,CHOHCH. 

/ 

CH.CH=CHCH, 


> Prooks and Humphrey, J.A.C.S., 1918, 40, 822. See also Brooks, U. S. Patent 1,879,599, 
Sept. 27, 1932; assigned to Petroleum Chemical Corp.; Chem. Abs., 1933, 27, 312. 
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Of the three butenes, isobutene is by far the most reactive toward sulphuric 
acid and other reagents. Butlerow * studied the reaction of sulphuric acid of 
different strengths with isobutene. Trimethyl carbinol was pr^uced with a 
diluted acid containing 5 parts sulphuric acid and 1 part of water. With stronger 
acid, a water-insoluble oil was obtained. Investigations of the velocity of absorp¬ 
tion of isobutylene in sulphuric acid and the formation of polymerized hydro¬ 
carbons were carried out by Berthelot.® Faworsky and Debout ^ used the 
reactivity of isobutene with diluted sulphuric acid as a means for separating 
this olefin from pseudobutylene (butenc-2), the former being soluble in diluted 
sulphuric acid of approximately 17 per cent strength and the latter insoluble. 
Data on the proportions of the three butenes absorbed by sulphuric acid (in 
Hempel pipettes with definite periods of shaking) were given by Michael .and 
Brunei.® Their results showed that in each experiment the rate of absorption 
of the butene was approximately proportional to the quantity undissolved. From 
the experimental results of Michael and Brunei, Davis® calculated a specific 
absorption coefficient, K, for each butene according to the equation 


where t =the number of minutes the pipette was shaken, and x = the fraction of 
olefin absorbed in time t. Table 85 shows the values obtained. 

Table 85. —Absorption Coefficients, K, for the Butenes in Sulphuric Acid, 


Olefin Cone, of H1SO4, Temp. K 

Per Cent ® C. 

Isobutene . 58.6 21-22 47 X lO'* 

Isobutene . 58.6 28-29 105 X 10** 

Butene-2 . 58.6 28-29 0.54 X 10*’ 

Butene-2 . 76 29-30 10 X 10“’ 

Butene-1 . 76 29^0 5 X 10*’ 


On the basis of these figures Davis calculated that the relative rates of absorp¬ 
tion of the three butenes in sulphuric acid are in the ratio of the following 
figures: 

Isobutene . 280-390 

Butene-2 . 2 

Butene-1 . 1 

I^atcr Davis and Schuler ^ reported some important data on the relative rates 
of absorption of the gaseous olefins by sulphuric acid at 25° C., in which it was 
shown that: 

(1) Propylene and butene-1 dissolve at about the same rates in sulphuric acid of 
any concentration. 

(2) The ratio of the absorption of butene-2 to butene-1 is remarkably constant, being 
1.7 to 2.6 for 70 per cent to 87 per cent acids. 

(3) The values for isobutene varied in a puzzling manner, but on the average it 
dissolved about 10 to 80 times as rapidly as butene’2. 

* Z. Chetn. Pharm., 1870. 236. Cf. Bataafsche Petroleum Maatschappij, British Patent 360.331, 
1931; Brit. Chem. Abs. B, 1932. 221. 

^Compt. tend., 1894, 118. 1009. 

*y. prakt, Chem., 1890. 42 (2), 152. 

^Amer. Chem. J., 1909, 41, 118. 

*J.A.C.S., 1928, 50, 2780. 

^ J.A.C.S., 7930, 52, 721. 
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Isobutene 

The conditions necessary for the conversion of isobutene into tertiary butyl 
alcohol with sulphuric acid were first elucidated by Butlerow.® Isobutene in the 
liquid state was allowed to react with 2 volumes of 50 per cent sulphuric acid 
in a sealed tube at room temperature until solution had taken place. The acid 
was then diluted, carefully neutralized, and distilled. The tertiary alcohol was 
salted out of the distillate with potassium carbonate. The polymerizing action 
of even relatively dilute acid on isobutene was also noticed* by Butlerow, who 
found that when a solution of this olefin in 50 per cent sulphuric acid was warmed 
to 100® C. the dipolymer (di-isobutene) was produced. On introducing isobutene 
into a cooled mixture of 5 parts of concentrated sulphuric acid and 1 part of 
water, Butlerow ® observed the formation of tri-isobutene. According to Nef 
butene is quantitatively converted into polymers by concentrated sulphuric acid. 

The hydration of isobutene to tertiary butyl alcohol may apparently be effected 
by comparatively dilute organic acids. Miklaschewsky obtained this alcohol 
by warming isobutene with a 5 to 10 per cent aqueous solution of oxalic acid 
at 35® to 40® C. 

Michael and Brunei showed that isobutene is rapidly and completely dis¬ 
solved by sulphuric acid of 63 per cent strength at 17® C., but these workers 
did not differentiate between the formation of alcohols and alkylsulphuric esters, 
and reactions of polymerization and rearrangement. 

A method for the conversion of isobutyl alcohol into tertiary butyl alcohol 
through the intermediate formation of isobutene was described by Read and 
Prisley.^* Isobutyl alcohol is dehydrated at 500® to 520® C. in the presence of 
alumina on pumice to yield, mainly, isobutene. The isobutene is then cooled and 
bubbled through three absorption vessels containing kerosene (cooled to about 
0® C.) until the volume of the kerosene had increased by about one-half. An 
equal volume of cooled 50 per cent sulphuric acid is added to this solution and 
the mixture shaken vigorously for several hours. It was necessary to keep the 
reaction mixture cooled to about 0® C, but toward the end of the agitation 
the temperature was permitted to rise to that of the room. The mixture is 
allowed to stand to separate the kerosene layer, and the acid layer is neutralized 
by pouring it, drop by drop, into a well-cooled aqueous solution of sodium hydrox¬ 
ide. The alkaline solution is distilled and the tertiary alcohol salted out of the 
distillate in the usual way. Under these conditions the other butenes present 
in the gas are unchanged. It should be noted that great care is required in 
recovering the tertiary alcohol from the acid solution because of the ease with 
which this alcohol is dehydrated to isobutene. As dehydration takes place readily 
in the presence of dilute acids, neutralization of the acid before distilling is 
essential. 

Butene-1 and -2 


The conversion of butene-2 into secondary butyl alcohol was investigated 
by King.^® The liquefied olefin was agitated under its own pressure in con¬ 
tact with acids of varying strength. At higher acid concentrations polymeriza¬ 
tion took place, but with 78 per cent acid the formation of polymers was very 


•Ann., 1876. 180. 246; 1877, 189, 48. 

•tier., 1879. 12. 1482. 

^Ann., 1901, 318. 26; Chem. Soc. Abs., 1901. 80 (1), 626. 

«y. Russ. Phys.-Chem. Soc., 1890. (1), 495; Ber., 1891, 24. 269 Ref. 
^J.A.C.S.. 1924, 46, 1512. 

••J.C.S., 1919, IIS, 1404. 
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slight. Acids below this strength yielded normal reactions. In one case an 
absolution of nearly 21 per cent in excess of the butene theoretically required 
to give butylsulphuric acid was observed. This suggested that the latter is 
capable of directly hydrating butene>2. Distillation with water produced a good 
yield of secondary butyl alcohol. The results of the experiments in relation to 
acid concentration, absorbed butene in grams per 50 cc. of acid, and time are 
shown in Table 86. 


Table 86. —Absorption of Butette-2 by Sulphuric Acid. 


Acid Cone. 

Butene-2 

(per cent) 

in Grams 

100 

17 

84 

21 

78 

23 

76 

22 

75.3 

22 

72.5 

19 

70 

24 

64.8 

10 

50 

22 


Time 

5 minutes 
20 minutes 
40 minutes 
1 hour 
1-6 hours 
5 hours 
8 hours 

Little effect after 15 hours 


With 100 per cent acid the absorption accompanied by the formation of polymers 
was complete in a few seconds. With 84 per cent acid, alcohol was the main 
product, although considerable polymerization occurred. With 78 per cent acid, 
a trace of an oil with a turpentine-like odor was observed on dilution with 
water. This was imperceptible with lower concentrations. With higher con¬ 
centrations a considerable rise in temperature was noted, but with 75 per cent 
acid the temperature did not reach 40® C. Dilution of the acid solution before 
distillation with an equal weight of water was adopted as giving the best yields 
(about 89 per cent) of alcohol. From secondary butyl alcohol, methyl ethyl 
ketone was obtained by dehydrogenating over reduced copper at approximately 
290® C. 

The Weizmann and I^gg^* process for the manufacture of secondary butyl 
alcohol consists in mixing liquid normal butene with cooled 75 per cent acid 
and subsequently diluting and distilling the acid solution. 

A somewhat similar method is described by Newman.^* The butene (pos¬ 
sibly a mixture of isomers made by dehydrating n-butanol at 360® C.) is com¬ 
pressed and treated with 60 per cent sulphuric acid. The reaction is highly 
exothermic and some dibutyl ether is formed. After the absorption, the acid 
liquor is diluted, distilled and the secondary alcohol recovered from the distil¬ 
late. This alcohol can be dehydrogenated catalytically to yield methylethyl 
ketone. The efficiency of this latter operation was stated to be 90 per cent. 

The profound polymerizing effect (accompanied also by rearrangement and 
splitting of the polymers) of 98 per cent sulphuric acid at 25® C, on the mix¬ 
ture of butenes, resulting from the dehydration of n- and iso-butyl alcohols at 
350® to 400® C., was observed by Ormandy and Craven.^® They were unable to 
isolate alcohols or alkylsulphuric acids but found the reaction products to con¬ 
sist of a mixture of paraffin and highly unsaturated hydrocarbons. 

U. S. Patent 1,408.320. Feb. 28, 1922: Ckem. Abs., 1922, 16, 1593. 

^’^Can. Chem. /., 1920, 4, 47; Chem. Abs., 1920, 14, 1120. See also Toussaint, /. Phar. Belg.. 
1921, 3, 221; Chem. Zentr., 1921. 4. 123. 

1928, 47, 3I7T. Whitmore and Wrenn {J.A.C.S., 1931, S3, 3136) determined the 
isomers in the "diisohutylene” obtained on treating commercial tertiary butyl alcohol with diluted 
sulphuric acid (see (^atper 26). 
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The Pentenes (Amylenes) 

The five isomeric pentenes have been the subjects of much investigation but 
it is only in the last few years that their reactions with sulphuric acid have 
been made clear. Much of the earlier work is contradictory on account of the 
fact that mixtures of isomers (obtained in various ways) were investigated and 
because the isolation of pure individual pentenes is often a matter of extreme 
difficulty. Etard^^ investigated commercial amylene and found it to contain 
four isomers. Two, ethylmethylethylene and trimethylethylene, are soluble in 
sulphuric acid diluted with half its volume of water (about 66.6 per cent acid). 
Two, isopropyl ethylene and “normal amylene'*, are insoluble in this acid. 

The experiments of the earlier investigators, however, pointed to the con¬ 
clusion that although amyl alcohols could be produced by the action of sulphuric 
acid on amylenes, polymerization always played an important part. Thus, Ber- 
thelot noted that small quantities of amylene hydrate were formed by the action 
of sulphuric acid upon “amylene". Erlenmeyei* observed only the formation of a 
dimer, diamylene, under the influence of this reagent. His failure to obtain an 
alcohol from “amylene" by the sulphuric acid reaction even led him to the 
conclusion that this hydrocarbon apparently did not belong to the same series as 
propylene and hexylene, which could be transformed into the alcohols by this 
method. 

Flavitsky^® conducted a slow stream of carbon dioxide charged with amylene 
vapor into a mixture of 2 parts of sulphuric acid and 1 part of water. A portion 
of the amylene was converted into diamylene but the rest dissolved, and, on the 
addition of water, an alcohol separated from this solution. The alcohol boiled 
between 100® and 108® C. and was thought to consist in part of dimcthylethyl- 
carbinol (tertiary amyl alcohol). Later Osipoff*® treated commercial amylene 
with sulphuric acid of various concentrations. With acid of 1.67 sp. gr. (at 
20® C.) he obtained an alcohol, believed to be identical with dimethylethylcar- 
binol. The product was a colorless liquid, smelling like camphor and bitter 
almond oil, boiling at 90° to 97° C. and solidifying at —^30° C. With acid of 
1.545 sp. gr. (at 20° C.) the resulting alcohol had a boiling point of 102®- 
103® C. and did not solidify at —30® C. (probably methylisopropylcarbinol). 

The formation of polymers by the action of sulphuric acid of various strengths 
on “amylene" (usually a mixture of isomers) was noted by a number of observers. 
Thus, Butlerow found that when amylene, prepared from tertiary amyl alcohol, 
was mixed with sulphuric acid (2 volumes of concentrated acid to 1 volume of 
water), diamylene separated. Wischnegradsky ** stated that amylene, of boiling 
point 35® C., when shaken with sulphuric acid, sp. gr. 1.64, dissolves after a 
time and on standing two days gives diamylene. Amylene prepared by the action 
of zinc chloride on fermentation alcohol was only partially soluble in acid diluted 
with one-half its volume of water.*® Wischnegradsky ** also noted that isopropyl- 
ethylene did not dissolve at 0® C. in acid diluted with one-half of its volume of 
water. He claimed *® to have obtained large amounts of fusel oil by the action 
of cold concentrated acid on “amylene", the alcohol being isolated by diluting 
the acid layer with water, thus precipitating an oil consisting, in part, of an amyl 
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alcohol. It must be remembered that isopropylethylene is the most stable of 
the amylenes, and is therefore an important constituent of “amylene”. Under 
certain conditions, however, it isomerizes to triinethylethylene.'® Schneider 
described the preparation of diamylene from amylene (boiling point 35° to 37° 
C.) by mixing it with twice its volume of sulphuric acid (2 volumes of concen¬ 
trated acid to 1 volume of water). 

One of the first systematic studies of the relative reactivities of the lower 
olefins was conducted by Michael and Brunel,^^ who observed that tetramethyl- 
ethylene reacts readily and completely with 77 per cent acid at ordinary tempera¬ 
tures but not so readily as trimethylethylene. Unsymmetrical niethylethylethylcne 
dissolved more readily in 66 per cent acid than did isopropylethylene. One of 
the amylenes, namely unsymmetrical methylethylethylene, prepared by the dehy¬ 
dration of dimethylethylcarbinol, was found by Brooks and Humphrey to be 
completely dissolved in 2 volumes of 85 per cent sulphuric acid in a few minutes 
at 10° C. A 45 per cent yield of the tertiary alcohol was liberated from the 
solution by diluting with ice water, and no formation of polymers was observed. 
Apparently the hydration of this methylethylethylene proceeds according to the 
reaction: 


CIU 


CH, + H«0 (+ H^SO*) 

/ 

GH, 


CIU CHs 
\/ 
c 




\ 


OH 


The relative rates of absorption of trimethylethylene and isopropylethylene, 
compared with those of the lower olefins, in sulphuric acid were examined by 
Davis and Schuler.^® They reported that trimethylethylene vapor was absorbed 
three to four times faster than gaseous isobutene by 80 per cent acid and 1.3 
times faster by 70 per cent acid. Isopropylethylene was absorbed slowly by 70 
per cent acid at a rate comparable with that of propylene. 

A comprehensive work on the action of sulphuric acid on the individual pen- 
tenes is that of Norris and Joubert.^® With the possible exception of pentene-1, 
all the amylenes were prepared in a pure state and the relative reactivities tested.®^ 
Equimolecular quantities of olefin and sulphuric acid of various concentrations 
were introduced into tubes, sealed, and shaken. The progress of the reaction 
was observed by the changes in the volumes of the contents of the tubes at 
various time intervals. Amylenes having two radicals linked to an unsaturated 
carbon atom (e.g., trimethylethylene and unsymmetrical methylethylethylene) re¬ 
acted much more rapidly with acids of lower concentration than did their isomers. 
Thus, at room temperature trimethylethylene and unsymmetrical methylethylethyl¬ 
ene dissolved in an equimolecular quantity of 60 per cent acid in approximately 
one-tw'entieth of the time required to effect .solution of either pentene-1 or pen- 

Ipatiev, Bcr., 1903, 36, 2004; Senderens, Comfit, rend., 1920, 171, 916. 

1871, 157, 207. 

" Amcr. Chem. J., 1909, 41, 118. 

1918, 40, 822. 

^J.A.C.S., 1930, 52, 721, 

^J.A.C.S.. 1927, 49, 873. 

The pentene*!, prepared by Norris and Joubert from allyl bromide and ethyl bromide, boiled 
at 39*-41‘’ C. After their work had been completed Kirrmann {Bull, see, ehim., 1926, 39, 988), 
using a similar method of preparation, obtained pentene-l having a boiling point of 30.5* to 31* C. 
As pointed out by Norris and Joubert the chief difficulty in this method of preparation is the 
separation of ethyl bromide, ether and pentene-1, as the boiling points of these substances do not 
differ greaUy. Later Bourguel (Bull, soc. chim., 1927, 41, 1475) prepared pentene-1 by the catalytic 
hydrogenation of the corresponding acetylene derivative, and ob'ainea a product boiling at 32.5* C. 
Following thi.s, Dykstra, Lewis and Boord (J.A.C.S., 1930, 52. 3396) prepared pentene-1 from its 
dtbromide and found the boiling point to be 29*-31® C. .\pparently pure pentene-1 boils about 
30*-31* C. and not 39*-41*C. as earlier investigators believed. 



382 


CHEMISTRY OF PETROLEUM DERIVATIVES 


tcnc-2. Norris and Joubcrt arranged the amylcnes in the following order based' 
on the decreasing rate of reaction with sulphuric acid: (1) trimethylethylene, 
(2) unsymmetrical methylethylethylenc, (3) symmetrical methylethylethylene 
(pentene-2), (4) pentene>l, and (5) isopropylethylene. Whereas the difference 
in the reactivities of trimethylethylene and unsymmetrical methylethylethylene 
was slight (trimethylethylene dissolving slightly more rapidly), these hydrocar¬ 
bons were much more reactive than pentene-2 and pentene-l. Isopropylethylene 
was affected only by acids of polymerizing strength, and it was impossible to 
obtain an alcohol from this olefin.** 

To make alcohols from the pentenes (isopropylethylene excepted) it is essen¬ 
tial to use acid of the lowest concentration necessary to effect solution at ordinary 
temperatures. Increasing the concentration of the acid invariably results in the 
production of polymers. With trimethylethylene slight polymerization was noted 
using 57 per cent acid, but polymerization was complete in two days in contact 
with 70 per cent acid. Unsymmetrical methylethylethylene gave similar results. 
With pentene-l and pentene-2, much stronger acid (84 to 86 per cent) was 
needed to give noticeable polymerization. Isopropylethylene was the only pentene 
which did not dissolve in sulphuric acid, although 75 per cent acid produced 
complete polymerization in six days. The experiments of Norris and Joubert 
further showed that relatively small quantities of concentrated acid are capable 
of effecting almost complete polymerization. When 10 moles of trimethylethylene 
were shaken with 1 mole of concentrated sulphuric acid, immediate polymeriza¬ 
tion occurred, the product consisting mainly of the dimer. Using similar pro¬ 
portions of olefin and acid, isopropylethylene yielded with concentrated acid a 
product boiling above 200® C. (no dimer) and with 75 per cent acid after 7 
days, a material consisting almost entirely of the dimer. 

These investigators also gave some information regarding the conditions 
necessary for the production of alcohols from several of the pentenes. Thus, 
it was found that the addition of ammonium sulphate to a solution of olefins in 
sulphuric acid (the ammonium sulphate reacting with sulphuric acid to give 
ammonium acid sulphate) produced interesting results. With hydrocarbons yield¬ 
ing tertiary amyl alcohol, the latter was immediately precipitated in the free 
state, but from solutions of pentene-l and pentene-2, the alcohol did not separate 
until water had been added to permit hydrolysis. On the basis of this observa¬ 
tion it was believed that the formation of alcohol was the result of the direct 
addition of water to an olefin under the catalytic influence of sulphuric acid. In 
the case of secondary alcohols, subsequent combination of the alcohols (so 
formed) with sulphuric acid to yield alkylsulphuric acid must be assumed. It 
was noted that about five equivalents of trimethylethylene could be converted into 
tertiary amyl alcohol by shaking successive amounts of the olefin with 46 per 
cent sulphuric acid. The free alcohol was obtained by extraction with ether or 
by the addition of ammonium sulphate. 

Pentene-l and pentene-2 can be readily converted into alcohol, according to 
Norris and Joubert, by shaking the hydrocarbon with an equal volume of 84 per 
cent sulphuric acid, diluting the solution with 8 volumes of water, and distilling 
the mixture. The portion of the alcohol dissolved in the aqueous distillate is 
precipitated by adding salt or sodium hydroxide. The time required for solu¬ 
tion of the olefin in the acid can be shortened by using 86 per cent acid, pro¬ 
vided the reaction mixture is kept cool. 

Direct hydration of trimethylethylene to tertiary amyl alcohol in the presence 

** Mtchatl and 2eidler (Ann,, 1911, 385, 252) found, however, that with 10 volumes of either 
38 or 47 per cent acid, solution of unsymmetrical methylethylethylene took place in approximately 
seven-tenthfl of the time required by trimethylethylene. 
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of a 5 to 10 per cent aqueous solution of oxalic acid at 100^ C. for a few days 
was observed by Miklaschewsky.** 

The direct combination of methyl alcohol and trimethylethylene,*** in the 
presence of sulphuric acid as a condensing agent, at 95^ C. results in a 50 per 
cent yield of a methyl amyl ether, boiling point C. The reaction may prob¬ 
ably be represented as follows: 


CH, CH. 
\ / 
C=C 


+ CH.OH 


CH. OCH 

V 


:h^ 


CfH. 



According to Norris and Davis,®* the butenes and pentenes may be divided 
on the basis of (a) their reactivity with sulphuric acid, (b) the alcohols pro¬ 
duced, and (c) their tendency to form high-boiling oils into the following three 
main groups: 

Group 1. Members of this group dissolve readily in 60 to 70 per cent sulphuric acid, 
yielding tertiary alcohols, and are easily polymerized by hot dilute acid or by concen¬ 
trated acid in the cold. They are (1) isobutene, (2) trimethylethylene, and (3) unsym- 
metrical methylethylethylene. 

Group 2. Almost insoluble in sulphuric of any concentration. Yield no secondary 
alcohol and only a trace of tertiary alcohol and are polymerized more slowly than the 
members of Group 1. The only member of this group is isopropylethylene. 

Group 3. Members of this group dissolve in moderately concentrated acid (75 to 
80 per cent) and the products, on immediate hydrolysis, yield secondary alcohols. They 
are much more resistant to polymerization than the members of Groups 1 and 2. This 
group includes butene-2, butene-1, pentene-2, and pentene-1. 


The above classification corresponds closely with results obtained in the large- 
scale production of alcohols in which a complex mixture of olefins is split up 
into these groups by absorption in sulphuric acid of graded concentrations. 


The Hexenes 

Erlenmeyer and Wanklyn were among the first to investigate the reaction 
of sulphuric acid with hexene. By varying the concentrations of the acid used, 
different results were obtained. Thus, 99.3 per cent acid yielded polyhexenes, 
and the same acid plus one volume of water furnished the /3-hexylalcohol. Ex¬ 
periments on the sulphuric acid absorption of butylethylene were carried out by 
Brochet,*^ who found that this olefin was insoluble in a mixture of three parts 
of sulphuric acid and one part of water. Le Bel,** however, studying the pyro¬ 
lytic decomposition of the oils derived from bituminous substances (from the 
mines of Schwabwiller, Pechelbronn and Lobsanne), observed the transformation 
of hexene into isohexyl alcohol by absorption in sulphuric acid followed by the 
addition of water and distillation. 

Brooks and Humphrey *® examined the action of sulphuric acid on the straight- 
chain olefin hydrocarbons of more than five carbon atoms. They concluded that 
the tendency of aliphatic hydrocarbons to form alkylsulphuric esters and alcohols 
increases with increasing molecular weight, reaching a maximum with the pen- 

«/. Russ. Phys. Chem. Soc., 1890, 22, 495; Ber., 1891, 24, Ref. 269. 

“Reychler, Bull. soc. chim. Belg., 1907, 21, 71; cltifin. Zenit., 1907, 1, 1125. 
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tenes and hexenes. Reference has already been made to the observation of Brooks 
and Humphrey that on pouring a solution (obtained by dissolving simple olefins 
such as the hexenes in 85 per cent sulphuric acid at temperatures not above 15® 
C.) into iced water the free alcohol corresponding to a proportion of the olefin 
dissolved is immediately precipitated, while ordinarily about 30 per cent to 40 
per cent of the hydrocarbon remains in the diluted solution in combination as 
the alkylsulphuric ester. On treating a mixture of hexenes with 100 per cent 
acid, no alcohols were formed. larger yields of alcohol were obtained using 
85 per cent than 94 per cent acid. It was concluded that the water initially pres¬ 
ent in the reaction mixture, and not the water in the subsequently diluted solution, 
enters into the reaction. 

Pursuing these investigations. Brooks and Humphrey studied the action of 
sulphuric acid on a number of hexenes and mixtures of hexenes. They treated 
200 grams of a mixture of hexenes (produced by the action of alkali on mixed 
monochlorohexanes) with 1.25 moles of sulphuric acid (d 1.84), the tempera¬ 
ture being allowed to rise to 40® C, and obtained 117 grams of a mixture of 
hydrocarbons (unchanged hexenes, dimers, and higher polymers). The acid 
layer on dilution yielded 58 grams of an oil (probably a mixture of hexyl alco¬ 
hols), and the aqueous layer was proved, to contain hexylsulphuric acids. A sum¬ 
mary of the work on hexene-1, 2-methylpentene-1, and tetramethylethylene, is 
given below. 

F'ifty-two grams of pure hexene-1 were added to 100 cc. of 85 per cent acid 
at 15® C. during a period of about 20 minutes. Complete solution to a clear, 
viscous, amber-colored solution took place. The solution was poured into 4 
volumes of water and cracked ice. Separation into two layers occurred, the 
bulky supernatant layer consisting of hexylsulphuric acid and free alcohol. On 
adding 6 volumes of cold water to this supernatant liquor the hexylsulphuric acid 
passed into solution and the free alcohol layer remained. From this layer 28.0 
grams of the free alcohol, of d^J 0.823, was recovered. This secondary hexyl 
alcohol distilled at 134® to 138® C. and on acetylation yielded an acetate boiling 
at 154® to 158® C. The hexyl alcohol prepared in this way probably has the con¬ 
stitution, CHgCHgCHoCHoCHOHCHg. No polymers were formed from hexene-1 
under these conditions. 

Twelve grams of 2-methyl pentene-1 (unsymmetrical n-propylmethylethylene) 
were treated with 2 volumes of 85 per cent acid at 10° C. The oil lost 55 per 
cent of its volume by solution. On diluting with iced water, 4.5 grams of a 
light yellow oil were obtained having a strong camphor-like odor common to all 
tertiary alcohols. The hydration had evidently resulted in the production of 
dimethyl-n-propylcarbinol: 


CaH, 

\ 


CH^^ 


C=CH, + H ,0 


C,Ht 

\ 

C(OH)CH, 

CYU 


From the treatment of 46.5 grams of tetramethylethylene with 150 grams of 
85 per cent sulphuric acid at 0® C. for one hour, followed by another hour's 
standing in which the temperature rose to 15® C., Brooks and Humphrey ob¬ 
tained 37.6 grams of a mixture of hydrocarbons, of which the dimer appeared 
to be the main constituent. On diluting the acid layer with water, only 1.6 grams 
of a tertiary alcohol (dimethylisopropylcarbinol) precipitated. The diluted acid 
liquor, after neutralization with barium carbonate, yielded 20.2 grams of soluble 
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barium salts, accounting for grams of the original olefin. Evidently to obtain 
good yields of the tertiary alcohol, sulphuric acid of considerably lower concen¬ 
tration is necessary. 

Michael and Brunei observed that tetramcthylethylene reacts easily and com¬ 
pletely with 77 per cent acid at ordinary temperatures, but not as rapidly as tri- 
methylethylene. The products of the reaction were not, however, examined. The 
slow hydration of tetramethylethylene, with 5 to 10 per cent aqueous solutions of 
oxalic acid at 100° C., to dimethyl isopropylcarbinol was noted by Miklaschewsky.^** 
According to Michael and Hartman,*^ hexene-2 can react with sulphuric acid 
in two ways and the hydrolyzed products consist of two isomeric hexyl alcohols 
in the proportion of 77 per cent of methylbutylcarbinol and 23 per cent of 
ethylpropylcarbinol, thus 

CH,CH,CH,CH.CHOnCH, 

CH,CH,CH,CH==CHCH. 

2Z<a\ 

CH.CH,CH.CHOHCH,CH.. 


The Heptenes. Brooks and Humphrey examined the action of 85 per cent 
sulphuric acid on 5-methylhexene-l (iso-a-heptene), heptcne-3, and 3 ethylpen- 
tene-2. Heptene-3 was remarkable in that it gave no polymers under these con¬ 
ditions. The conversion of heptene-3 into alcohols is apparently more readily 
effected by the use of benzenesulphonic acid. On adding this olefin to an excess 
of crystalline benzenesulphonic acid at room temperature, solution took place. 
After standing for 2 hours, the excess of benzenesulphonic acid was removed 
from the oily ester by washing with water. Saponification of the benzenesul¬ 
phonic ester with aqueous sodium hydroxide gives heptyl alcohol, boiling point 
134°-136° C. This alcohol probably contains both dipropylcarbinol and ethyl- 
butylcarbinol, produced according to the following scheme: 


/ 


CH,CHaCH,CH, 


\ 


CHaCH,CHaCH=CHCH,CH. 


CHOH 


\ 


CH.CH, 


/ 


CH,CH,CHa 

\ 

CHOH 

CHaCHaCH^ 


One hundred grams of 3-ethylpentene-2 and 120 grams of sulphuric acid 
(d 1.84) at 0° C. yielded 21 grams of oil consisting mainly of the dipolymer 
together with 82 grams of crude alcohol. The latter decomposed during distil¬ 
lation, possessed a strong odor characteristic of a tertiary alcohol, and was prob¬ 
ably composed principally of triethylcarbinol. 


CaH. 


C.H 


'c=CHCH. + H,0 

/ 


C.H. 


\ 


C(OH)C,H. 




C.H. 


Russ, Pkys.-Chem. Soc., 1890. 32, 495; Ber., 1891, 24, Ref. 269. 
*^Ber., 1906, 39, 2149. 
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A further quantity of 6 grams of the tertiary alcohol was recoverable from 
the diluted acid liquor in the^ form of its sulphuric ester. 

On treating the 5-methylhexene-l with 85 per cent acid, Brooks and Hum¬ 
phrey obtained a considerable amount of oil consisting mostly of the dipolymer. 


Higher Olefins 


Our knowledge of the action of sulphuric acid on the higher aliphatic olefins 
is extremely scanty but the work of Brooks and Humphrey indicates that 
polymerization is always the main reaction. The yields of higher secondary and 
tertiary alcohols are exceedingly low. Thus, on treating an octene boiling at 
122®-124® C. (probably octene-2) with 85 per cent sulphuric acid at 20® C., 
only a small amount of a secondary octyl alcohol was obtained. Most of the 
hydrocarbon was converted into polymers. Similarly, 60 grams of o-iso-octene 
(6-methylheptene‘l) and 225 grams of 85 per cent sulphuric acid at 15® C. yielded 
48 grams of polymers of which about one-half consisted of the dimer. Only 
9 grams of a secondary alcohol, possibly 2-hydroxy-6-methylheptane, 


CH, 

\ 

C 

/ 


CHCH,CHaCH,CHOHCH., 


CH, 

were formed. 

Brooks and Humphrey also examined the action of 85 per cent acid at 20® C. 
on 2-niethyl-2-undecene, 

CH. 

C.H„CH=C^ 

\h. 


This hydrocarbon was almost entirely converted into a dipolymer with only a 
trace of higher alcohol. A sample of hexadecene, from spermaceti, was found 
to be almost unaffected by 85 per cent acid at 20® C., but more concentrated 
(d 1.84) acid converted it into a mixture of polymers. In general, therefore, 
it may be concluded that the conversion of the higher olefins into corresponding 
alcohols by sulphuric acid is a matter of difficulty, probably on account of the 
instability of these higher alcohols. 


Industrial Methods for the Production of Higher Secondary and 
Tertiary Alcohols 

The investigations of Davis and Murray have been referred to in Chapter 14, 
dealing with the production of isopropyl alcohol. According to the description 
of the process given in that chapter, three fractions were obtained by the initial 
fractionation of cracking gas. The treatment of fraction 1, the ethylene-propyl¬ 
ene fraction, has been mentioned. Fractions 2 and 3, the butene and pentene 
(amylene) fractions, will now be discussed. 

Fraction 2, containing the isomeric butenes, is first washed with 60 per cent 
sulphuric acid whereby the highly reactive isobutene is preferentially absorbed. 
The other two butenes are then absorbed in 80 per cent and at temperatures up 
to 40® C. (if stronger acid is used the temperature must be maintained below 
15® C.). The liquid from the first step, containing tertiary butyl alcohol and 
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its sulphuric ester, is diluted, neutralized with alkali, and distilled to yield the 
tertiary butyl alcohol. The liquid from the second step is diluted and distilled 
(without previous neutralization) to give secondary butyl alcohol. 

The amylene fraction (fraction 3) consists preponderantly of amylenes with 
possibly some hexenes and higher olefins, as well as diolefins and less than 5 per 
cent of paraffins. This liquid may be submitted to a fractional distillation to 
yield the following fractions: (a) b.p. up to 25® C., mainly isopropylethylene; 
(b) b.p. 25® to 45® C., consisting of pentene-1, pentene-2, unsymmetrical methyl- 
ethylethylene, and trimethylethylene; and (c) b.p. above 45® C., containing hexenes 
and higher olefins. The conversion of isopropylethylene from fraction (a) into 
an alcohol is not a part of their process. It is stated that by treating fraction 
(b) with concentrated hydrochloric acid, tertiary amyl chloride is formed to* 
gether with a mixture of dichloride and unsaturated chlorides (probably derived 
from admixed diolefins). This mixture may yield, on hydrolysis, tertiary amyl 
alcohol.*® 

Alternatively the whole of the amylene fraction (3) may be treated with sul¬ 
phuric acid of 60 per cent strength, which promotes the formation of tertiary 
alcohols by the hydration of isobutylene, trimethylethylene, and unsymmetrical 
methylethylethylene, and simultaneously polymerizes the diolefins to heavy oil-like 
polymers (which may be separated). The unattacked portion of the pentene 
fraction (a mixture principally of isopropylethylene, pentene-1, and pentene-2) 
is treated with 77 per cent sulphuric acid, forming the sulphuric esters of sec¬ 
ondary amyl alcohols, from which the free alcohols are recovered by dilution and 
distillation.** 

Although not strictly within the scope of this chapter it is convenient to men¬ 
tion here a method for the direct esterification of secondary olefins by organic 
acids.** The esterification of secondary olefins of 4 carbon atoms or more with 
acetic acid or other organic acids proceeds readily at comparatively low tem¬ 
peratures, using equimolecular quantities of reactants, in the presence of catalysts. 
Sulphuric acid may be used as a catalyst and it is advantageous to add some pre¬ 
formed ester as a solvent. It is interesting to note that butene-2, and other olefins 
of this type, react with organic acids in the presence of tertiary butyl hypochlorite 
to yield chloroalkyl esters: 


CH,CH=CHCH, + (CH.),COCl + CH.COOH —>- 


CH,CH-CHCH,+ (CH,),COH 

i A 

ioCH. 


Taveau *® recommended the treatment of olefins, present in cracking gas, and 
also the volatile liquid products of cracking, with sulphuric acid of various con¬ 
centrations. The olefin-containing gas is washed with sulphuric acid in a suc- 


«The preparation of chlorides and chlorohydrins by treating olefin fractions with hydrogen 
chloride or l^pochlorous acid, respectively, is described by Blanchet, British Patent 251,652, 1926; 
assigned to Soc. Anon. d’Explosifs et de Prod. Cbim.; Brit, Ckem, Abs. B, 1927, 836. 

" For additional information with regard to the production of higher secondary and tertian 
alcohols see; Davis, U. S. Patents 1,790,517, 1,790,518, 1,790,519 and 1,790,520, Jan. 27, 1931, 
IJ. S. Patent 1,879,660, Sept. 27, 1932; Davis and Harford, U. S. Patent 1,790,521, Jan. 27. 1931; 
Davis and Murray, U. S. Patents 1,790,522, Jan. 27, 1931; 1,844,209 and 1,844,211, Feb. 9, 1932- 
all patents assigned to Petroleum Chemical Corp. ' 

Davis and Harford, U. S. Patent 1,790,521, Jan. 27, 1931; assigned to Petroleum Chemical 
Corp.; Chem. Abs„ 1931, 25. 1375. 

"Canadian Patent 258,277, 1924; Brit. Chem. Abe. B. 1927, 378; U. S. Patent 1,810,192, June 
16. 1931; Clum.Ms., 1931, 35, 4S57: U. S. Prt«nt 1,845.007, Feb. 14. 1932; Clu.i. Ab>.. 19 U. 
36. 2M0; ,11 uupied to Th« Ttxa, Compuy. Cf. Mirkowidi aad Moor,.W«/l. Khn., 1930, 10. 
604; Chem. Abe,, 1931, 25, 3473. 
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cession of towers so that the olefins are removed successively and a certain degree 
of separation is effected. Increased pressures may be employed. It is best to 
allow the acid liquor formed in the absorbing chambers to be diluted immediately 
as it emerges, either by being poured into water when alcohols are to be produced, 
or into calcium acetate and water when esters are desired. From cracking gas 
the various olefins are absorbed in the following order and under the following 
conditions: 

(1) The most reactive olefin, isobutene, is absorbed in 60 to 70 per cent sulphuric 
acid (best with 65 to 66 per cent) at a temperature not exceeding^ 30“ C. 

(2) The isomeric butenes (butene-1 and -2) are absorbed in 80 to 90 per cent acid 
(best 85 per cent) at a temperature not above 30“ C. 

(3) Propylene is absorbed in acid of at least 90 per cent concentration, particularly 
94 per cent or higher, also at a temperature not above 30“ C. 

(4) Ethylene is absorbed in highly concentrated acid, such as 98 per cent or higher, 
at a temperature of 80“ to 110“ C., and not ordinarily above 120“ C. 


The corresponding alcohols are made by diluting the acid liquor with 2)^ 
volumes of water at a low temperature and distilling with steam. The resulting 
distillates from propylene and its homologues separate into two layers, the top 
layer consisting of water-insoluble alcohols and light polymerization products, 
and the lower layer of water-soluble alcohols. The top layer must be washed 
with water to remove any w'ater-soluble alcohols. 

Van Peski pointed out that during the absorption of the homologues of 
ethylene in relatively dilute acid, dilution with ammonium sulphate is equally as 
efficacious as dilution with water. Since the production of tertiary alcohols al¬ 
ways involves the preliminary neutralization of the diluted acid before distilla¬ 
tion, this fact is useful in that neutralization may be effected by ammonia (or 
its salts) with the subsequent formation of ammonium sulphate, part of which 
is removed and part re-used to dilute more acid. The following example suffices 
to demonstrate the process: 50.6 grams of 96 per cent sulphuric acid arc diluted 
with 41 grams of an aqueous 40 per cent solution of ammonium sulphate, and 
a small amount of potassium ferrocyanide added as a catalyst. After dilution, 
the concentration of the acid is 65 per cent. The acid is brought into contact 
with 58 grams of technical butene, consisting of 30 per cent of normal butene, 
54 per cent of isobutene, and 16 per cent of saturated hydrocarbons. Only the 
isobutene is absorbed. After absorption the mass is neutralized with 25 per cent 
aqueous ammonia and distilled, yielding 34.5 grams of pure tertiary butyl alcohol. 
From the residue, cooled to 0° C., 15 grams of pure ammonium sulphate can be 
crystallized. The mother liquor (133 grams of 40 per cent ammonium sulphate 
solution) can be used again for diluting fresh acid. When dilution of the acid 
is effected with water alone, the other steps being the same, the yield of tertiary 
alcohol is also 34.5 grams. 

Buc obtained reactive acid liquors from mixtures of olefins of different 
molecular weights by treating them in three successive stages. The concentration 
of the sulphuric acid in the first stage is below 65 per cent, in the second stage 
between 78 and 82 per cent, and in the final stage above 90 per cent. The tem¬ 
perature is kept below 120® F. throughout, particularly between 90® and 120® F. 
in the first and second stages. When gaseous mixtures of olefins are the raw 


♦•British Patent 341,167, 1931; Brit. Chem. Abs. B, 1931, 334. French Patent 70S 172. 1930- 
Chem. Abs., 1931, 25, M75. U. S. Patent 1,884,405, Oct. 25, 1932; Chem. Abs., 1933, 27 992* 
cf. French Patent 716,046, 1931; Chem. Abs., 1932, 26, 1946; British Patent 360,331, 1931; Chem'. 
Abs., 1933, 27, 515; French Patent 743,860, 1933; Chem, Abs., 1933, 27, 4022; all assiitncd to 
Bataafsche Petroleum Maatschappij. 

" British Patent 340,098, 1929; assigned to Standard Oil Development Co.; Brit. Chem. Abs. B. 
1931, 192. 
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material, a mineral oil, such^as gas oil or light lubricating oil, is introduced into 
each absorption tower. This may be omitted with liquid olefins. This procedure 
is said not only to minimize polymerization but also to reduce the quantity of 
acid required. Previously, absorption was always discontinued when about one 
mole of olefin was absorbed per two moles of acid, but by this method olefins 
higher in the series than propylene may be absorbed up to about one mole of 
olefin per mole of acid. After hydrolysis as much as 150 to 170 volumes of 
higher secondary alcohols per 100 volumes of 80 per cent acid have been ob¬ 
tained and even greater yields of tertiary alcohols. 

The separation of higher alcohols from the polymerized oils simultaneously 
formed in the sulphuric acid absorption has ofifered some difficulty. According 
to Merley,^® the alcohols are separated from suth oils by using benzenesulphonic 
acid and a water-soluble alcohol (e.g., isopropyl alcohol) as a selective solvent. 
This procedure is applicable to the separation of hexyl, or other heavy alcoiiols, 
from polymerized oils. 

The I3ataafsche Petroleum Maatschappij converted cyclic olefins into the 
corresponding alcohols by treatment with 80 per cent sulphuric acid at low tem¬ 
peratures in the presence of catalysts (ferricyanic acid). The acid liquor (after 
absorption of the olefin) is poured into iced water, neutralized with alkali and 
distilled. An example is the conversion of cyclohexene into cyclohcxanol. 

Brooks recovered alcohols of three to six carbon atoms from the diluted 
acid liquor polymers by distilling a part of the polymer layer, 'fhe alcohols were 
found in the first runnings. Distillation with steam, according to Brooks, gives a 
larger yield of alcohols, apparently due to reaction of the steam with certain 
bodies present in the polymer layer. 

Summary 

(1) The higher homologues of ethylene show an increasing reactivity toward 
sulphuric acid with increasing molecular weight, this reactivity apparently being 
at a maximum with the pentenes and hexenes. Beyond this point olefins of 
greater molecular weight show a decreasing reactivity toward sulphuric acid. 

(2) Direct esterification of the homologues of ethylene is complicated by, 
polymerization and condensation. The tendency toward polymerization is, in 
general, most pronounced with concentrated sulphuric acid and at higher tem¬ 
peratures. To obtain good yields of alcohols it becomes necessary, therefore, to 
use acid of as low a concentration as possible (60 per cent or lower in the case 
of the iso-hydrocarbons) and also to maintain the temperature of the reaction 
mixture at a low point. Under these conditions there is much evidence to sup¬ 
port the conclusion that the dilute acid reiicts as a hydrating catalyst, the alkyl- 
sulphuric acids being afterwards formed by the esterification of the alcohol. It 
has also been assumed that esters of hydrated sulphuric acid are first produced 
and that these are readily hydrolyzed to alcohols. In the case of tertiary alco¬ 
hols from iso-olefins, direct hydration appears to be the predominating reaction. 

^3) The lower olefins vary enormously in tlieir reactivity with sulphuric acid. 

U. S. Patent 1,732,903, Oct. 22, 1929; assigned to Doherty Research Co.; Cbcm. .-ibs., 1930. 
24, 130. Sec also U. S. Patent 1,897,812, I'eb. 14. 1933; assigned to Doherty Research Co.; 
Chent. Abs., 1933, 27, 2696; Nametkin and Abakumuvskaja, Bcr., 1933, 66, 358; Brit, Chem. Abs. A, 
1933, 385. . ^ 

•British Patent 339,592, 1931; Brit. Chem. Abs. B, 1931, 334. See also British Patent 323,748. 
1929; Brit. Chem. Abs. B. 1930. 359; Uritish Patent 381,723, 1931 ; Brit. Ckcm. Abs. B, 1933, 10; 
French Patent 730,829, 1932; Chetn. Abs,, 1933, 27, 305; French Patent 700,067, 1930; Cbcm. Abs., 
1931, 25, 3358. The absorption of carbon monoxide and diolefins was also descril)etl by the Bataafsche 
Petroleum Maatschappij (French Patent 705,214, 1931; CArm. .4bs., 1931. 25, 5223). 

• U. S. Patent 1,944,400, Jan. 23. 1934; assigned to Standard Alcohol Co. 
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The iso-olefins are by far the most reactive in the^order: isobutene, trimethyl- 
ethylene, and unsymmetrical methylethylethylene. Next come isopropylethyl- 
ene, butcne-2, butene-1, pentene-2, pentcne-1, and finally propylene. The great 
differences in the rates of absorption may be utilized to effect a partial separa¬ 
tion. Thus, the three above-mentioned ‘‘tertiary*^ olefins (i.e., olefins yielding 
tertiary alcohols on hydration) may be separated more or less completely from 
secondary olefins by treating mixtures with 60 to 70 per cent acid at 20® C. 
The more reactive secondary olefins (butene-1, butene-2, pentene-1, pentene-2) 
are removed from admixed propylene by 80 per cent sulphuric acid at tempera¬ 
tures below 30® C. 

(4) The secondary olefins of four and five carbon atoms (excepting isopropyl- 
ethylene) are easily converted into sulphated materials by approximately 80 per 
cent acid at 20® C. with relatively little polymerization. The tertiary olefins 
may be hydrated by 60 per cent acid (or less) also at low temperatures (20® C.). 
Apparently isopropylethylene is polymerized by sulphuric acid of 80 per cent 
concentration and over and unaffected by acid of less concentration, so that it 
is impossible in this manner to prepare the corresponding alcohol in any quantity. 

(5) For the treatment of olefins with sulphuric acid, countercurrent scrub¬ 
bing in towers is usually recommended for gaseous olefins. Liquid olefins are 
generally agitated with acid in a tank fitted with necessary cooling devices. In 
treating gaseous olefins, the addition of a neutral liquid diluent (mineral oil) 
having a solvent action on the olefin is beneficial. 

(6) The methods adopted for working up the acid liquor vary in accordance 
with the character of the alcohol to be recovered. It appears fundamental that 
tertiary alcohols must be distilled from neutral or slightly alkaline solutions be¬ 
cause of the ease with which dehydration proceeds, in the presence of even dilute 
acids. It is therefore necessary to neutralize the acid liquor with sodium hydrox¬ 
ide, lime, or aqueous ammonia, before distilling off the alcohol. It is usually 
sufficient to dilute the acid liquor containing secondary alcohols with several 
times its volume of cold water before distillation. 



Chapter 17 

Properties and Uses of Higher Secondary and Tertiary 
Alcohols Derived from Olefins 

The alcohols obtained by the hydration of the homologues of ethylene arc 
secondary and tertiary compounds in sharp contrast to those produced by fer¬ 
mentation processes which are almost exclusively primary products. These three 
types of alcohols differ markedly in chemical and physical properties on account 
of the following characteristic groupings: 


RCHaOH 
Primary 

* The divergence in chemical properties associated with their different struc¬ 
tures is well exemplified by their behavior on oxidation. When subjected to 
oxidation the primary alcohols initially yield aldehydes with the same number 
of carbon atoms and secondary alcohols are readily oxidized to ketones, also with 
the same number of carbon atoms as the parent alcohol. Tertiary alcohols arc 
characterized, however, by a relatively great resistance to oxidizing agents. When 
oxidation does occur, a breakdown of the alcohol molecules takes place with 
the formation of oxidized products of lower molecular weight than the parent 
alcohol. The marked stability of tertiary alcohols to oxidation is shown by the 
fact that these alcohols when treated with chromic anhydride form esters of 
chromic acid, a reaction first investigated by Wienhaus.^ Another instance of 
the different chemical natures of these three types of alcohols is their relative 
ease of dehydration to olefins.^* Tertiary alcohols are readily dehydrated to the 
corresponding (tertiary) olefin by warming with dilute mineral acids and, for 
this reason, tertiary alcohols cannot be distilled from the diluted acid liquor made 
by dissolving tertiary olefins in 60 per cent sulphuric acid. Even oxalic acid can 
dehydrate these alcohols. For example, good yields of isobutylene are obtained 
by warming tertiary butyl alcohol with oxalic acid. In this reaction stronger 
acids, such as sulphuric acid, not only dehydrate the tertiary alcohol but tend 
to polymerize the resulting olefin. Thus, if the alcohol is distilled from sul¬ 
phuric acid solutions, the relative proportions of the olefin and of its pol3rniers 
depend upon the quantity and concentration of the acid and upon the conditions 
of distillation. Primary and secondary alcohols are less readily dehydrated than 
tertiary alcohols. 

Tertiary alcohols are distinguished by the ease with which they combine with 
halogen acids to form alkyl esters. For instance, when tertiary butyl alcohol 

1914. 47, 322. 

collaborators (results reported in J.A.C,S.) conducted extensive studies of 
the dehydration and molecular rearranaement of numerous alcohols. 
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is treated with concentrated hydrochloric acid at ordinary temperatures it is con¬ 
verted into the tertiary butyl chloride, which separates immediately. This fact 
has been made the basis of a test to distinguish these three classes of alcohols. 
Secondary, but not primary, alcohols are converted into alkyl chlorides by con¬ 
centrated hydrochloric acid containing zinc chloride.* In this, as in other chemi¬ 
cal and physical properties, the secondary alcohols occupy a position intermediate 
between primary and tertiary alcohols. The lability of the hydroxyl group in 
the tertiary alcohols is inherited by the acid radical which displaces it. Thus 
secondary butyl chloride is partly hydrolyzed by water and tertiary butyl bromide 
is converted into the alcohol by cold water. The iodide reacts even more readily 
and boiling water converts it into isobutylene, simultaneous hydrolysis and dehy¬ 
dration taking place. The remarkable ease with which the tertiary alcohols com¬ 
bine with even weak inorganic acids is exemplified by the ready formation of 
tertiary alkyl hypochlorites by treatment with aqueous hypochlorous acid.® 

As distinguished from secondary and primary alcohols, the tertiary alcohols 
cannot be esterified directly by organic acids, such as acetic acid. Indirect meth¬ 
ods must be adopted to obtain these esters, which are very readily hydrolyzed. 
Tertiary alcohols and acid chlorides, such as acetyl chloride, do not yield organic 
esters but rather the tertiary alkyl chlorides, in sharp contrast to the behavior 
of secondary and primary alcohols. 

Of the three classes of alcohols, the secondary ones are the most reactive 
to halogens on account of their reactive hydrogen attached to the alcoholic group. 
Next in order of reactivity come the primary alcohols, and the tertiary bodies are 
the most stable toward halogens since they do not contain a hydrogen atom at^ 
tached to the C—OH group. Davis and Murray * reported that solutions of 
bromine in tertiary butyl alcohol have been used as a laboratory reagent and are 
quite stable, even in sunlight, but decompose at 80® to 90® C. Tertiary amyl 
alcohol is also comparatively stable to bromine but the solution is rapidly de¬ 
colorized at 80° C. 

The chemical properties of tertiary alcohols can be understood on the assump¬ 
tion that the bond between the tertiary carbon atom and the hydroxyl group, 
\ 

— C—(OH), is relatively weak because the valences of the central carbon atom 

are largely satisfied by the other three radicals attached to this atom. Since 
this carbon-oxygen linkage is weak the bond O—11 is abnormally strong. ^J'he 
stability of this O—H bond is strikingly shown by the behavior of the tertiary 
alcohols with metals and metallic oxides. Metallic sodium reacts only slowly 
with tertiary butyl alcohol even at the boiling point of that alcohol. Barium 
oxide, also, gives no alcoholate so that this tertiary alcohol may be safely dehy¬ 
drated over these substances. Neither barium oxide nor sodium can be used 
to dehydrate hexyl and higher tertiary alcohols because of the formation of 
resins, but tertiary amyl alcohol is stable toward these substances up to about 
102.® C. 

In physical, as well as chemical, characteristics these three types of alcohols 
show a gradation of properties, the secondary alcohols occupying a position in¬ 
termediate between the primary and the tertiary. The boiling point and density 
of tertiary butyl alcohol are approximately the same as that of isopropyl alcohol 
or of ethyl alcohol. It appears to be a fairly general rule that the physical prop- 

• Lucas, J.A.C.S., 1930, 52. 802. 

*Chattaway and Backet^rg, J.C.S., 1923, 123, 2999. 

*jHd. Eng, Chem,, 1926, 18, 844. 
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erties of a tertiary alcohol are similar to those of the homologous secondary alco¬ 
hol with one less carbon atom in its molecule and of the primary alcohol with 
two carbon atoms less. The solubilities of the three types of alcohols in water 
follow the same rule to some extent, but no such similarity exists in the case of 
refractive indices or freezing points. 

Tests for Distinguishing the Three Types of Alcohols 

The most convenient method of distinguishing between the three classes of 
aliphatic alcohols is that given by Kamm,^ who made use of the difference in 
the rate with which the alcohols react with hydrobromic acid. The tertiary alco¬ 
hols react most readily, and the secondary alcohols occupy an intermediate posi¬ 
tion. Lucas ^ developed a test which consists in treating the alcohol with 
concentrated hydrochloric acid. Tertiary Ucohols immediately react to form in¬ 
soluble chlorides which rise to the surface in a few minutes. The residual liquid 
containing, possibly, both secondary and primary alcohols is treated at 26® to 
27® C. with about 6 times its volume of a reagent made by dissolving 136 grams 
of anhydrous zinc chloride in 105 grams of concentrated hydrochloric acid. Un¬ 
der these conditions secondary alcohols yield alkyl chlorides and, on standing, 
the clear solution becomes cloudy within five minutes. If no change, other than 
darkening, is observed then secondary alcohols are absent. 

Wienhaus ^ described a useful test for some tertiary alcohols. This is based 
upon their combination with chromic acid. A solution of the substance under 
examination in carbon tetrachloride or petroleum ether develops a pure red color 
when shaken with aqueous chromic acid if it contains tertiary alcohols. If the 
solution rapidly discolors, however, tertiary alcohols are not entirely excluded 
since these often undergo oxidation. Other methods for the identification of 
alcohols are given by Shriner and Cox,^* Morgan and Pettet/** and Weber and 
Koch.^« 


Pharmacology of the Three Classes of Alcohols 

Our knowledge of the physiological action of the higher alcohols is rather 
inadequate but it is generally agreed that toxicity in a homologous series of 
alcohols, as well as narcotic action, increases with increasing molecular weight.® 
Increase in narcotic action is more rapid than in toxicity. The same increase 
of toxicity of aliphatic alcohols with increasing molecular weight has been noted 
in the action of alcohols on spores.® 

Weese exposed white mice to vapors of aliphatic alcohols at constant tem¬ 
perature with equimolecular amounts volatilized in a constant space. When the 
air was saturated with alcohol vapors the narcotic and toxic effects increased 
with the number of carbon atoms in the alcohol molecule. In an atmosphere 
which was not saturated with alcohol vapors the relationship was somewhat 
changed, in that n-butyl and isobutyl alcohols were less active as narcotics than 
propyl alcohol, while secondary and tertiary butyl alcohols were more effective. 

* Kamm and Marvel, J.A.C.S., 1920, 42, 299; Kamm, “Qualitative Organic Analysis,” Wiley 
and Sons, Inc., 1923. 

•J.A.C.S., 1930, 52, 802. 

' Ber„ 1914, 47, 322. 

^*J.A.C.S., 1931, 53, 1601. 

"►/.CS*., 1931, 1124. 

Chem. Ztg., 1933, 57, 73; Brit, Chem. Ahs. B, 1933, 215. 

.* Munch and Schwartse, 7. Lah, Clin. Med., 1925, 10, 985; Cktm. Abs., 1926, 20, 1851; 7. 
Pharmacol. (.Proc.), 1922, 19, 252. The pharmacology of isopropyl alcohol is discussed in Chap¬ 
ter 15. 

*Uppal. 7. Agric. Res., 1926, 32, 1069; Chem. Abs., 1926, 20, 2716. 

^Arck. Exptl. Path. Pharm,, 1928, 135, 118; Chem. Abs., 1929, 23, 908. 
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The toxicity of tertiary butyl alcohol falls between that of n-propyl and n-amyl 
alcoliols, and of n-butyl alcohol, between ethyl and methyl alcohols. 

Measurements of the toxicity of various aliphatic alcohols toward guinea pigs, 
rabbits, and other animals were made by Rost and Braun.'^ The alcohols were 
usually administered orally, but also sometimes by injection or inhalation. The 
effect was qualitatively the same but quantitatively it increased with increasing 
molecular weight. The study of n-butyl, and secondary butyl, alcohols was com¬ 
plicated by their slight solubility. 

Secondary Butyl Alcohol (Butanol-2) 

Secondary butyl alcohol, formed by the hydration of both butene-1 and butene-2, 
is a colorless liquid possessing a strong, pleasant odor and is without choking 
action on the bronchial tubes. It has boiling point 99.5° C. (760 mm.), dy 0.8022, 
n',f 1.3974 and is soluble in 8 volumes of water at 20° C. It forms a constant¬ 
boiling mixture with water boiling at 87.5° C. (760 mm.) and having the com¬ 
position 72.7 per cent of alcohol and 27.3 per cent water. The alcohol also 
forms a constant-boiling mixture with its acetic ester, containing 13.7 per cent 
of secondary butyl acetate, and boiling at 99.6° C. The secondary alcohol is, 
for all practical purposes, non-toxic. It is a solvent for ester gum, shellac, and 
other gums, castor and linseed oils, and aromatic hydrocarbons, but not for 
cellulose esters. Although not a satisfactory substitute for normal butyl alcohol 
in all cases, it is of importance in the lacquer industry mainly in the form of 
Its acetic ester. On treating secondary butyl alcohol with carbon disulphide and 
sodium hydroxide a xanthate forms which is suggested as a flotation agent, 
insecticide and vulcanization accelerator.^^* 

The purification of secondary butyl alcohol, made from butylenes in cracking 
gas, has been the subject of a number of investigations. Lebo proposed to 
separate the secondary alcohols from admixed isopropyl alcohol, by treatment 
with benzene, which forms a low-boiling azeotropic mixture with isopropyl alco¬ 
hol. Merley suggested extracting the diluted acid liquor with water-insoluble, 
straight-chain hydrocarbons. The latter, together with the dissolved polymers, 
are removed before distillation of the liquor. Mann dehydrated secondary 
butyl alcohol by mixing the crude alcohol with a hydrocarbon oil having a high 
initial boiling point; for example, gas oil of initial boiling point 350° F., mineral 
seal of initial boiling point of 405° F., or a heavier lubricating oil. On allow¬ 
ing the mixture to separate, the upper layer contains alcohol and oil with a 
small amount of water and the lower layer consists of water and a small amount 
of alcohol. By varying the proportion of oil used the extent of dehydration may 
be varied between wide limits. 

Apparently secondary butyl alcohol itself may be used as a dehydrating agent 
for a number of substances, such as secondary amyl, hexyl and heptyl alcohols. 
The secondary alcohol forms a constant-boiling mixture with water having the 

Arb. Rcichgcsmidh., 1926, 57, 580; Chem. Aht., 1927, 21, 2738. 

Christmann and Jayne, U. S. Patent 1,810.552, ^ne 16, 1931; assigned to American 
Cyanamid Co.; Chem. Abs., 1931, 25. 4559; Bataafsche Petroleum Maatschappij, British Patent 
377,077, 1931; ffrii. Chem. Abs. B, 1932, 973. 

“U. S. Patent 1,422,583, July 11, 1922; Chem. Abs., 1922, 18, 3093; U. S. Patent 1,911,829, 
May 30, 1933; Chem. Abs., 1933, 27, 3943; both assigned to Standard Oil Development Co. 

»U. S. Patent 1,713.346. May 14, 1929; assigned to Doherty Research Co.: Chem. Abs., 1929, 
23. 3341. See also U. S. Patent 1.835,571, Dec. 8, 1931; Brit. Chem. Abs. B, 1933, 218: U. S. 
Patent 1,873,006, Aug. 23, 1932; Chem. Abs., 1932, 28, 5963; U. S. Patent 1,933,505, Oct. 31, 
1933; all assigned to Doherty Research Co. 

^ >*U. S. Patent 1,524,192. Jan. 27. 1925; J.S.C.I., 1925, 265B; Can&dian Patent 257,750, 1926; 
Chem. Abs., 1926, 2^ 2333; both patents assigned to Standard Oil Development Co. 

” Merley, U. S. Patent 1,688,731, Oct. 23, 1928; assigned to Doherty Research Co.; Chem. Abs., 
1929, 23, 155. 
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composition by volume of 22 parts of water and 78 parts of alcohol, so that 
comparatively small amounts of butyl alcohol are required to take up large pro¬ 
portions of water from the higher-boiling liquid. The use of secondary butyl 
alcohol for dehydrating cellulose nitrate has been described by Wiesel,^* 

Esters of Secondary Butyl Alcohol 

The most important ester of secondary butyl alcohol is the acetate, which is 
made on a considerable scale by direct esterification. A process developed by 
Buc and Clough involves the distillation of a mixture of about 55 per cent 
of commercial secondary butyl alcohol (as it comes from the finishing run with¬ 
out total dehydration), 45 per cent of strong acetic acid (which need not be 
glacial but should be of at least 75 per cent concentration) and about 0.1 per 
cent of sulphuric acid. The upper layer settling from the condensate is refluxed 
continuously until stratification ceases. The still contents are then distilled, 
the first fraction boiling within a few degrees of the boiling point of the sec¬ 
ondary ester being added to the next batch charge. The second and main frac¬ 
tion, boiling up to within two or three degrees ot the boiling point of acetic acid, 
consists mainly of the desired ester but containing 15 to 30 per cent of acetic 
acid. The residue in the still, mainly acetic acid, is used in the next operation. 
The second (or ester) fraction is now subjected to fractional distillation, after 
addition of sufficient water to form a constant-boiling mixture with the ester. 
If the water fractionation is carried out carefully, the ester distils over with 
very little acetic acid. It is then submitted to final purification. 

The esterification of secondary butyl and amyl alcohols by organic acids (e.g., 
acetic acid) can be accomplished in the presence of a solvent in which the solu¬ 
bility of the ester is greater than that of its components or of water.Such a 
solvent material is a white petroleum fraction of initial boiling point 300® C. 
and d 1.247. 

It is interesting to note in this connection, that when an alcohol, together 
with the ester of a second alcohol, is passed in the vapor state over an alumina 
catalyst, partial replacement of the alcohol radical in the ester occurs with the. 
formation of a mixture of esters.^® Methyl formate and isobutyl alcohol vapors 
conducted over alumina at 150° C. are converted to the extent of 20 to 30 per 
cent into isobutyl formate and methyl alcohol. 

CH^CH^X 

Secondary butyl acetate having the formula CHOOCCH,, is a 

CH,/ 

colorless liquid (boiling point 112.2® C.) and is more soluble in water than normal 
butyl acetate. It possesses a pleasant fruity odor, exerts no choking action on 
the bronchial tubes, and is considered non-toxic.*® It is a solvent for cellulose 
nitrate and for many gums (ester gum, mastic, kauri and benzyl abietate, but it 
only partly dissolves shellac and dammar). The ester is miscible with castor 
and linseed oils and hydrocarbons. Cellulose acetate does not dissolve in this 

British Patent 293.291, 1927; assigned to Hercules Powder Co.; Chem. Ahs,, 1929, 23, 1750. 

U. S. Patent 1,726,945, Sept. 3, 1929; assigned to Standard Oil Development Co.; Chtm, Abs.^ 
1929. 23, 5196. 

Buc, U. S. Patent 1,651,666, Dec. 6, 1927; assigned to Standard Oil Development Co.; Chem. 
Abs.. 1928, 22. 788. See also British Patent 305,308, 1927; Chem. Abs., 1929, 23, 4709. 

^ I. G. Farbenindustrie A.-G., German Patent 434,400, 1924; Brit. Chem. Abs. B, 1927, 348. 
See also Dr. A. Wacker Ges. fur elektrocheraische Ind., G.m.b.H., British Patent 387,621, Oct. 19. 
1932; Brit. Chem. Abs. B, 1933, 296: Norris and Rigby, J.A,C.S„ 1932, 34, 2088: Brit. Chem. Abs. A, 
1932, 718; Deutsche Gold* und SilDer*ScheideanstfUt vorm. Roessler, British Patent 362,458, 1930; 
Brit. Chem. Abs. B. 1932. 332. 

** The secondary butyl acetate formerly manufactured possessed a disagreeable odor caused by im* 
purities. 
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ester.Secondary butyl acetate is finding a distinct use in the preparation of 
lacquers, both as a base solvent and as a thinner.*^* 

A study of the secondary alkyl acetates and their uses in the production of 
lacquers was made by Park and Hopkins,** who emphasized their importance 
to that industry. The secondary butyl acetate examined by these workers had 
the following composition and properties: concentration of ester, 85-88 per cent; 
boiling point 107^-114® C.; dJJJ 0,861, n^ 1.3915. It was an excellent solvent 
for cellulose nitrate, being intermediate between n-butyl acetate and n-butyl pro¬ 
pionate, and somewhat superior to ‘Tentacetate.” *® The solubility of the ester 
in water at 25® C. was 1.0 cc. per 100 cc. of water, the corresponding figure for 
the normal ester being 0.7 cc. Its evaporation rate was intermediate also be¬ 
tween that for isopropyl and n-butyl acetate. In blush resistance in lacquers, the 
secondary butyl ester is similar to the normal butyl compound. 

Secondary butyl formate was found by Cotton and Roark** to be decidedly 
toxic, like other alkyl formates, to different kinds of insects and hence to be 
useful as a fumigant. According to Nelson,*® secondary butyl formate has a 
boiling point of 93.6® C. (760 mm.) and its vapor pressure variation with 
temperature can be represented by the formula: 

1888 9 

lo«„ P = 8.0306 

Similarly, secondary butyl chloroacetate, as well as other alkyl chloroacetates, 
as fumigants were investigated with encouraging results.*® This ester boils at 
167.5® C. (760 mm.) and its vapor pressure has been determined over a wide 
temperature range.*^ 

A possible application of some of the esters of secondary butyl alcohol is in 
the manufacture of perfumes and flavoring materials. 


Oxidation of Secondary Butyl Alcohol 

The oxidation of secondary butyl alcohol offers a convenient method for the 
preparation of methyl ethyl ketone, an excellent solvent which can replace acetone 
for many purposes. The reaction is carried out either by catalytic dehydrogena¬ 
tion or by partial oxidation, and may be represented as follows: 



CH.CH, 

\:o + H, 

Ctt{ 


Oxidation may be effected by a silver catalyst and dehydrogenation occurs in 
the presence of reduced copper, other catalysts having been used successfully in 
both reactions. Thus by the catalytic oxidation of secondary butyl alcohol by 
air at 335® to 340® C. over a zinc oxide catalyst, Ottensooser ** obtained a 93 
per cent conversion into the corresponding ketone. As an industrial process, it 


^ Durrans, ^‘Solvents," Chapman and Hall. London, 1930. 

*** See Martin. Metal Cleaning and Finishing, 1933, S, 27; Chem. Ahs., 1933, 27, 1772. 

»Ind. Eng, Chem., 1930. 22, 826. 

** “PenUcetate** ia a mixture of the acetates derived from the three primary and two secondary 
amyl alcohols. The production and properties of this material are discussed in Chapter 33. 

** Ind. Eng. Chem., 1928, 20, 380. 

»7nd. Eng. Chem., 1928, 20, 1382. 

** Roark and Cotton, Ind. Eng. Chem., 1928, 20, 512. 

** Nelson. Ind. Eng. Chem., 1928, 20, 1380. 

»Bnll. soc. ehim., 1927, (4) 41, 324; Chem. Abe., 1927, 21. 2089. 
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has been proposed to pass the air-alcohol mixture in vapor form over a catalyst 
heated to at least 500° C., the heat of reaction being sufficient to maintain the 
desired temperature. Copper, either alone or alloyed with other metals such as 
zinc, has been suggested as a catalytic material.*® 


• Tertiary Butyl Alcohol (Trimethylcarbinol) 

This alcohol, produced industrially by the hydration of isobutylene, is a solid 
at ordinary temperatures and possesses the typical camphoraceoys odor charac¬ 
teristic of tertiary alcohols. When pure it has, melting point 25.45° C.,*® boiling 
point (760 mm.) 82.55° C.,®^ and d*® 0.7887. The vapor pressure of a very 
pure specimen (freezing point, 25.50° C.) of the alcohol was determined by 
Parks and Barton*® over a temperature range of 20° to 80° C., with the results 
given in Table 87. 


Table 87 .—Papor Pressure of Tertiary Butyl Alcohol. 


Tempwature 

Vapor Pressure 
mm. 

Temp^ature 

Vapor Pressure 
mm. 

20.00 . 

. 30.6 

60.00 . 

. 285.2 

25.00 . 

. 42.0 

65.00 . 

. 358.2 

30.00 . 

. 56.9 

70.00 . 

. 447.3 

35.00 . 

. 76.3 

75.00 . 

. 553.2 

40.00 . 

. 102.3 

80.00 . 

. 679.4 

45.00 . 

. 133.8 

85.00 . 

. 826.3 

50.00 . 

. 174.3 

90.00 . 

. 996.2 

55.00 . 

. 224.2 




From these figures the boiling point at 760 mm. is deduced to be 82.86° C. 
Fundamental thermal data relating to this and other alcohols have been published 
by Parks, Kelley and Huffman.*® 

Tertiary butyl alcohol is miscible with water in all proportions and forms 
with it a constant-boiling mixture®^ (boiling point 79.9° C. (760 mm.)) of the 
composition 88.24 per cent alcohol and 11.76 per cent water, having d^ 0.8304. ' 
Tertiary butyl alcohol is a typical tertiary alcohol, notably in the following 
particulars: 


(1) It is comparatively resistant to oxidation but, under strongly oxidizing conditions, 
it breaks down to form acetone, carbon dioxide and acetic acid.” 

(2) It is stable toward halogens. 

(3) It is very readily dehydrated by even mild agents such as oxalic acid to yield 
isobutylene. 

(4) It yields halides with remarkable ease on treatment with halogen acids even in 
the cold. On the other hand, it cannot be directly esterified by organic acids, and organic 
acid chlorides react with it td form tertiary butyl chloride and the organic acid. 

(5) The organic esters of this alcohol are readily hydrolyzed by water evep in the 
cold. Also, the tertiary halides are hydrolyzed readily. If the mixture is warmed the 
tertiary alcohol so formed undergoes dehydration in the presence of the halogen acid. 
In this way isobutylene can be prepared from tertiary butyl iodide.” 

w Williams and Haller, U. S. Patent 1,450.569, April 3, 1923; Chem. Ahs., 1923, 17, 2428; 
Williams and White, U. S. Patent 1.460.876, July 3. 1923; Chem. Abs., 1923, 17, 2887. Wells, 
U. S. Patent 1,497.817, June 17, 1924; Chem. Abs., 1924, 18. 3194. 

•• De Forcrand, Compt. rend^ 1903, 136, 1034; Chem. Soc. Abs., 1903, 84 (1), 455. 

** Davis and Murray, Ind. Eng. Chem., 1926, 18, 844. 

**J.A.C.S., 1928, SO. 24. 

••J.A.C.S.. 1929, 51, 1969. 

** Davis and Murray, he. cit. 

•• Butlerow, Z. Chem., 1871, 7. 485; Chem. Zenir., 1872, 100. 

** Chechoukoff, /. Kuss. Phys.-Chem. Soc., 1885, 17, 56; Chm. Soe. Abs., 1885, 48, 495. 
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Large quantities of the tertiary alcohol can and have been produced from 
cracking gas. The great difficulty is to find an outlet for comparatively large 
amounts of the material. As far as known, tertiary butyl alcohol, as such, has 
found no extensive applications in the chemical industry, although it can be used 
for purifying certain substances (for example, the hydroxy acids) by recrystalli¬ 
zation from hot solutions. For this purpose a solvent is needed in which the 
solubility, though low at ordinary temperatures, increases rapidly with rising 
temperature. A comparison of the effect of temperature on the solubilities of 
citric acid in water, ethyl alcohol and tertiary butyl alcohol,-respectively, indi¬ 
cates that the latter is by far the superior solvent for recrystallizing this acid.®^ 
Souther and Gruse®® investigated the use of higher secondary and tertiary 
alcohols (having 3 to 6 carbon atoms), and also of the higher primary alcohols, 
for the purification of slack wax. They found that such alcohols, either indi¬ 
vidually or mixed with each other, had a preferential solvent action for the oil 
admixed with the crude wax. Thus, the commonly employed and time-consuming 
sweating process might be avoided. The slack wax is comminuted with the 
alcohol for about five minutes, generally at 80® F. to raise the melting point of 
the final product, and then pressed in a filter press or run through a centrifuge. 
The resulting wax cake is again mixed with the alcohol or alcohol mixture 
(n-butyl alcohol having proved especially efficient for this purpose) and cen¬ 
trifuged. If necessary, the last remaining traces of oil can be removed by fur¬ 
ther treatment with the solvent. Bradley®®* suggested as a paint-removing com¬ 
position a mixture containing a wax and tertiary butyl alcohol. The use of 
tertiary aliphatic alcohols in fuels for internal-combustion engines has been pro¬ 
posed by Van Schaack.®®** ' 

From the viewpoint of chemical synthesis, tertiary butyl alcohol offers many 
interesting possibilities. It may be used for introducing the tertiary butyl group, 
(CH8)8C-, into organic compounds, especially into aromatic compounds. Nitrated 
aromatic hydrocarbons and ketones containing this tertiary alkyl group frequently 
possess a strong musk-like odor and are valuable in the perfume industry. 

Tertiary butyl alcohol is a safe material to handle but possesses a slight nar¬ 
cotic action when taken internally, being excreted in the urine in combination 
with glycuronic acid,®® 

Derivatives of Tertiary Butyl Alcohol 

Tertiary Butyl Halides. All the halides of tertiary butyl alcohol are readily pre¬ 
pared by mixing the halogen acid (in the form of a concentrated aqueous solu¬ 
tion) with the alcohol in the cold, the ester separating as a top layer in a few 
minutes. The tertiary halides are also made by the direct combination of iso¬ 
butylene with the anhydrous halogen acid.®® Tertiary butyl chloride is a colorless 
liquid boiling at 51.5® C, and the boiling points of the bromide and iodide are 
72® C. and 103® C., respectively. From an industrial point of view the chloride 
only need be considered. The important application of this material will prob¬ 
ably be for introducing the tertiary butyl group into organic compounds, espe¬ 
cially aromatic hydrocarbons, by the Friedel-Crafts reaction. 

** Davit mod Murray, Ind. Eng. Chtm., 1926, 18, 844. 

** U. S. Patent 1,685,058, Sent. 18, 1928; attigned to Gulf Refining Co. 

"• U. S. Patent 1,901,728, Mar. 14, 1933; attigned to Chadeloid Chemical Co.; Chem. Abs., 
1933. 27, 3301. 

•»U. S. Patent 1,907,309, May 2, 1933; Chtm. Abt., 1933, 27, 3587. 

•Thierfelder and von Mering, Z. physiol. Chem., 9, 511; Chem. Soc. Abs., 1885, 45, 1002. 

^For the direct addition of hydrogen chloride to pentenea in the presence of stannic chloride 
or line chloride at a catalyst, tee Piotrowtki and Winkler, /. Inst. Pet. Tech., 1931. 17, 225. 
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Tertiary Butyl Hypochlorite, In comparison with primary and secondary alkyl 
hypochlorites the hypochlorite esters of tertiary alcohols arc relatively stable. 
These substances are yellow, mobile liquids of strong, irritating odor and are 
prepared by passing chlorine into an ice-cold solution of aqueous sodium hydrox¬ 
ide in the alcohol (the solution should be homogeneous) until absorption ceases. 
The hypochlorite ester separates.*^ 

Tertiary butyl hypochlorite, boiling point 79.6° C., d\® 0.9583, may be dis¬ 
tilled without change and, unless exposed to sunlight, kept for mondis at ordinary 
temperatures with scarcely any decomposition. When exposed to bright sun¬ 
light it decomposes to methyl chloride and acetone. Like all tertiary esters, it 
can be readily hydrolyzed in dilute alkaline solution. 

Tertiary Butyl Esters. Esters of tertiary butyl alcohol (and of other ter¬ 
tiary alcohols) appear to be of little promise industrially. They are not readily 
prepared by the ordinary esterification methods since organic acids dehydrate 
the alcohols to olefins, and organic chlorides react to form the tertiary alkyl 
chloride, thus: 


CH, 

CHi^COH + CH,COa 
ch/ 


CH, 

CH^CCl + CH,COOH 
CH,'^ 


Tertiary butyl acetate, obtained by the direct combination of ketene with the 
tertiary alcohol, is a liquid (boiling point 96° C.), possessing a somewhat fruity 
odor, but readily hydrolyzed by water even in the cold.** 

Other Important Derivatives of Tertiary Butyl Alcohol, Two products which 
are finding satisfactory application in the commercial production of phenol-aldehyde 
oil-soluble resins **• are para-tertiary-butyl- and amyl-phenol.**** The production 
of these alkylated phenols by addition of olefins to phenol is described in Chap¬ 
ter 24. Nevertheless, they can be made from tertiary alcohols. The alkylation 
was effected by Liebmann **® by heating phenol with an alcohol in the presence 
of a large excess of a dehydrating agent such as zinc chloride at 180° C. Thus, 
by heating isobutyl alcohol and phenol, in the presence of zinc chloride, the 
following reaction occurs: 


H,C 

\ 


CH-~CH,OH + HO 




/ 




H.C 


H,C-C<(^ ^OH + H.0 
H,C^ 


Other dehydrating agents, for example, acid sulphates,**<* sulphuric acid,*** and 
perchloric acid,**^ have also been suggested. 

Phenols can be alkylated by using an alkyl halide in the presence of a metallic 
halide such as aluminum chloride, ferric chloride, or zinc chloride. In the 
preparation of para-tertiary-butylphenol, for example, tertiary butyl chloride and 


*>■ Chattaway and Backeberg. J.C.S., 1923. 123, 2999. 

^ Ketene is described In Ch^tex 18. 

« Davis and Murray. Jnd. Eng, Chem., 1926. 18. 844. 

The manufacture of synthetic resins from these materials it described by Hdnel. French Patent 
676,456, 1929; Chem. Ahs., 1930, 24, 3092. See also Ellis, Ind, Eng. Chem., 1933, 23, 125: ibid,, 
193^26, 37. 

^ Para-tertiary-amylphenol is known in the trade as Pentaphen (Sharpies Solvents Corp.). 

1881, 14. 1844; ibid., 1882, IS, ISO. See A. G. fur Anilinfabrikation, German Patent 
17.311, 1881; J.S.C.L, 1882, 1, 226; Dobr»cki, /. pr, Chem., 1887, (2) 36. 390. 

^ A.-G. ftir Anilinfabrikation, German Patent 23,775, 1882; J.S.C,!., 1884, 3, lOS. 

^ Meyer and Bernhauer, Monatsh., 1929, S3 and 34, 721; Chem. Abs., 1930, 24, 346. 

Hinsberg, German Patent 538,376, 1930; Chtm, Ahs., 1932, 26, 1617. 
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phenol are reacted in the presence of a small amount of ferric chloride.*®* This 
reaction, which can be represented by the equation 


y pH + CI-C-CH. 


D< ( ^ C~CH, + HQ 

\h. 


has also been effected in the presence of alcoholic potassium hydroxide solu* 
tion.*®*^ Linner *®* has proposed to .conduct the reaction in this manner: Iso¬ 
butylene is bubbled through a solution of phenol in carbon tetrachloride con¬ 
taining aluminum chloride in suspension and a small quantity of tertiary-butyl 
chloride. The reaction is instituted by the alkyl chloride and the hydrogen chloride 
liberated combines with the isobutylene to form additional alkyl chloride to con¬ 
tinue the reaction. 

Para-tertiary-butyl-phenol melts at 97.5° to 98° C. and boils at 236° to 238° C.; 
para-tertiary-amylphenol melts at 93° to 94° C. and boils at 265° to 267° C. 

The discovery of synthetic materials possessing the odor of musk (and hence 
termed “artificial musk”) was made by Baur/* who developed methods for the 
large-scale production of these synthetic perfumes. Many of them are nitrated 
aromatic hydrocarbons containing a tertiary alkyl substituent (usually tertiary 
butyl) such as trinitro-tertiary-butyltoluene, trinitro-tertiary-butylethylbenzene, 
and trinitro-tertiary-butyl-m-xylene, the last named substance possessing the con¬ 
figuration 

CH, 

no„Ano. 


, NO. 

Not only hydrocarbons but nitrated phenols, aromatic ethers and ketones hav¬ 
ing a tertiary alkyl substituent were found to possess the characteristic musk-like 
odor. Among these may be mentioned dinitro-tertiary-butylacetophenone, tri- 
nitro-tertiary-butyl-m-cresol, and dinitro-tertiary-butylxylyl methyl ketone.**® The 
tertiary butyl group was introduced into these aromatic compounds by the Friedel- 
Crafts reaction, using tertiary butyl chloride. The products were then nitrated 
to yield the synthetic musks. 

Some of the derivatives of the tertiary alkylated aromatic hydrocarbons, espe¬ 
cially tertiary-butylbenzenesulphonic and tertiary-butyinaphthalenesulphonic acids, 
have been suggested as wetting, emulsifying, and foam-producing agents. 
4-Tertiary-butyl-)8-naphthol, 



C(CH,), 

"“Gurcwitsch, Bcr., 1899, 32, 2428. 

"»• Lewis. J,C.S., 1903, 83, 329. 

Austrian Patent 124,281, 1931; assigned to Soc. Reichhold, Fliigger and Iloecking; Chem. Abs., 
1932. 26, 735; French Patent 697,711, 1930; Chtm. Abs„ 1931, 25, 3013. 

1891, 24, 2832; Compt. rend., 1890, 111, 238; Chem. Zentr., 1890, 2, 431; German Patent 
47,599, 1888; Chem. Zentr., 1889, 2, 720; British Patent 4963, 1889; 1890, 9, 545; 

these were followed hy a series of patents and descriptions in various journals. 

For a fuller account see Schotz, **Synthetic Organic Compounds,*' D. Van Nostrand Co.. New 
York. 1925. 
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prepared by the action of tertiary butyl chloride on )5-naphthol in the presence 
of aluminum chloride, has been proposed as a plasticizer for cellulose derivatives 
and as a dye component.*® 


Higher Secondary Alcohols from Petroleum 


The important higher secondary alcohols which may be manufactured from 
•the volatile liquid olefins are secondary amyl and hexyl alcohols. Secondary 
heptyl and higher alcohols can be made if there is sufficient demand for them. 
Heretofore these alcohols have been exceedingly rare and difficult to prepare in 
any but small quantities. The higher secondary alcohols produced from the olefins 
of cracking gas and cracked gasoline consist largely of p alcohols, i.e., normal 
chain alcohols with a hydroxyl group attached to the second carbon atom. Ac¬ 
cording to Johns,*® laboratory researches (.unpublished) indicate that all the 
secondary alcohols obtained are of this type. It is possible, however, that although 
the p alcohols may predominate, there may also be a smaller amount of secondary 
alcohols in which the hydroxyl group is attached to the third carbon atom of 
the chain. There is an increasing number of isomers even of the P alcohols as 
the number of carbon atoms in the molecule increases because branched chains 
may exist. For example, there are two P pentanols which have the following 
formulas: 

CH. 

CH.CH,CH.CHOHCH, \hCHOHCH, 

McthyLn-propylcarbinol 

CHi 

Methylisopropylcarbinol 

The secondary alcohols shown in Table 88 are likely to occur in the products 
obtained by absorbing the higher olefins (from cracking gas or gasoline) in sul¬ 
phuric acid find hydrolyzing.*^ 

Secondary amyl alcohol (pentanol-2) has a hydrocarbon-like odor with a 
slight choking action in the bronchial tubes. It is less soluble in water than 
the lower secondary alcohols, dissolving in 6 volumes of water at ordinary tem¬ 
peratures. The product made from cracking gas probably contains some of the 
branched-chain isomer, methylisopropylcarbinol. It may find application in the 
lacquer industry in the form of its acetate, boiling point 135®-138° C, a mobile 
liquid with a peppery odor similar to that of turpentine. Park and Hopkins*® 
examined a sample of secondary amyl acetate (containing 85 per cent of ester and 
15 per cent of alcohol, and having a boiling range of 128° to 134° C., di5;J 0.863, 
r^) 1.4021). It was concluded that this and other secondary esters could safely be 
used either in the base lacquer or thinner. These secondary esters are made 
in the usual way by direct esterification in the presence of a mineral oil frac¬ 
tion of initial boiling point 300° C.*® 


« Koenigsberger, U. S. Patent 1,788,529, Jan. 13, 1931; assigned to Dehls and Stein; Chcm. Abs., 
1931, 25, 974. 

^ Ind. Eng. Cheni., 1923, 15, 448. 

Data from the following sources: Davis and Murray, Ind. Eng. Ghent., 1926, 18. 844; 
Ullniann, “Knzyklopadie der technischen Chemic,” Urban and Scharzenberg (Berlin); Beilstein. 
*‘Handbuch dcr organischen Chemie.” Verlag von Julius Springer Berlin, 1918; Durrans, “Solvents,” 
Chanman and Hall, London, 1930; Brooks and Humphrey, J.A.C.S., 1918, 40, 822. 

^ Ind. Eng. Ghent., 1930, 22, 826. 

•Standard Oil Development Co., British Patent 305,308, 1927; Brit. Ghent. Abs. B, 1929, 275. 
For similar application of the Friedel-Crafts reaction see Schaarschmidt, French Patent 42,410. 1933: 
Ghent. Abs.. 1933, 27. 4813; French Patent 735,786, 1931; Ghent. Abs., 1933, 27, 991; British 
1933; Ghent. Abs., 1933, 27, 4538; Mark, Dunkel and Roeli, U. S. Patent 1,899,582. 
Feb. 28, 1933; assigned to I. G. Farbenindustrie A.-G.; Ghent. Abs., 1933, 27, 2961; I. G. Farixn. 
industne A.-G., British Patent 391,600, 1932; Brit. Ghent. Abs. B. 1933, 777; Nenitsescu and Can* 
tuniari, Ber.. 1932, 65B, 807. See also von Braun, Ber., 1931, 64B, 2869. 
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Table 88. —Constants of Some Secondary Alcohols, 


Alcohol 

B.P. 

•c. 

(760 mm.) 

Density 

Refractive 

Index 


Methyl-n-propylcarbinol . 

(pentanol-2) 

119* 

0.810 


Acetate, 
b.p. 134* C. 

Methylisopropylcarbinol . 

( 3-methy lbutanol-2) 

112.5® 


— 

— 

Methyl-n-butylcarbinol . 

(hexanol-2) 

139®-140® 


1.4193 

Acetate, 
b.p. 153* C. 

Methylisobutylcarbinol . 

( 4-methylpentanol-2) 

130" 

— 

— 

Acetate, 
b.p. 148* C. 

Mcthyl-n-amylcarbinol • . 

(heptanot-2) 

158.7" 
(741 mm.) 
66.7* 

(16.5 mm.) 

0.817 

1.4210 

— . 


» Sherrill, J.A.C.S., 1930, 52, 1982. 


Methyl isopropylcarbinol is remarkable in that, on treatment with hydrogen 
halides, it is converted into the derivatives of methyldiethylcarbinol, a reaction 
explainable on the assumption that the intermediate formation of trimethylethyl- 
ene first takes place. 

Secondary hexyl acetate is likely to be of value in the lacquer industry.*® 
A sample examined by Park and Hopkins had the following properties, 85 to 
88 per cent ester, boiling range 146® to 156® C, d J 0.863, n®^ 1.4081. It is 
a solvent for rosin, ester gum, dammar, kauri, cumar, pontianac, manila, elemi, 
asphalt, tars, and pitches, but not for shellac. Its solubility in water at 25® C. 
is less than 0.1 cc. per 100 cc. of water. 

Secondary heptyl alcohol (heptanol-2) may be prepared synthetically by 
roundabout methods ** but, if available in sufficient quantities, may find applica¬ 
tion in the lacquer industry (in the form of its esters®^*) and for chemical 
synthesis. 

All the secondary alcohols, amyl, hexyl, and heptyl included, may be converted 
into ketones, particularly by catalytic oxidation. For instance, Ottensooser 
obtained an optimum yield of 79 per cent of the ketone from secondary octyl 
alcohol by oxidation with air in the vapor phase at 330® to 340® C. in the presence 
of a zinc oxide catalyst. In this way it should be possible to make large quan¬ 
tities of the higher ketones (which are excellent solvents for industrial pur¬ 
poses, particularly in cellulose acetate and nitrate lacquers) from the above 
secondary alcohols. Pentanol-2 would yield methyl propyl ketone and 3-methyl- 
butanol-2, methyl isopropyl ketone. In general, methyl alkyl ketones could be pro¬ 
duced from the higher alcohols. 


Higher Tertiary Alcohols from Petroleum 

Formerly the higher tertiary alcohols were more or less chemical curiosities 
which had been produced only in relatively small quantities or not at all. The 

Park and Hopkins, Jnd. Eng, Chem.. 1930. 22. 826. 

Syn.h«e,/' John 

“•Van Schaack (U. S. Patent 1,815,878, July 21, 1931; assianed to Van Schaack J\rn< 

•uggested •« softeners for cellulose nitrate, the esterf 
of hiffher secondary slcohol, *nd dibasic acids such as 2-n-octyl succinate or phthalatc. ’ 

ioc. chm., 1927, (4) 41, 324; Chem, Abs„ 1927, 21, 2089. ^ 
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possibility of obtaining large amounts of these alcohols from the olefins of 
cracking gas and cracked gasoline has opened up a wide field for investigation, 
more especially as regards their application in industry. As far as is known, 
no outlet has been discovered which is capable of absorbing the large quantities 
of these materials which might be available. The unique chemical and physical 
properties of these alcohols, however, appear to render certain their ultimate 
large-scale utilization in industry either as special solvents and crystallizing 
media, in chemical syntheses, or for other purposes. 

The general characteristics of the tertiary alcohols as a class have already 
been noted in discussing tertiary butyl alcohol, namely their unique physical prop¬ 
erties including high melting point and low boiling point, the ease of replacement 
of the hydroxyl group by halogen acids (and even hypochlorous acid) to form 
esters, their ease of dehydration in the presence of even weak organic acids, 
their resistance to oxidation and stability to. halogens, the impossibility of direct 
esterification by organic acids or acid chlorides and the extraordinary ease of 
hydrolysis of their esters. 

CH, C.H. 

\/ 

Tertiary amyl alcohol (dimethylethylcarbinol) C .is a liquid at 

ca/ \>H 

ordinary temperatures, boiling point 101.8® C., melting point —12® C., d*J 0.8093, 
n^^ 1.4052,®* and possessing a camphoraceous odor. It is soluble in 8 volumes 
of water at ordinary temperatures. This alcohol is formed by the hydration 
of both trimethylethylene and unsymmetrical methylethylethylene. It is readily 
dehydrated, especially in acid solutions, to yield trimethylethylene. It is com¬ 
paratively stable to bromine at room temperature but the solution rapidly de¬ 
colorizes at 80® C. Tertiary amyl alcohol is said to be “a safe, rapidly acting, 
and occasionally useful but not analgesic hypnotic.*^ 

Tertiary amyl chloride, which is prepared by the action of concentrated hydro¬ 
chloric acid on the alcohol, is a liquid boiling at 86® C., which should be useful 
for introducing the tertiary amyl group into organic compounds. Tertiary amyl 
hypochlorite, made by passing chlorine into an alkaline solution of the alcohol 
at ordinary temperatures, is a mobile liquid of d*® 0.8547, boiling with decompo¬ 
sition at 76® C.®® 

The properties of the tertiary hexyl alcohols, of which three isomers exist, 
are very inadequately known. Davis and Murray ®® described two of these alco¬ 
hols, namely a straight-chain tertiary hexyl alcohol (probably dimethyl-n- 
propylcarbinol), boiling point 123® C, d*J 0.824, and a branched-chain tertiary 
hexanol (probably dimethylisopropylcarbinol) of boiling point 117.6® C., and 
d=^J 0.839. 

Davis and Murray, Ind. Eng. Chem., 1926, 18, 844. 

^ U. S. Dispensatory, 20th Edition. 

Chattaway and BackeberK, J.C.S., 1923, 123, 2999. 

^ Jnd. Eng. Chem., 1926, 18, 844. 



Chapter i8 

Production, Properties, and Uses of Ketones Derived 
from Secondary Alcohols and from Hydrocarbons 

Ketones are derived from secondary alcohols made by the hydration of the 
lower olefins of cracking gas and represent an important use for these alcohols. 
As a class, ketones are among the most valuable solvents of commerce and find 
application in a number of industries. Acetone, particularly, is one of the most 
widely used of low-boiling solvents. In addition to being solvents for a large 
number of organic substances, the ketones also undergo condensation reactions 
and are thus of significance in organic chemical synthesis. 

Although acetone and the higher ketones are still mainly produced from raw 
materials other than petroleum (for example by fermentation of grain or by wood 
distillation), the petroleum hydrocarbons offer great possibilities as suitable raw 
materials for the manufacture of these solvents. The oxidation or direct dehydro¬ 
genation of secondary alcohols, made from the lower olefinic hydrocarbons of 
cracking gas and cracked gasoline, readily yields ketones.^ It has also been 
demonstrated that ketones may be synthesized directly from the lower paraffins 
by the Friedel-Crafts reaction. 


Production of Acetone 

Formerly, acetone was principally produced by the destructive distillation of 
wood, but the greater part of the acetone now available, together with normal 
butanol, is made by the fermentation of carbohydrate material by the Fernbach- 
Strange-Weizmann process.* Although this method is economical, isopropyl 
alcohol (derived from the propylene of cracking gas) has been the subject of 
many investigations directed to its conversion to acetone.® The usual methods 
for the production of acetone in this manner involve either catalytic oxidation 
of isopropyl alcohol with air or its dehydrogenation by passage (without air) 
over a heated catalyst. Both these procedures result in the removal of hydrogen: 


CH, 


\ 


CHOH 


CH, 




CH, 

\ 


cu'f 


CO + H. 


When oxidation is employed, the hydrogen is, of course, removed in the form 
of water. Sabatier and Senderens* have shown that metallic copper is an ex¬ 
cellent dehydrogenating catalyst for primary and secondary alcohols. In the 

Kill, ami Wells, U. S. Patent 1,450,493, Apr. 3, 1923; see Chapter' 36. 

* British Patent 21,073, 1912; 1913, 32, 987. British Patent 4,845, 1915; J.S.C.L, 

1919. 38. 301A. • 

* Kllis ami Wells, he. cit. Baldwin (J.S.C.L, 1930, 49, S3T, Ind. Eng. Chem., Nctvs Ed., 1930, 
8 (2). 12.) reported considerable quantities of acetone were being made in the United States front 
propylene of petroleum origin. 

*Ann. chim. pkys., 1905, (8) 4 , 463, 467. 
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presence of this catalyst, isopropyl alcohol is slowly dehydrogenated to acetone 
at 150^ C., and rapidly and smoothly at all temperatures between 250° and 430° C. 
without the formation of large amounts of propylene. With many contact sub¬ 
stances, dehydration, leading to the formation of propylene, occurs. Many 
processes have been developed to better the performance of the copper catalyst 
of Sabatier and Senderens. Metallic sulphides have been recommend^,” and 
the phosphides, selenides, tellurides, antimonides, arsenides, and the bismuthates 
of zinc, cadmium, nickel, cobalt, iron, aluminum, calcium, and magnesium have 
been suggested ® as catalysts for the dehydrogenation of alcohols to ketones and 
aldehydes. Dehydrogenation of isopropyl alcohol to acetone and hydrogen by 
contact with lead at 625° C. is the basis of anotlier process.^ Molten lead can be 
replaced by molten alloys or salts, e.g., an equimolecular mixture of barium and 
calcium chlorides, or equal parts of potassium and sodium chlorides. Chaffette 
suggested halides, oxides, carbonates, phosphates, acetates, stannates, arsenates, 
antimonates, molybdates, vanadates, and borates of the metals of the second, 
seventh and eighth groups as catalysts for the production of acetone from alco¬ 
hols and steam. 

The dehydrogenation of primary, secondary and tertiary alcohols by catalytic 
oxidation has been the subject of a number of important researches. 

Ipatiev ® investigated the catalytic oxidation of isopropyl alcohol to acetone 
at 200° to 230° C. and of secondary butyl alcohol at higher temperatures, using 
nickel. Trillat® investigated the catalytic transfoniiation of isopropyl, iso¬ 
butyl, isoamyl, and iso-octyl alcohol into the corresponding ketones, using a 
platinum wire gauze. He also extended his experiments to include tertiary butyl 
and amyl alcohols which yielded acetone and some formaldehyde. Sabatier and 
Senderens also studied the catalytic oxidation of secondary and tertiary alcohols 
by different metals. Isopropyl, isobutyl, and iso-octyl alcohols gave the corre¬ 
sponding ketones in good yields, when copper, nickel, cobalt and platinum were 
used as catalysts. Gibbs “ described the production of acetone by catalytic 
oxidation of nsopropyl alcohol, made from the waste gases of the Burton cracking 
process. Lang^^ developed a method for producing ketones (or aldehydes) in 
which manganic salts at high temperatures were the catalysts, and Williams and^ 
White suggested passing alcohol vapors over brass heated to 500° to 800° C. 

Still another procedure consists in conducting isopropyl alcohol vapors and 
air (the quantity of air being such that the proportion of oxygen in the mixture 
is just equal to, or slightly less than, that actually required) over metallic cata¬ 
lysts, e.g., copper or copper alloys, a^ 475° to 800° C. The yield of acetone may 
be as high as 75 per cent of the theoretical.** 

Moureu and Mignonac investigated the catalytic oxidation of various alco¬ 
hols in the vapor state in the presence of finely divided silver (deposited on 

^ I. G. Farbenindustrie A.-G., British Patent 262,120, 1927; Brit. Chem. Abs. B, 1927, 541. 

• I. G. Farbenindustrie A.-G., British Patent 263,877, 1927; Brit. Chem. Abs. B. 1927, 669. 

^ Bataafsche Petroleum Maatschappij, British Patent 339,491, 1929; Chem. Abs., 1931, 25, 2440; 
French Patent 706,731, 1931; Chem. Abs., 1932, 2«, 1296; German Patent 552,985, 1930; ChAn. Abs., 
1932, 26, 5578. The dehydrogenation of isopropyl alcohol can also be effected at 120* to 300* C. 
in the presence of powdered nickel, cohalt or copper, see Rheinische Kampfer Fabrik, British Patent 
347,931. 1930; Brit. Chem. Abs. B, 1931, 834. See also Al, U..S. Patent 1,883,443, Oct. 18, 1932; 
assigned to Bataafsche Petroleum Maatschappij; Cliem. Abs., 1933, 27, 1013. 

I'rench Patents 730,797 and 730,798, 1932; Chem. Abs., 1933, 27, 306. 

*Ber.. 1907, 40, 1276. 

• Compt. rend., 1901, 132, 1495; Chem. Soc. Abs., 1901, 80 (1), 496. 

wComp/. rend., 1903, 136, 983; Chem. Soc. Abs., 1903, 84 ((1), 454. 

*^Chcm. Met. ling.. 1920, 22. 407. 

** German Patent 166,3.‘i7, 1906; Chem. Zentr., 1906, 1,. 1065. 

«U. S. Patent 1,460,876, July 3, 1923; J.S.C.I., 1923, 42, 952A. See also Bataafsche Petroleum 
Maatschappij, French Patent 729,742, 1932; Chem. Abs., 1933, 27, 306; British Patent 392,625, 1932: 
Brit. Chem. Abs. B, 1933, 776. 

»«Hunt, British Patent 173.539, 1921; J.S.C.I.. 1923, 42, 30A. 

» Compt. rend., 1920, 170, 258. 
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asbestos by precipitation from silver nitrate solution with formaldehyde) at 230® 
to 300® C. Intense local heating made it preferable to conduct the operation in 
two stages, i.e., first to pass the alcohol vapor mixed with 40 to 50 per cent of 
the requisite amount of air over the catalyst, and then to mix the issuing vapors 
with a further SO per cent of air and pass the new mixture over a second cata¬ 
lyst. Excellent results were reported with isopropyl alcohol. This methpd was 
subsequently modified in that the mixture of alcohol vapor and air was passed 
at a reduced pressure (20 to 40 mm.) over a catalyst of finely divided silver at 
230® to 300® C. Later, Ottensooser by the vapor-phase oxidatiofi of isopropyl 
alcohol with air (in the presence of a zinc oxide catalyst prepared from ammo¬ 
nium zincate *®) obtained an 84.5 per cent conversion of this alcohol into acetone, 
the optimum temperature being 315® to 325® C. Acetone can be produced by 
subjecting ethyl alcohol vapor diluted with an inert gas to the action of ca’talysts 
at 250® to 650® C.^» 

The effect of the physical and chemical nature of the catalyst material on the 
course of the oxidation of various alcohols in the vapor phase was investigated 
by Simington and Adkins.®® The catalysts included copper, silver, platinum, 
nickel, alloys of copper with silver, zinc, bismuth, cadmium and palladium. 
Gauze, pellets, strip and wire catalysts were equally efficacious. The maximum 
yield of acetone from isopropyl alcohol, corresponding to a 76.1 per cent con¬ 
version, was obtained when using a catalyst of silver pellets. 

Other catalysts that have been proposed include the following: a metal 
vanadate (excluding a simple alkali vanadate),®‘ a gauze of zinc-copper alloy,** 
and metallic copper, iron, nickel, silver, platinum or the oxides of tin, chromium, 
cobalt or vanadium.*® In general the mixture of air and alcohol in the propor¬ 
tions required (or with slightly less air than is actually necessary) is passed 
over the catalyst heated initially to about 500° C. The heat of reaction is suffi¬ 
cient to maintain the catalyst at the required temperature. Wells *♦ has described 
certain catalysts, such as manganese dioxide or barium peroxide, to be used at 
somewhat lower temperatures, i.e., 100° to 250® C. 

The catalytic oxidation of isopropyl alcohol to acetone is said to take place 
readily at 400® C. in the presence of copper, manganese dioxide, barium peroxide, 
a platinum metal, zinc oxide, cadmium oxide, uranium oxide, blue tungsten oxide, 
vanadium pentoxide, magnesia, beryllia, or zirconia to which has been added about 
1 per cent of thorium oxide, cerium oxide, or other oxides.*® 

Other methods for the manufacture of acetone utilize acetic acid, ethyl 
alcohol, or acetylene as raw materials. The older method of converting acetic 
acid into acetone, so largely employed in the wood-distillation industry, consisted 
in the dry distillation of the calcium salt of that acid. According to Ardagh, 
Barbour, McClellan and McBride,*® the optimum distillation temperature is 430® 

“ Compt, rend., 1920, 171, 652. 

Bull. soe. chm., 1927, (4) 41, 324; Chem. Abe., 1927, 21, 2089. 

«C/. Lazier and Adkins, 3.A.C.S.. 1925, 47, 1719. 

" Uloomiield, Swallen and Crawford, Canadian Patent 321,646, 1932; assigned to Commercial 
Solvents Co^.; Chetn, Abs., 1932, 26, 3265. 

••J.A.C.S., 192B, 50, 1449. 

Maxted and Coke, British Patent 238.033, 1925; Chem. Abe., 1926, 20, 1814. 

“Williams and Haller, U. S. Patent 1,450,569, Apr. 3, 1923; Chem. Abe., 1923, 17, 2428. 
Williams and White, U. S. Patent 1,460,876, July 3, 1923; Chem. Abe., 1923, 17, 2887. 

“Wells, U. S. Patent 1,497,817, June \7, 1924; Chem. Abe., 1924, 18, 3194. 

“ U. S. Patent 1,541,545, June 9, 1925; Chem. Abe., i925, 19, 2210. 

f* Bataafsche Petroleum Maatschappij; British Patent 33^566, 1929; Brit. Chem. Abe. B, 1931. 194. 
Dutch Patent 29,252, 1933; Chem. Abe., 1933, 27, 3225; Carman Patent 564,210, 1930; Chem. Abe.. 
1933, 27, 1013; Dutch Patent 28,606, 1932; Chem. Abe., 1933, 27, 1359; French Patent 703,511, 1931; 
Chem. Abe., 1931, 25, 4286. 

“/fid. Eng. Chem., 1924, 16, 1133. 
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to 440® C. This procedure, however, now has to compete with the direct catalytic 
production from acetic acid which takes place according to the reaction, 

2CH.COOH —CH,COCH, + CO. + H,0 

The reaction is complicated by the simultaneous occurrence of the decomposition 
of acetic acid to methane, 

CH,COOH —CO.-hCH4 

a breakdown which may be reduced by the choice of proper catalysts and oper¬ 
ating conditions.*^ A large number of catalysts for the direct synthesis of acetone 
from acetic acid in the vapor phase has been proposed, among which may be 
mentioned the following: thorium and uranium oxides,** copper at 390® to 
410® C.,*® zinc oxide at 400® C. and zinc turnings at 250® to 280® C.,*® manganese 
salts at 450® C.,*^ manganese dioxide at 350® to 450® C.,** oxides, hydroxides or 
acetates of calcium and barium precipitated on aluminum and used at 300° to 
400® C.®* During the World War a commercial process was developed by the 
Canadian Electro-Products Co. which consisted in passing acetic acid vapor over 
cast iron balls coated with lime or baryta or a mixture of these with bases such 
as magnesia. The operating temperature was 485® C. and the yield of acetone 
was said to be 95 per cent of the theoretical, based on the acid consumed.** 

Another method of producing acetone depends upon the catalytic treatment of 
ethanol with steam at high temperatures.*® The reaction (which yields very pure 
acetone together with hydrogen and carbon dioxide) may be represented: 

2CH,CH,OH + H,0 —CH.COCH, + 4H, + CO, 

Probably it involves several intermediate steps, including the possible formation 
of acetic acid.*®* 

Donath ** investigated the oxidation of ethyl alcohol to acetone at high tem¬ 
peratures in the presence of the higher oxides of manganese, and Roka*^ 
examined the production of acetone by heating a mixture of ethyl alcohol and 
water vapors at 250® to 650° C. in the presence of oxygen-containing catalysts 
of iron, manganese, copper and calcium or magnesium. 

Oxley, Groombridge and Thomas *® proposed the use of catalysts consisting of 

” Squibb, J.A.C.S., 1895, 17, 187; 1896, IS, 231. 

•• Senderens, Bull. soc. chim., 1909, (4) 5, 905, 916. 

• Sabatier and Senderens, Ann. chim. phys., 1905, (8) 4, 476. Cf. Querfurth, German Patent 
533,851, 1929; assigned to Deutsche Gold* und Silber-Scheideanstalt vorm. Roessler; Chem. Abs.. 
1932, 26, 735; Holzverkoblungs-Industrie, French Patent 38,656, 1930; Chem. Abs., 1932, 26, 2752; 
Chaffette, French Patent 743,764, 1933; Chem. Abs., 1933, 27, 3951; Sandkuhl, U. S. Patent 
1,892,011, Dec. 27. 1932; Chem. Abs., 1933, 27, 1891; French Patent 696,658, 1930; Chem. Abs., 
1931, 25, 2734; both assigned to Rheinische Kampter-Fabrik G.m.b.H. 

•• Mailhe, Bull. soc. chim., 1909, (4) S, 618, 620. 

Pascal, Mim. pond., 1926, 22, 1; Chem. Abs., 1927, 21, 563. 

** Soc. anon, des Acieries et Forges de Firminy, British Patent 134,144, 1919; Chem. Abs., 1920, 
14, 746. 

•• Stockholms Superfosfat Fabriks Akt., British Patent 171,391, 1921; J.S.C.I., 1922, 41. 786A. 
Soc. Pag^s Camus ct Cie., German Patents 214,151 and 214,152, 1909; Chem. Zentr., 1909, 2, 1395. 

•* Canadian Chem, J., 1919, 3, 56; Chem. Abs., 1919, 13, 958. Matheson, British Patent 
138.679, 1919; J.S.C.I., 1920, 39, 312A. 

Holzverkohlungs-Industrie A.-G., British Patent 347,593, 1930; Brit. Chem. Abs. B. 1931, 
753; British Patent 359,430, 1931; Brit. Chem. Abs. B, 1932, 172. Dreyfus, British Patent 338,518. 
1929; Chem. Abs^ 1931, 25, 2437; French Patent 698,858, 1930; Chem. Abs.. 1931, 25, 3358. 

*“• Dreyfus (British Patent 345,271, 1929; Chem. Abs., 1932, 26, 156) reacts ethyl alcohol with 
barium hydroxide at a high temperature to produce barium acetate and obtains acetone from this 
by further heating. 

^Chem.’Ztg., 1888, 12, 1191; Chem. See. Abs., 1889, S6, 230. Chem.Ztg., 1927, SI, 924; 
Brit. Chem. Abs. B, 1928, 150. 

»»U. S. Patent 1,663,350, Mar. 20, 1928; Chem. Abs., 1928, 22, 1596; German Patent 475,428. 
1924; Chem. Abs., 1929, 23, 3234; both patents assigned to Holzverkohlungs-Industrie A.-G. 

** British Patent 353,467, 1930; assigned to British Celanese Co., Ltd.; Brit. Chem. Abs. B, 
1931, 1132. 
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an alkaline>earth oxide together with a weak acidic oxide, such as aluminum or 
ziqc oxide, for the conversion of ethylene, aliphatic alcohols, aldehydes or esters 
by steam into aliphatic ketones. For example, a 60 to 70 per cent yield of acetone 
is stated to be obtained from steam and ethyl alcohol with a calcium oxide-zinc 
oxide “cement” catalyst at 465° to 480° C. 

The preparation of acetone from acetylene is accomplished by treatment of 
a mixture of that hydrocarbon with steam under the influence of certain catalysts 
at relatively high temperatures. The acetone so obtained is usually accompanied 
by other products. The following materials are suggested as catalysts for the 
process: iron oxide,*® thorium oxide or a double compound of thorium with alkali 
or alkaline-earth metals,^® such as the double thorium-potassium carbonate 
KeTh(C08)5. The reaction temperature specified is about 450° C. and the con¬ 
version is usually not more than 40 per cent of the theoretical. According to 
the Holzverkohlungs-Industrie A.-G.,*^ the exothermic production of acetone from 
acetylene and steam at elevated temperatures is conveniently carried out along 
with the endothermic production of acetone from aliphatic alcohols of two or 
more carbon atoms per molecule. The raw material may be residual acetylene 
(containing uncondensed acetaldehyde, water, and acetic acid) obtained in the 
production of acetaldehyde from acetylene. Catalysts include the oxides of iron, 
zinc, or nickel with promoters such as alumina, barium carbonate, lime, or mag¬ 
nesia. Conversion of acetylene and excess steam into acetone at 275° to 725° C. 
in the presence of a composite catalyst of zinc chloride, iron and chromium oxides 
has also been described.*^^ Baur prepared ketones and aldehydes (propionalde- 
hyde and acetone) by passing vapors of 1,2-oxides of hydrocarbons containing 
2 to 4 carbon atoms at temperatures of 200° to 450° C. over a catalyst consisting 
of a halide of an alkaline earth metal. Lazier used a mixture of a secondary 
alcohol and phepol to prepare acetone (mixed with cyclohexanol and cyclo¬ 
hexanone). The mixture was heated to 200° C. at a pressure of 500 pounds per 
square inch in the presence of a nickel catalyst. 

Doderlein obtained acetone from oil resulting from the dry distillation of 
bituminous shale. After refining the oil with sulphuric acid the sludge was 
diluted witl\ water and distilled. The ketones were recovered from the distillate. 


Properties of Acetone 

Acetone is a colorless mobile liquid having the following physical constants: 
b.p. 56.5° C; m.p.—94.9° C; dj 0.81378; d^* 0.79705; d*® 0.77986; critical tem- 

Holzvcrkohlungs-Industrie A.-G., British Patent 347,695, 1930; Brit. Chem. Abs. B, 1931, 753. 
See also Meerwein and Morschel, U. S. Patent 1.865,940, July 5, 1932; assigned to Schering-Kahl- 
baum A.-G.; Client. Abs., 1932, 26, 4347; I. G. Farbeninclustrie A.-G., British Patent 391.600, 1933; 
Chem. Abs., 1933, 27, 5085; Mataafsche Petroleum Maatschappij, German Patent 552,985, 1930; 
Chem. Abs., 1932, 26, 5578; French Patent 706,731, 1930; Chem. Abs., 1932, 26, 1296; British 
Celanese, Ltd.. British Patent 355,362, 1930; Chem. Age (London), 1931, 25, 525; Walter and 
Schulz, U. S. Patent 1,892,742. Jan. 3. 1933; assigned to Deutsche Gold- und Silber-Schcideanstalt 
vorm. Roessler; Chem. Abs., 1933, 27, 2163. 

Elektrizitiitwerk Lonza, British Patent 192,392, 1923; J.S.C.I., 1923. 42. 862A. 

"British Patent 344,449, 1929; Brit. Chem. Abs. B. 1931, 620. Cf. Roka, U. S. Patent 1,821,324, 
Sept. 1, 1931; Brit. Chem. Abs. B, 1933, 217; German Patent 544,778, 1925; Chem. Abs., 1932, 26, 
3515; teth patents assigned to Deutsche Gold- und Si]ber-Scheidean.stalt vorm. Roessler; Yamada, 
J. Soc. Chem. Ind. Japan, 1933, 36, 193; Brit. Chem. Abs. A. 1933, 937. 

Martin and Krchma, U. S. Patent 1,779,676, Oct. 28, 1930; as.signed to Commercial Solvents 
Corp.; Brit. Chem. Abs. B. 1931, 666. 

U. S. Patent 1,906,833, May 2, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1933, 27, 3482. See also German Patent 528,822, 1929; Chem. Abs., 1931. 25, 5175; German Patent 
535,651, 1930; Chem. Abs., 1932. 26, 994; British Patent 331.185, 1929; Chem. Abs., 1931, 25, 115; 
all patents a.s.signed to I. G. Farbenindustrie A.-G. 

" U. S. Patent 1,829.869, Nov. 3, 1931; assigned to E. I. duPont de Nemours and Co., Inc.; 
Chem. Abs.. 1932, 26. 788. 

"•German Patent 571.226, 1930; Chem. Abs., 1933, 27, 2800; British Patent 376,862, 1932; 
Chem. Abs., 1933, 27, 4071. 
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peraturc 234.4® C.; latent heat of vaporization 125.28 Cals, per kgm. at 56.3® C. 
It is miscible in all proportions with water, alcohol, ether, many esters, and with 
many mineral and vegetable oils. It can be saltid out of its aqueous solutions 
by calcium chloride. It is one of the most powerful solvents known and readily 
dissolves cellulose acetate, benzoate, nitrate and acetonitrate, ethyl cellulose, and 
many resins including glyceryl phthalate resins, crotonaldehyde resins, benzyl 
abietate, vinyl resin, elemi, rosin, ester gum, and copal. It only partly dissolves 
shellac, mastic, hard copals, and montan wax. Its solvent action on pitches and 
rubbers varies widely with the character of those products. A considerable 
number of azeotropic mixtures with other organic liquids are known, including 
one with methanol (13.5 per cent of methanol) boiling at 55.95° C., and one with 
chloroform (80 per cent chloroform) boiling at 64.7° C. The latter is remark¬ 
able in possessing a higher boiling point than either of its components.^® 

In chemical properties, acetone exhibits a high order of reactivity with many 
organic and inorganic substances. Only a few of the more important reactions 
will be discussed. 

Iodine, chlorine, and bromine readily react with acetone in alkaline solution 
to form iodoform, chloroform, and bromoform, respectively, a reaction used for 
the manufacture of the two former materials. 

When subjected to the action of alkalies acetone undergoes a condensation, 
very closely allied to the aldol condensation of aldehydes, which results in the 
formation of diacetone alcohol.** 


CH. 

\ 


CH, 


/ 


CO + CH.COCH, 


CH, 

CH,-CCH,COCH, 

ho"' 

Diacctone alcohol 


Under the influence of dehydrating agents, diacetone alcohol loses the elements 
of water with the production of mesityl oxide. 

CH, 

^C==CHCOCH, 

CH,'^ 

This latter substance may be prepared directly from acetone by the action of 
anhydrous alkalies, such as lime (CaO), or other reconstituting agents, e.g., zinc 
chloride or hydrogen chloride.*** The condensation may even proceed a stage 
further to yield phorone. 

CH, CH, 

\ / 

C=CHCOCH=C 

cvu \ h . 


^ Park and Hofmann, Ind, Eng. Chem., 1932, 24, 132; ace also Durrans, “Solvents,*' Chapman 
and Hall, Ltd., London, 1930. 

** See Conant and Tuttle, “Organic Syntheses,'* John Wiley and Sons, Inc., New York, 1921, 
1, 45. ^ 

*** For the nrroaration of mesityl oxide see also Deutsche Gold- und Silber-Scheideanstalt vorm. 
Roessler, British Patent 383,474, 1932; Chtm. Abs., 1933, 37, 4253: Guinot, U. S. Patents 1,913.158 
and 1,913,159, June 6. 1933; Ckem. Abs., 1933, 27. 4253; German Patent 559,738, 1930; Chem. Abt., 
1933. 27. 736. 
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By heating acetone under pressure at 300° to 320° C. in the presence of zinc 
chloride, Ipatiev, Petrov and Ivanov obtained a mixture of unsaturated hydro¬ 
carbons, of which a large proportion was, diisobutylene. Mesityl oxide and . 
isophorone were also found in the products. 

In the presence of concentrated sulphuric acid, three molecules of acetone 
unite to form a cyclic compound, mesitylene. 




CH. 

io 


CHr 


-CO 

\ 


CH. 


CH. 


CH, 

io-CH. 



Both mesityl oxide and diacetone alcohol are of some industrial importance. 
Diacetone alcohol, an odorless, colorless liquid, may be used as a solvent for 
cellulose acetate in lacquers, since it yields films having a brilliant gloss. The 
fact that it rather easily hydrolyzes to acetone (a more volatile liquid) mitigates 
against its general use in the preparation of lacquers. It is also a solvent for 
cellulose nitrate, and for many resins, including the copals. It is considered 
non-toxic. 

Diacetone alcohol can be made by treating acetone in alcoholic solution 
with sufficient alkali (sodium hydroxide) to give a reaction with cresol red but 
not with o-cresolphthalein.*® Conant and Tuttle*® obtained diacetone alcohol in 
yields of 71 per cent of the theoretical by boiling acetone with barium hydroxide. 
Calcium hydroxide,*^ concentrated sodium or potassium hydroxide solutions,*® 
and magnesium amalgam*® have also been recommended for this preparation. 
Ellis treated acetone with about 0.01 to 0.02 per cent of alkali metal hydroxide 
at a temperature below 30° C., and Thomson*^ used a suspension of potassium 
hydroxide in acetone and benzene at room temperature. Nitriles, such as hydroxy- 
alkylaminonitriles, can be prepared by the reaction of hydrocyanic acid on a mix¬ 
ture of a ketone and hydroxyalkylamines.®^* 

Mesityl oxide, a liquid of strong odor and b.p. 129.5° C., is insoluble in water. 
It is an excellent solvent for cellulose acetate and nitrate and would probably 
find extensive application in the lacquer industry but for its rather objectionable 


Ber., 1930, 63, 2806; J. Russ. Phys.-Chem. Soc., 1930, 12, 1489; Brit. Chem. Abs. B, 1930, 1553. 
^ Usines de Melle, British Patent 356,609, 1930; Brit. Chem. Abs. B, 1932, 95. 

**‘*Organic Syntheses,*' John Wiley and Sons, Inc., New York, 1921, 1, 45; Chem. Abs., 1926, 
20, 44. CJ. Kyriakides, J.A.C.S., 1914, 534. 

« Hoffman, J.A.C.S., 1909, 31, 722; German Patent 229, 678, 1909: Chem. Zentr., 1911, 1, 275; 
U. S. Patent 1,082,424, Dec. 23, 1913: Chem. Abs., 1914, 8, 788. Cf. Clement, French Patent 505.073, 
1917. Hoffman employed a modified Soxhlet extraction apparatus in which the condensed acetone 
vapors filtered through a heated granular mass of calcium hydroxide. Althouah only a small pro¬ 
portion of the acetone was converted to diacetone alcohol during each passage through the alkali, 
this procedure resulted in the concentrating of the alcohol in the residual liquid. 

«*Heintc, Ann., 1873, 169, 114. Koelichen, Z. physik. Chem., 1900, 33, 130. 

^ Bouveault and Loequin, Ann. chim. phys., 1910, U) 21, 411. 

••U. S. Patent 1,701,473, Feb. 5, 1929; assign^ to Ellis-Foster Co.; Chem, Abs., 1929, 23, 1419. 
See also Lougovoy, U. S. Patents 1,844,430 and 1,844,431, Feb. 9, 1932; assigned to Ellis-Foster Co.; 
BrU. Chem. Abs. B, 1933, 296. 

** U. S. Patent 1,654,103, Dec. 27, 1927; assigned to E. I. duPont de Nemours and Co., Inc. 
See also British Patents 308,285, 1927; assigned to Nobel Industries, Ltd.; Chem. Abs., 1930, 24, 127. 

*** I. G. Farbenindustrie A.-G., British Patent 388,874, 1931; Brit. Chem. Abs. B, 1933. 457; 
British Patent 359.262. 1930; Brit. Chem. Abs. B, 1932, 173. See also Dreyfus, French IPatent 
715,030, 1931; Chem. Abs., 1932, 26, 1617. 
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odor. Mesityl oxide may be condensed with aliphatic alcohols to 3rield ethers of 
diacetone alcohol.®* 

In addition to undergoing condensation of the aldol type, acetone may also 
yield pinacol.®® This is accomplished by allowing acetone to react with mag¬ 
nesium amalgam, and then hydrolyzing the product. The reactions may be 
represented by 

OC(CH,). 

/ 1 CH.C(OH)CH. 

2(CH,),CO + Mg —^ Mg (+H,0) —| 

\ I CH.C(OH)CH. 

OC(CH.), 

Distillation of the dry magnesium compound in a current of carbon dioxide gives 
pinacoline, acetone, isopropyl alcohol and mesityl oxide. 

A further important step in this condensation, and one that is frequently 
used in organic synthesis, is the transformation of pinacol into pinacoline by 
mineral acids. 


CH, 


CH. 

CHt-i-OH 

1 


(Uo 

ch.-(!;-ch, + h,o 

CHr-C~OH 

_ ^ 




Pinacol 


Pifiacoline 


Passage of acetone vapors over red-hot magnesium yields a solid black mass, 
which on the addition of water gives hydrogen and allylene (methylacetylene).®® 
Another interesting condensation is that of olefins with acetone to yield 
high molecular weight ketones. This takes place best at high pressures (1000 
to 3000 pounds) at temperatures of 250° to 350° C. in the presence of oxide 
catalysts such as those of nickel, zinc, chromium and vanadium.®® Metallic chlo¬ 
rides such as zinc chloride or ferric chloride may be used as promoters. Ethylene 
and acetone, for example, at 1000 pounds pressure and 450° to 500° C. give 
propyl methyl ketone, and propylene and acetone at 2000 pounds pressure and 
300° to 350° C. form butyl methyl ketone. 

Uses of Acetone 

Two of the more important applications of acetone are in the manufacture 
of smokeless powder and celluloid. Acetone is used in making both cellulose 
acetate and nitrate solutions and in the production of certain kinds of artificial 
silk. Its solvent properties are utilized in the extraction or purification of a large 
number of organic products, such as fats and resins, and for numerous other 
purposes such, for example, as the scouring of wool. A solvent made by blending 
acetone with aromatic hydrocarbons, e.g., benzene or toluene, has been suggested 
as a dewaxing medium for lubricating oils.®® The property of acetone as a 

"Simms, U. S. Patent 1,823,704, Sept. 15, 1931; assigned to Commercial Solvents Corp.; Chtm. 
Abs.j 1932, 26. 152. 

“Couturier and Meunier, Compt. rend.. 1905, 140, 721; Chem. Soc. Abs., 1905, 88 (1), 326. 

“Reiser. Amur, Chtm. J., 1896, 18, 328; Chem. Soc. Abs., 1896, 70 (1), 457. 

“ Brown, U. S. Patent 1,757,830, May 6, 1930; assigned to Commercial Solvents Corp.; Chem. 
Abs.. 1930, 24, 3247. 

“ Indian Refining Co., French Patent 741,633, 1932; Chem. Abs., 1933. 27. 2800; French Patents 
734,254 and 734.797, 1932; Chem. Abs., 1933, 27, 1161. The Texas Co., French Patent 734,402, 1932; 
Chem. Abs., 1933, 27, 1161. See also Nottage (/. Insi. Pet. Tech., 1932, 18, 943; Chem. Abs., 
193.1, 27, 1494) for a description of the fractionation of lubricating oils with acetone See also 
Anderson, U. S. Patent 1,907,703, May 9, 1933; Chem. Abs., 1933, 27, 3813; Texaco Development 
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solvent for acetylene is utilized on a large scale for the storing of that gas in 
steel cylinders for welding purposes. Acetylene is absorbed by a mixture of 
acetone and a porous earth and, in this form, can be safely handled even under 
considerable pressures, whereas acetylene normally explodes violently when com¬ 
pressed to a few atmospheres pressure. Acetone has been proposed in admixture 
with other liquids as a fuel for internal-combustion engines.*^ A mixture of 
acetone cyanohydrin and ethylene chloride in equal portions has been suggested 
as an insecticide.®^* 

Acetone is also the raw material for the manufacture of a number of synthetic 
organic chemicals, among which may be mentioned the drug, sulphonal, and the 
perfume, ionone, and it has been employed in the synthesis of indigo. Organic 
acid anhydrides have been prepared by treating organic acids and ketones, for 
example, acetic acid and acetone, at temperatures of about 600® C.®^** 

Duprat ®^® obtained several complex compounds of ferrocyanic and ferricyanic 
acid with ketones and aldehydes. The ferricyanic complexes decomposed when 
dried in vacuo over sulphuric acid, but ferrocyanic complexes could be purified 
and their exact composition determined. 

The hydrogenation of acetone to isopropyl alcohol may be effected either by 
passing acetone and hydrogen over a catalyst at atmospheric or increased pres¬ 
sures or by conducting the hydrogenation in the liquid phase, i.e., by introducing 
hydrogen under pressure into a suspension of the catalyst in liquid acetone. 
Sabatier and Senderens ®* obtained an 85 per cent yield of isopropyl alcohol from 
acetone by hydrogenation over a nickel catalyst at 115® to 125® C. and observed 
that the reaction is very slow. Maxted®® secured rapid hydrogenation to iso¬ 
propyl alcohol by distilling acetone in a current of hydrogen at 100 atmospheres 
over a granulated nickel catalyst. For good yields a circulation method is desir¬ 
able and the hydrogen should be in excess, Ipatiev's method of hydrogenation 
gives excellent yields of acetone at 100 to 200 atmospheres pressure in the pres¬ 
ence of a nickel catalyst at 210® to 220® C. (at higher temperatures decomposition 
ensues). With a copper catalyst, higher temperatures (280® to 300° C.) are 
necessary to give a 65 per cent yield of acetone.®® The usual industrial method of 
hydrogenation is to agitate acetone, carefully freed from catalyst poisons, with 
hydrogen under pressure in the presence of a nickel catalyst. Senderens and 
Aboulenc found that the hydrogenation proceeded smoothly at 110® C. and 30 
atmospheres in the presence of a nickel suboxide catalyst. Platinum black has 
also been used successfully as a catalyst.®* The industrial method is further 
exemplified by Riedel,®* who conducted the hydrogenation of acetone in the liquid 
phase at 100° C. and 15 atmospheres hydrogen pressure in the presence of a 
catalyst consisting of the mixed carbonates of nickel, cobalt, and copper in the 
molecular proportions, 60:30:10. 

According to Adkins and Connor,®® copper chromite is a very active catalyst 

Corp., French Patent 738,953, 1932; Ckem. Abs., 1933, 27, 2029; Langworthy, Canadian Patent 334,198, 
1933; assigned to The Texaco Development Corn.; Ckem. Abs., 1933, 27, 4918; Gouers, U. S. Patent 
1,920,125, July 25, 1933; assigned to Indian. Renning Co.iChcm. Abs., 1933, 27, 4919. 

MRemler, Chcm. Met. Eng., 1923, 29, 230. Terry, British Patent 230,354, 1924; J.S.C.I., 1925, 
491B. 

Kono, Japanese Patent 94,739, 1932; assigned to Sankyo K. K.; Chcm. Abs., 1933, 27, 1980. 

Bataafsche Petroleum Maatschappij, British Patent 338,507, 1929; Brit. Chcm. Abs. B, 1931, 
237; French Patent 701,145, 1930; Chcm. Abs.. 1931. 25, 3670. 

B%n. inst. pin.. 1933, 17. 36; Ckem. Abs., 1933, 27, 2674. 

**Compt. rend., 1903, 1S7, 302. 

^J.S.C.I., 1926, 45, 366. 

••/. Russ. Phys. Chem. Soc., 1906, 38, 75; ibid., 1907, 39, 681; Chcm. Abs., 1907, 1, 2877; Ber.. 
1907, 40. 1270. 

soc. chim., 1915, (4) 17, 14. 

•* Vavon, Compt. rend., 1912, 155, 286. 

“German Patent 444,665, 1919; Brit. Chcm. Abs. B, 1928, 225. 

•*J.A.C.S., 1931, 53, 1091. 
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for the hydrogenation of organic substances. With this material, acetone is 
completely hydrogenated to isopropyl alcohol in the liquid phase at 150^ C. under 
100 to 150 atmospheres of hydrogen. For vapor-phase hydrogenation of acetone, 
Horsley®® described a catalyst consisting of copper and silver with at least one 
oxide or hydroxide of a divalent metal. An alternative catalyst consists of a 
mixture of copper and nickel.®® 

Kirchov and Stepanov ®®‘^ prepared isopropyl alcohol by electrolyzing acetone 
with a 15 per cent solution of sulphuric acid at 6 to 7 volts for 9 hours, using 
a mercury cathode and lead in 15 per cent sulphuric acid as an anode, the axis 
of the stirrer being passed through a porous vessel. The cathode liquid is neu¬ 
tralized with concentrated sodium hydroxide and, distilled. A 33 per cent yield 
was obtained. 

Ketene 

The pyrolytic reactions of acetone are of considerable interest since it has 
been shown that the highly reactive substance ketene, CH 2 =CO, is formed by 
the thermal treatment of acetone at high temperatures and high space velocities, 
generally in the absence of catalytic materials. 

This type of compound was first made byj^Staudinger,®^ who produced di- 
phcnylketene, (CoH 5 ) 2 C=:CO, by the action of zinc on diphenylchloroacetyl 
chloritlc dissolved in ether and described its properties. The substance reacted 
readily with oxygen to form an oxidation product (constitution undetermined) 
insoluble in benzene; with water, to give the corresponding acid; in non-aqueous 
solutions with hydrogen chloride, to yield the corresponding acid chloride; with 
alcohols, to form esters; and with ammonia and amines to form the amide and 
substituted amides, respectively. 

Wilsniore found that ketene, CH 2 ==CO, is produced by the action of a hot 
platinum w'irc on acetic anhydride, and also when an arc is made to burn beneath 
the surface of liquid acetic anhydride. He described the chemical properties of 
this substance, which were similar to those of diphenyl ketene. Ketene was also 
obtained by the action of a hot platinum wire on acetone vapors.®® Other methods 
of preparation are the passage of acetone vapors through a combustion tube, 
made of silica, kept at a temperature above 740° C.,^® and the dehydrogenation 
of acetaldehyde in the presence of nickel, copper or zinc.^^ 

Ketene appears to be stable even at fairly high temperatures, and a 14 per 
cent yield was obtained by passing the vapors of acetone through a hard glass 
tube filled with porous earthenware and heated to 500° to 600° C. The decompo¬ 
sition of acetone appeared to take place in two stages: ( 1 ) at temperatures of 
about 500° to 600° C. ketene and methane are the principal products: 

CHaCOCH, —>• CH,=-CO + CII« 

and ( 2 ) at higher temperatures, ketene is decomposed to yield carbon monoxide 
and ethylene: 

ZCH^CO —2CO + GH 4 

British Patent 327,224, 1928; assigned to Imperial Chemical Industries. Ltd.; Brit. Chem. Abs. B, 
1930, 602. 

••British Patent 316,399, 1928; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. 
Abs. B. 1929, 806. 

Chcm. Pharm. hid. Russia, 1932, No. 21; CIrrm. Zentr., 1932, 2. 1609; Brit. Chem. Abs. A. 
1933, 143. 

Bcr., 1905, 38. 1735. 

^J.C.S., 1907, 91. 1938; Chem. Abs., 1908, 2, 798. 

•Wilsmore and Stewart. Proc. Chem. Soc., 1908, 23. 309; Chem. Abs., 1908, 2, 992. 

^ Kice, U. S. Patent 1,879.497, Sept. 27, 1932; Bs.signed to Rohm and Haas Co.; Chem. Abs., 
1933. 27, 313. 

” Dreyfus, U. S. Patent 1,870,104, Aug. 2, 1932; Chem. Abs., 1932, 26, 5315. 
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Some decomposition of ketene occurs at the lower temperature, particularly with 
low rates of gas flow.^® 

Hurd and Cochran,^* using a method similar to that mentioned above, were 
able to increase the yield of ketene to 17.5 per cent by passing the vapors as they 
issued from the reaction tube through a condenser, thus immediately separating 
the acetone, as a liquid, from the gaseous ketene. They also showed that ketene 
is a very active acetylating agent, reacting with hydroxylamine to yield acethy- 
droxamic acid, 

CHr=CO-h NH,OH —CHsCONHOH , 
and with pyromucyl-hydroxamic acid to yield the mono- and diacetyl esters. 


J—CO—NHOH 
O 

PyromucyUhydroxanUc 

acid 


0 - CO—NHOCOCH, 
O 

Monoacetyl ester 


Uw 

o \ 


COCH. 


\)COCH, 
Diacetyl ester 


Ketene can also be prepared by passing the vapors of acetone through a copper 
tube heated to 650® to 670® C., and packed with copper turnings or those of other 
metals which melt above 700® C. The period of contact should be less than 5 
seconds and the tube must be free from both iron and nickel.^* An 80 per cent 
yield of ketene from acetic anhydride or acetone is stated to be obtained with the 
sulphates of chromium, manganese, aluminum, calcium, barium, strontium, mag¬ 
nesium, or silver or mixtures of these as catalysts at a temperature of 635® C. 
These sulphates are said to function as ‘'preventive catalysts'' and counteract the 
tendency of the ketene to decompose, Ketenes may also be obtained by passing 
an aliphatic ketone or a secondary alcohol through a bath of fused metal or. 
inorganic salts.^®* Ott, Schroter and Packendorff have reported a 50 per cent 
yield of ketene on passing the vapors of acetone over a heated tungsten hlament. 

In addition to the reactions previously mentioned ketene reacts with glacial 
acetic acid to yield acetic anhydride and with water to form acetic acid.’^®*' 
De Sinio,^^ in preparing mixed anhydrides, reacted a ketene with a carboxylic 
acid of a different number of carbon atoms and subsequently heated the resulting 
compound to rearrange it into anhydrides of the separate acids. 

Ketene is gas at ordinary temperatures; it can be condensed to a liquid boiling 
at —56® C. and solidifying at —151® C. 


Higher Ketones 

The homologues of acetone are excellent solvents for many purposes, par¬ 
ticularly in the cellulose lacquer industry where their higher boiling points make 

^ Schmidlin and Bergmann, Bet., 1910, 43, 2%2\\.Chem. Soc. Abs., 1910, 98 (1), 816. See 
also Peytral, Bull, soc. chim., 1922, 31, 122; Chem. Abs., 1922, 16. 2475. 

'^J.A.C.S., 1923, 45, 515. Modifying this apparatus and using temperatures of 695'70S* C-, 
Hurd and Tallyn U.A.C.S., 1925, 47, 1427) were able to increase the yield of ketene to 35-40 
per cent. 

Clarke and Waring^ U. S. Patent 1,723,724, Aiag. 6, 1929; assigned to .Eastman Kodak Co.; 
Brit. Chem. Abs. B, 1930, 135. 

** Nightingale, U. S. Patent 1.602,699, Oct. 12, 1926; assigned to Ketoid Co.; Chem. Abs., 1926. 
20, 3697. See also British Patent 237.573, 1924; J.S.C.I., 1925. 863B. 

"•Standard Oil Development Co.. French Patent 742,985. 1933; Chem. Abs., 1933, 27, 3722. 
pr. Chem., 1931, (3), 130, 177; Brit Chem. Abs. A. 1931, 937. 

"• Ketoid Co., British Patent 237,575, 1924; Chem. Abs., 1926, 20, 1415. 

Berl (British Patent 377,442, 1932; Chem. Abs., 1933, 27, 3949) reacts water (accompanying 
acetic anhydride formed by cracking acetic acid) with ketene (produced from acetone) to make 
acetic anhydride. 

"British Patent 389,049, 1933; assigned to Bataafsche Petroleum Maatschappij; Chem. Abs., 
1933, 27. 4545; French Patent 745,090, 1933; Chem. Abs., 1933, 27, 4250. 
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them superior to acetone. The high price and comparative scarcity of these 
ketones limit their application on a large scale. Provided they can be manufac¬ 
tured at a price not greatly exceeding that of acetone, there is a very wide field 
for higher ketones.^^* As previously mentioned, the acetone homologues have here¬ 
tofore been produced by the distillation of wood or by the dry distillation of the 
calcium salts of aliphatic acids, the latter being made principally by fermentation 
processes. The reaction between the vapors of esters and water at elevated 
temperatures in the presence of catalysts and a small amount of an oxygen- 
containing gas has been investigated as a method for the preparation of ketones.’* 
The possibility of utilizing petroleum hydrocarbons as raw materials for the 
synthesis of these solvents is also receiving much attention. 

Methyl ethyl ketone, CHgCOCHgCHg. Thii^ ketone is a colorless liquid of 
pleasant odor, boiling at 78.6^ C. It is manufactured, together with acetone and 
other products, by the destructive distillation of wood. Mixtures of ketones are 
manufactured in France by the distillation of the calcium salts of lower fatty 
acids and sold under the name of Ketols.’® The so-called "'Ethyl ketol/' having 
a boiling range of 70® to 90® C., consists mainly of methyl ethyl ketone. 

The oxidation of secondary butyl alcohol, made by the absorption of butene-1 
and butene-2 in sulphuric acid and subsequent hydrolysis, offers a convenient 
method of preparing this ketone on a commercial scale. Oxidation may be 
effected in the presence of a silver catalyst. Catalytic dehydrogenation in the 
presence of copper also yields this ketone. Thus, Sabatier and Senderens ** ob¬ 
tained methyl ethyl ketone from secondary butyl alcohol by using reduced copper 
heated to 160® to 300® C., and King*^ dehydrogenated this same alcohol in a 
similar manner at a temperature of 290® ± 5® C. The secondary butyl alcohol 
used in the latter work was obtained from butene-2, the yield of the ketone from 
the crude butene-2 being 70 per cent of the theoretical. The oxidation process, 
however, possesses advantages over dehydrogenation since the latter sometimes 
yields undesirable by-products. By the oxidation of secondary butyl alcohol with 
air in the presence of zinc oxide catalyst, Ottensooser obtained a 93 per cent 
conversion into the ketone. In the industrial process, the air-alcohol mixture (in 
the vapor form) is conducted over a catalyst, heated initially to about 500° C. 
The heat of reaction is then sufficient to maintain the reaction chamber at the 
necessary temperature. Copper, either alone or alloyed with other metals such 
as zinc, is the catalyst generally employed.** 

Another possible method for producing this ketone from petroleum hydrocar¬ 
bons includes the reduction of methyl vinyl ketone made by the condensation of 
ethylene with acetyl chloride in the presence of anhydrous aluminum chloride.** 

Methyl ethyl ketone is an excellent solvent and would replace acetone for 
many purposes if it could be prepared sufficiently cheaply and in quantity. Its 
lower vapor pressure renders it less liable than acetone to cause “blushing” in 


Cf. Reid. Jnd. Eng. Chem., 19.14, 26, 21. 

Koka, Canadian Patent 266,538, 1926; Chem. Abs., 1927, 21, 917; see also Canadian Patent 
262,932, 1926; Chem. Abe., 1926, 20, 3460; German Patent 544,778, 1925; assigned to Deutsche Gold* 
und Silher-Scheideanstalt vorm. Roessler; Chem. Abs., 1932, 26. 3515. 

1926 ^2*0 2214”*' *** Richoux, Rev. prod, chim., 1926, 29, 150; Chem. Abs., 

Ann. Chim. Phys., 1905 (8), 4, 433, 465; Chem. Soc. Abs., 1905, 88 (1). 401. 

•^J.C.S,, 1919, 115, 1407. 

^ Bull. soc. chim., 1928, 20. 1380; Bull. soc. chim., 1927, (4) 41, 324. 

An-.J.,Wi'l'.*™’. .ww**.. U- S. 

menthone, 


corresponil __ - _ „ ... .. __ ^ 

1,892.011, Dec. 27, 1932; Chem. Abs., 1933, 27, 1091; French Patent 696.658, 1930; Chem. Abs. 1931. 
25, 27.14; both patents assigned to Rheinische Kampfer-Fabrik G.m.b.H. ' 

••Krapiwin, Bull. So^ Imp. Nat. Moscow, 1908, 1; Chem. Zentr., 1910, 1, 1335; I. G. Farben- 
Industrie A.-G., British Patent 369.313, 1931; Brit. Chem. Abs. B, 1932, 475. 
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lacquers. This ketone is miscible with castor and linseed oils and with many 
hydrocarbons and will dissolve cellulose nitrate, ester gum, benzyl abietatc, vinyl 
acetate, and cumarone and other resins. It is partially miscible with water (the 
ketone dissolves 90 per cent of its weight at 20° C. and water dissolves 24 per 
cent of its weight of the ketone) with which it forms a constant-boiling mixture 
(containing 11.4 per cent of water) boiling at 79 6° C. Methyl ethyl ketone is 
utilized as a solvent, mainly for cellulose esters in lacquers, although it is also 
used to a very limited extent for the manufacture of certain high grade organic 
products, such as the perfume, methylionone, and the drug, trional. 

Di-n-propyl ketone (Butyrone), CH 8 CH 2 CH 2 COCH 2 CH 2 CHa. This ketone 
is available in an impure form under the name of amyl ketol, which is manu¬ 
factured by the dry distillation of calcium butyrate. The calcium butyrate neces¬ 
sary for the process is said to be made by fermentation of saccharified wood in 
the presence of calcium carbonate. Dipropyl ketone may be produced by inter¬ 
action of butyraldehyde with steam at 400° to 500° C. in the presence of nickel 
or cobalt and iron, promoted with an alkaline-earth compound.®® 

In the pure state butyrone boils at 143.5° C. and has d-J 0.820. It is a solvent 
for both cellulose nitrate and acetate and also for rubber, natural and synthetic 
resins of many types, and for linseed and castor oils. It combines these solvent 
properties with freedom from toxicity under normal working conditions, and a 
pleasant sweetish odor. 

Table 89 summarizes the boiling points and densities of some simple aliphatic 
ketones. 

Table 89,— Aliphatic Ketones. 

B.P." C. 

Name Formula (760 mm.) 

Diethyl ketone GH«COGH» 101.1 

Methyl n-propyl ketone CHaCOGHt 101.8 

Methyl isopropyl ketone CH 3 COCH(CHa)a 92.4 

Methyl n-butyl ketone CHaCOGH* 127.4 

Methyl n-amyl ketone CHaCOGH,i 151-152 


0.821 (15* C) 
0.808 (20* C.) 
0.803 ( 20* C.) 
0.830 (0* C.) 
0.813 (20* C.) 


Possible Methods of Manufacture of the Higher Aliphatic Ketones from 
Petroleum Derivatives. The Oxidation of Secondary Alcohols 


All the higher secondary alcohols, amyl, hexyl, and heptyl included, may be 
converted into ketones by catalytic oxidation with air. These secondary alcohols 
may be manufactured by method^ discussed in Chapter 17 from the low-boiling olefir 
hydrocarbons of cracked gasoline. Ottensooser,®® for example, reported that sec¬ 
ondary octyl alcohol may be converted into the corresponding ketone (in a yield 
of 79 per cent of the theoretical) by oxidation with air in the vapor phase at 
330° to 340° C. in the presence of a zinc oxide catalyst. In this way it should 
be possible to find an outlet for the higher secondary alcohols obtained as by¬ 
products of the preparation of secondary butyl alcohol from cracking-gas frac¬ 
tions. By catalytic oxidation, pentanol-2 should yield methyl n-propyl ketone 
CH,CH,CH,CHOHCH, —CH,CH,CHaCOCH, 
and 3-methylbutanol-2, methyl isopropyl ketone. 


CH, 

^HCHOHCH, 

eVL^ 


CH. 

V 




CHCOCH. 


** HoIzverkohlungS'lndustrie A.-G., British Patent 347,593, 1930; Brit. Chem. Abs. B, 1931, 753. 
M Bull. toe. chim., 1927, (4) 41, 324; Chem. Abs.. 1927, 21, 2089. 
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Application of the Friedel-Crafts Reaction to Paraffinic and 
Cycloparaffin ic Hydrocarbons 


A promising development in the realm of hydrocarbon chemistry is tlie ex¬ 
tension of the Friedel-Crafts reaction, which was formerly considered applicable 
only to aromatic hydrocarbons, to olefins and also to paraffins and cycloparaffins. 
Not only can organic acid chlorides condense with these hydrocarbons in the 
presence of condensing agents (e.g., AlCl.,), but also with carbon monoxide under 
pressure, to yield ketones. Descriptions of these condensations have been supplied 
by Hopff.®^ 


The condensation of n {)entane with acetyl chloride was found to take place readily 
in the presence of aluminum chloride in the cold and the product was proved to be 
2-acetylpentane (asymmetrical methyl n-propyl acetone), a liquid (b.p. 136®-140* C.) 
possessing the constitution 

CH,CHCH.CH.CH, 



From 2500 cc. of n-pentane and 800 grams of acetyl chloride in the presence of 1250 
grams of finely powdered anhydrous aluminum chloride Hopff obtained, after decom¬ 
position with water, 120 grams of the above ketone together with about 180 grams of 
a black viscous oil which was not further investigated. The yield of ketone is therefore 
very poor. 

Treatment of 2500 cc. of cyclohexane with 1250 grams of aluminum chloride and 
800 grams of acetyl chloride in a similar manner, yielded 800 grams of a yellowish oil 
volatile with steam, together with 250 grams of a non-volatile dark-colored residue. 
Fractionation of the former (volatile) liquid yielded 410 grams of a colorless liquid of 
aromatic odor (b.p, 160"*-“180® C.) consisting mainly of cyclohexyl methyl ketone. The 
procedure can be applied also to methane, ethane, and propane but rather less satis¬ 
factorily. 

Hopff also investigated the reaction of carbon monoxide, under a pressure of 150 
atmospheres, with paraffins and cycloparaffins and obtained aldehydes and ketones. Eight 
hundred grams of cyclohexane and 500 grams of anhydrous aluminum chloride in a 
2 liter autoclave with 10 atmospheres of dry hydrogen chloride and 150 atmospheres of 
carbon monoxide were allowed to stand for 48 hours at ordinary temperature. After 
decomposition with ice, 135 grams of a liquid volatile with steam was formed. This 
liquid was extracted with 5 per cent aqueous caustic soda and then distilled, finally 
yielding about SO grams of hexahydrobenzaldehyde, b.p. 166®-167® C. 


CHO 


CHa 

H.d^ \h, 

H,c (:h, 
\/ 
CH. 


+ CO(+HCl + Aia.) 


CH 

n,(^ \h, 

H.(i: 


When 100 grams of n-butane were allowed to react with carbon monoxide in the 
presence of 100 grams of aluminum chloride under a pressure of 130 atmospheres at 
ordinary temperature (20® C.) for 20 hours, the yield of methyl isopropyl ketone was 


■TBrr., 1931, 64, 2739. British Patent 327,411, 1928; Brit, Chem. Abs. B, 1930, 602; French 
Patent 671,241, 1928; Chem. Abs., 1930, 24, 2137; U. S. Patent 1,801,350, Apr. 21, 1931; Chem. 
Abs., 1931, 25, 3358. all patents assigned to 1. G. Farbenindustrie A. G. 

For similar application of the Friedel-Crafts reaction see Schaarschmidt, French Patent 42,410, 
1933; Chem. Abs., 1933, 27. 4813; French Patent 735,786, 1931; Chem. Abs.. 1933, 27, 991; British 
Patent 388.734, 1933; Chem. Abs.. 1933, 27. 4538; Mark, Dunkel and Roell, U. S. Patent 1,899.582. 
Feb. 28, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 27, 2961; I. G. Farben¬ 
industrie .-\.-G., British Patent 391,600, 1933; Brit. Chem. Abs. B, 1933, 377; Nenitzescu and 
Cantuniari, Bcr., 1932, 65. 807. See also von Braun, Ber., 1931, 64. 2869. 
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about 6 grams together with a considerable quantity of other products. In the reaction 
between carbon monoxide and n-butane a branched-chain ketone is formed: 

CH. 

CH.CH,CH,CH. + CO ( + AlCU) —*- CH,COClf^ 

\:h. 


Ethyl isopropyl ketone was obtained by treating either normal- or iso-pentane 
with carbon monoxide under pressure in the presence of aluminum chloride. The 
reactions may be summarized in the following manner: 


CH,CH,CH.CH,CH, + CO (+ AlCU) 

CH. ^ \ 

\ ^ CHCOCH,CH. 

CHCHtCH, + CO (+ AlCU) / 

✓ CH. 

CH, (b.p. 115* to 116* C.) 


The yield of ethyl isopropyl ketone in either case was, however, poor and relatively 
large amounts of other products were formed including fatty acids and resins. Thus, 
by working up the products of the reaction of 108 atmospheres of carbon monoxide on 
1 kilogram of n-pentane and 750 grams of aluminum chloride at 50** C. (for five hours), 
only about 250 grams of crude ethyl isopropyl ketone were secured. Among the acidic 
products, a-methylvaleric acid was identified. From 1 kilogram of isopentane under 
similar conditions, only 70 grams of pure ketone were obtained. 

Treatment of 1 kilogram of n-hexane with 1 kilogram of aluminum chloride and 
with carbon monoxide (118 atmospheres pressure) at 50® to 60® C. for 18 hours yielded 
the following products: 350 grams of unchanged hexane, 520 grams of an oil volatile 
with steam, and 270 grams of non-volatile oil. The steam-distilled oil was extracted 
with alkali (acidification of this alkaline extract gave 62 grams of carboxylic acids 
(b.p. 195® to 240® C.) besides small amounts of higher acids) and distilled to yield 
180 grams of liquid boiling up to 160® C. Redistillation gave 18 grams of a liquid 
(b.p. 135® to 137®'C.) which was considered to be n-propyl isopropyl ketone. The 
reaction giving ketones is probably: 


CH,CH,CH,CH.CH,CH, + CO (+ AlCU) 


\ 


CHCOCH,CH,CH, 



Although the results of Hopff are of interest, the reported yields of the 
purified ketones are far too small for the reaction to serve as a technical method 
for their production. Moreover, large proportions of the original hydrocarbons 
are converted into aliphatic acids and higher condensation products. In spite of 
these defects, however, it may be possible to modify the working conditions so 
as to reduce, in part at least, the formation of by-products. 

The direct combination of phosgene with hydrogen and paraffin hydrocarbons 
to yield either aldehydes or ketones was described by Fohlen.** He proposed to 
effect these combinations in the presence of catalysts consisting of finely divided 
metals, or their oxides or salts. The following reactions are said to occur between 
phosgene and hydrogen and methane: 


COCU + 2H, —HCHO + 2HC1 
2CH4-fCOCU —^ CH,COCH, + 2HC1 
CH. -f H. -h COCU —CH,CHO + 2HCI 


» French Patent 680,586, 1928; Chem, Abs.» 1930, 24. 3799. 
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Ketones from Olefin Hydrocarbons 

The condensation of the simple monolefins with organic acid chlorides at low 
temperatures in the presence of aluminum chloride (or other Friedel-Crafts con¬ 
densing agents) leads to the production of alkyl vinyl ketones of the general 
formula 

R‘R*C=CR*COC.H.„ + i 


in which R^, R* and R* are hydrocarbon radicals or hydrogen. A discussion of 
this condensation is given in Chapter 24, in which it is pointed out that unstable 
chloro ketones are formed as intermediates. The yields of vinyl alkyl ketones 
appear to be good and the process offers a way for the preparation pf the higher 
aliphatic ketones of four and more carbon atoms. The reduction of the ^Ikyl 
vinyl ketones to saturated ketones involves the hydrogenation of an unsaturated 
linkage under such conditions that the carbonyl group remains unattacked. 

R‘R*C=CR*COC.H««+i + H, —^ R‘R*CHCHR*COC«H», 


The direct alkylation of ketones by olefins was suggested by Brown.®® The 
reaction is carried out at temperatures of 250® to 500® C., under pressures of 
more than 50 atmospheres in the presence of catalysts such as zinc or chromium 
oxides and zinc chloride. An example of such an operation is the synthesis of 
propyl methyl ketone from ethylene and acetone. The vapors of acetone and 
ethylene, in approximately molecular proportions, are slowly led (under 1000 
pounds pressure) over a zinc oxide-chromium oxide catalyst maintained at 450® 
to 500° C. On cooling the exit gases to 0® to 15° C. a liquid mixture of ketones, 
acetone and ethylene is obtained. The propyl methyl ketone is separated by frac¬ 
tional distillation. 

An indirect method of transforming olefins into ketones (or aldehydes) is 
their conversion into the corresponding oxides followed by isomerization of the 
latter compounds into substances containing the :CO group. Thus, the isomeriza¬ 
tion of trimethylethylene oxide to methyl isopropyl ketone in the presence of 
alumina at 200® to 300® G. was observed by Ipatiev and Leontowitsch.®® The 
isomerization of olefin oxides to aldehydes and ketones is effected by heating in 
the presence of catalysts, such as magnesium pyrophosphate or copper sulphate, 
with or without the addition of metal oxides, hydroxides, or carbonates, at tem¬ 
peratures of 180° to 300° C.®^ 

Of the cyclic ketones, cyclohexanone and the three isomeric methyl cyclo¬ 
hexanones are of technical importance. Although they are produced on a large 
scale from phenol and the cresols, respectively, yet they should be considered as 
derivatives of naphthene, or petroleum, hydrocarbons. 

CH,CH. 

Cyclohexanone, HiC^ , is prepared by the oxidation or catal 3 ^ic 

\h.ch/ 

dehydrogenation of cyclohexanol which in turn may be prepared by the hydro¬ 
genation of phenol. If the hydrogenation of phenol is carried out at high tem¬ 
peratures the cyclohexanol initially formed undergoes thermal dehydrogenation 


U. S. Patent 1,757,830, May 6, 1930; assigned to Commercial Solvents Corn.; Chem Abt 
1930, 24, 3247. 

1903, 36, 2016. 

I. G. Farbenindustrie A.-G.. British Patent 331,185, 1929; Brit, Chem. Abs. B, 1930 939 
British Patent 354.388, 1930; Brit. Chem. Abe. B, 1932, 12. ^ ivju, yjv. 
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to cyclohexanone.®* The oxidation of cyclohexanol with air in the presence of 
copper gives an excellent yield of this cyclic ketone. 

Pure cyclohexanone is a colorless oil (b.p. 156.6° to 156.8° C. and d^J» 0.9503) 
and is an excellent solvent for cellulose nitrate and for many natural and syn¬ 
thetic gums and resins. Solutions of cellulose nitrate in this solvent are less 
viscous than those in ethylene glycol monoethyl ether and exhibit a high tolerance 
to toluene dilution.®® 

The methylcyclohexanones are prepared by similar methods. A mixture of 
the three isomeric ketones is marketed as an industrial solvjent. The methyl¬ 
cyclohexanones are colorless oils of peppermint-like odor, and possess solvent 
pVoperties toward cellulose nitrate, yielding solutions which possess rather high 
viscosities and a high tolerance to toluene dilution. 

Ahother cyclic ketone which may ultimately be produced from cyclopentane 

CH,CH. 

of petroleum origin is cyclopentanone, CO, a highly reactive ketone 

(b.p. 129° C. and d^^ 0.948). It is obtained in small amounts by the destructive 
distillation of wood but, on account of its scarcity, as yet has no industrial appli¬ 
cation. The possibility of making ketones, containing the cyclopentyl ring, from 
the naphthenic acids of petroleum is discussed in Chapter 48. 

Such reactions are discussed by Kllis, “Hydrogenation of Organic Substances,” D. Van 
Nostrand Co.. 1930. 

** Durrans, “Solvents,” Chapman and Hall, London, 1930. 



Chapter 19 

Sulphur and Sulphur Compounds in Petroleum and Its 
Distillates. Their Occurrence, Qhemical Properties and 
Possible Applications 

The sulphur content of crude petroleum oils from different localities varies 
over a wide range. For example, the Pennsylvania, Baku, and Rumanian oils 
contain 0.2 per cent sulphur or less, while those from Ohio, West Texas and 
California contain from 0.5 per cent to 1.5 per cent or higher. Some California 
oils have been reported to contain as much as 4 per cent sulphur and many Mexi¬ 
can oils contain as much as 5 per cent.' When the crude oil is distilled, under 
conditions which do not permit cracking of the oil, it is generally found that the 
sulphur content of the various fractions increases with the boiling range, the 
residues possessing the highest percentage of sulphur. Curves obtained by plotting 
the sulphur content against the boiling range of close-cut fractions exhibited a 
series of rising peaks.-* 

Practically all of the simpler types of organic sulphur compounds have been 
identified in petroleum oils;® these include carbon disulphide, mercaptans, thio- 
ethers, thiophenes, thiophanes, organic disulphides and polysulphides, elemental 
sulphur, and compounds containing both sulphur and oxygen. Hydrogen sulphide 
is also associated with many high sulphur crude oils. Most of the individual 
.sulphur compounds so far isolated have been found in relatively low-boiling 
fractions. Of the organic sulphides occurring in oils boiling above 230® C. 
diphenyl sulphide appears to be the only one which has been identified. 

From the refiner’s view the two principal objections to the presence of sulphur 
compounds in distillates, particularly the gasoline and kerosene fractions, are 
their corrosive properties and their odor. Hydrogen sulphide and mercaptans 
produce the most objectionable odors, and in both instances this can be easily 
remedied. Hydrogen sulphide is removed by washing the di.stillates with dilute 
solutions of alkalies, either sodium hydroxide or sodium carbonate. The mer¬ 
captans, while not so easily removed, can be converted to disulphides (sweetening) 
which impart a less disagreeable odor to petroleum distillates than the original 
substances. In addition to their unpleasant odor, mercaptans are strong positive 
catalysts for gum formation, particularly in gasolines made by cracking.^ 

Corrosion by sulphur compounds may be divided into two types: that caused 
by these compounds themselves when the petroleum distillates containing them 

‘ Gurwitsch and Moore, “Scientific Principles of Petroleum Technolojfy,** D. Van Nostrand 
Co., New York. 1932. 153. Kngler-lldfer, “Das Erdol,” Verlag von S. Hirzel, Leipzig, 1913. J, 46S. 
For the analysis of California crude oils see Kraemer, Bur, Mines Kept, of Investigations 3074. 1931* 
Chem. Ahs., 1931, 25, 4390. 

* MalisofT, private communication. 

> Challenger, Chem. and Ind,, 1929, 48, 622; Chem. Abs., 1929, 23, 4332; Brennstoff Chem. 
1929, 10. 277; Chem. Abs., 1930, 24, 493. For bibliography of the sulphur compounds which have 
been identified in petroleum, shale and tar oils, see Borgstrom and Keid, Oil and Gas J., 1927 
26, 352. Marcusson. Mitt. k. MaterialprUf., 1917. 374; Z. angew. Chem.. 1918, 31. (II). 6^’ 
Chem. Abs., 1918, 12. 2435. Richardson and Wallace, J.S.C.I., 1902, 21, 316. Sluulev Can Y 
Kesearch. 1932. 8. 119; Chem. Abs., 1933, 27. 2287. * 

* Kruber and Schade, BreHnstoff-Chem., 1933, 14, 124; Brit, Chem. Abs. B, 1933, 418 
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are allowed to remain in contact with metals for some time, and that resulting 
from the formation of sulphur dioxide (and subsequently sulphuric acid) when 
the distillates are used in internal-combustion engines. 

With respect to the first type of corrosion, Schmidt ® found that the order of 
decreasing activity is: mercaptans,* elemental sulphur, alkyl sulphates, alkyl 
sulphides, disulphides, sulphur oxides, carbon disulphide and thiophenes. Heat 
increases the corrosive action of all of these, and water especially increases the 
corrosive action of alkyl sulphates by their hydrolysis to yield sulphuric acid. 
In general, those sulphur compounds which tend to ionize, sych as mercaptans, 
are the piost corrosive. 

Opinions differ widely as to the amount of sulphur permissible in distillates, 
such as gasoline for use in internal-combustion engines. For example, Diggs ^ 
concluded from his experiments that O.b per cent sulphur is probably a fair 
allowable upper limit to avoid excessive corrosion of wrist pins, pistons and 
rings. This corrosion he explained in the following manner: during combustion 
of the fuel, sulphur dioxide, water vapor and carbon dioxide are formed. The 
sulphur dioxide reacts with the condensed water vapor and oxygen of the air to 
form sulphuric acid, and the sulphuric acid in turn attacks the metallic parts.. 
Mougey ® on the other hand contended that, with elimination of the condensation 
of water vapor by crankcase ventilation* and thermostatic control of the water 
jacket temperatures, sulphur corrosion is so greatly reduced as to allow the use 
of fuels containing as much as 0.25 per cent sulphur. Rackwitz and von 
Philippovich ® have also reported that ventilators, thermostats and oil filters permit 
the use of a fuel containing 0.25 to 0.35 per cent sulphur. Egloff, Lowry and 
Truesdell reported that the United States is the only country, so far as is known, 
in which a limit is imposed on the sulphur content of gasoline, and that in Europe, 
where no limit is set, corrosion due to sulphur is practically unknown. 

In this chapter the sulphur derivatives of petroleum are considered with 
respect to their chemistry, isolation and possible utilization. Refining methods 
which have as their object primarily the elimination or removal of sulphur com¬ 
pounds from petroleum distillates are mentioned only when they illustrate 
specifically some of the chemical properties of these sulphur derivatives. More 
work along the lines indicated has been done with the simpler sulphur derivatives 
in petroleum, such as elemental sulphur, hydrogen sulphide and mercaptans, than 
with the more complex compounds, for example, the thioethers and thiophene. 
For this reason the chemistry of the former is discussed in more detail than that 
of the latter. 


Hydrogen Sulphide 

Hydrogen sulphide, which is a gas at ordinary temperatures and pressures, 
is frequently found in crude petroleum or its distillates, particularly in high 
sulphur crudes and their derivatives. It is generally more soluble in petroleum 
hydrocarbons than in water. Table 90 gives the solubility of hydrogen sulphide 
in water and a number of hydrocarbons at 20® C., the figures representing the 
number of volumes of the gas dissolved in a unit volume of solvent.^^ 


• PetrotcMm Z., 1927, 23, 646; Chem. Abs., 1927, 21, 2785. 

*Ward, Jordan and Fulweiler {Ind. Eng. Chem., 1932, 24, 1238) report that mercaptans catalyze 
fum formation. For a discussion of gum formation see Chapter 40. 

^ Ind. Eng. Chem., 1928, 20, 16. 

•Ind. Eng. Chem., 1928, 20, 18. 

• Luftfahrtforschung, 1929, 5. No. 4. 157; Chem. Abs., 1930. 24. 3891. 

»Nai. Pet. News, 1930, 22 (24), 41; 22 (25), 69; 22 (26), 79: Chem. Abs., 1930, 24. 5473. 
»Vatace for organic lUittida at given by Bell i/.C.S., 1931, 1376) ; ' ‘ ... 

{Amm., 1855, OS, 26). 


value for water, by Schonfelil 
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Table 90. — Solubility of Hydrogen Sulphide in Water and Some 
Organic Solvents. 


Volumes of HaS 
Dissolved per Unit of 

Solvent Solvent at 20* C. 


Water ... 2.905 

Hexane . 6.30 

Octane . 6.80 

Dodecane . 5.71 

Cyclohexane . 7.50 

Benzene . 15.68 

Toluene . 16.90 


The presence of hydrogen sulphide in the various distillates is undesirable 
because of danger to workingmen (it is toxic), corrosion of equipment, fires 
caused by the rapid oxidation of the iron sulphide formed by hydrogen sulphide 
corrosion, and lastly the oxidation of hydrogen sulphide itself (by the oxygen 
of the air) to water and elemental sulphur. 

The uses of hydrogen sulphide, outside of the laboratory^ are rather limited. 
Its salts, however, such as sodium sulphide, have been used as aids in the dyeing 
of cotton fiber with sulphur dyes, as reducing agents or otherwise in the prepara¬ 
tion of dyestuffs, as depilatories for hides and skins, and as denitrating agents for 
artificial silk. 

One method of extracting hydrogen sulphide from petroleum is by washing 
the various fractions with dilute alkaline solutions. It may be done also by 
adding the alkaline solution to the distillate stream as the latter comes from the 
fractionating column on the still to the run-down tank.^® Such processes are 
based on the fact that hydrogen sulphide possesses acidic properties and reacts 
with bases to form compounds according to the following reactions: 

NaOH + H,S —NaHS + H,0 
NaHS + NaOH —^ Na,S + H,0 

As pointed out later the alkaline solutions used in the extraction of hydrogen 
sulphide from some distillates also dissolve a part of the low-boiling mercaptans. 
These mercaptans can be recovered by the distillation of the alkaline solutions. 

For refining petroleum distillates several modifications of this method have 
been suggested. For example, solutions of a mixture of sodium bicarbonate and 
carbonate and of sodium tetrathionate have been recommended for the re¬ 
moval of hydrogen sulphide. In the first instance the reagent, after use, may 
be regenerated by aeration in the presence of a small quantity of either nickel or 
cobalt sulphide to serve as a catalyst. It has been reported that when large 
quantities of hydrogen sulphide are to be removed the addition of zinc sulphate 
to caustic soda solution gives better results.^ ^ 

Another reagent proposed for the removal of hydrogen sulphide is brucite, or 
magnesium hydroxide.^® The gasoline, or other petroleum distillate, is agitated 
with a suspension of this base in water, and hydrogen sulphide is removed as 
magnesium hydrosulphide, according to the equation: 

Mg(OH)* + 2H,S Mg(SH), + H,0 


“Faught. Refiner, mi, 10 (4), 179; ibid., 1931. 10 (5). 70; Chem. Abs., 1931, 25. 4112. 
Rosenstein. U. S. Patent 1.827,912. Oct. 20, 1931; Chcm. Abs., 1932, 26. 837. 

Roscnstein, U. S. Patent 1.832,325, Npv. 17, 1931; Chem. Abs., 1932. 26. 839. 

^Refiner, Dec. 1931, 87. 

** Gardner and Higgins, Ind. Eng. Chem., 1932, 24. 1140; Higgina, Nat. Pet. News, 1933, 2S (IS), 
26; Chem. Abs., 1933, 27. 3594; Oil and Gas 1933.31 (50). 10. 
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At ordinary temperatures this reaction proceeds mainly toward the right, while 
at elevated temperatures it is reversed, afiTordtng an easy method of regenerating 
the spent brucite. As neither the hydroxide nor the hydrosulphide of magnesium 
is very soluble in water, it is often necessary to extract several times to free a 
distillate of a high percentage of hydrogen sulphide. This reagent has been 
used successfully in the extraction of hydrogen sulphide not only from distillates, 
but also from still gases, natural gas, and crude oils. 

Several methods are available for the removal of hydrogen sulphide from 
still gases. One method is to wash the gas with a solution of sodium or potas¬ 
sium carbonate.^^ The spent carbonate solution can be regenerated afterwards 
by passing carbon dioxide through it, to expel the hydrogen sulphide, followed 
by heating, to convert the bicarbonates to carbonates. In the Koppers process 
the alkaline solution, sodium carbonate or phosphate, is regenerated by adding 
a sulphide, such as nickel sulphide, and oxidizing the solution with air. Free 
sulphur rises to the surface of the solution and may be skimmed ofif. Sodium 
carbonate solutions, used for the absorption of hydrogen sulphide, may be regen¬ 
erated by heating and aeration,^^ or by passage over iron compounds,such as 
the oxide, carbonates, or basic carbonate. Suspensions of the hydroxides, oxides, 
carbonates or basic carbonates of magnesium, barium, calcium or strontium in an 
alkaline solution may be employed as the absorbing media.^^ Other solvents sug¬ 
gested for washing the gases to absorb hydrogen sulphide are solutions of a com¬ 
pound of ammonium thiosulphate and sulphur dioxide,^’ a mixture of sulphites 
and bisulphites,®®*^ ammonium tetrathionate and thiosulphate,®®** potassium hy¬ 
droxide and boric acid,®®® and alkaline solution of potassium ferricyanide,®® lime 
water,®®* aqueous ammonia,®®**' aqueous sulphur dioxide,®*® or potassium phos¬ 
phate.®®^ Absorption of hydrogen sulphide with water alone has been employed.®*® 
Mann and Lebo ®®^ used a suspension of iron oxide in caustic soda solution and 
regenerated the mixture, which had been converted to iron sulphide suspended in 
an alkaline solution, by blowing with air. Free sulphur is formed and removed 

« Petit, U. S. Patent 1,598,985, Sept. 7, 1926; Chem. Abs,. 1926, 10, 3558. British Patent 195,061, 
1923; 1923^42, 929A. Wagner (U. S. Patent 1,918,153, July 11, 1933; assigned to Pure 

Oil Co.; Chem. Abs., 1933, 27, 4664) proposed scrubbing the gas under pressure with a saturated 
solution of sodium bicarbonate. The absorbed hydrogen sulphide is later liberated by passing the 
bicarbonate solution in contact with flue gases. 

** British Patent 241.221, 1924; Chem. Abs., 1926, 20. 2578, British Patent 241,452, 1924; 
Chem. Abs., 1926, 20, 3558. 

Koppers Co„ British Patents 190,115, 190,116 and 190,117. 1922; Chem. .Hbs., 1923, 17. 2952. 

Koppers Co., British Patents 190,119 and 190,131, 1922; Chem. Abs., 1923, }7, 2952. 

•‘Koppers Co., British Patent 190,118, 1922; Chem. Abs., 19?|. 17, 2940; British Patent 255,144, 
1925: them. Abs.. 1927, 21, 2784. 

••Hansen, U. S. Patent 1,854,511, Apr. 19, 1932; assigned to Koppers Co.; Brit. Chem. Abs. B. 
193.3. 214. 

••■ Hansen, Chem.-Ztg., 1933, 57, 25; Brit. Chem. Abs. B, 1933. 226. I. G. Farbenindustrie A.-G., 
Briti.sh Patent 367,343, 1930; Chem. Abs., 1933, 27, 2.564. Biihr, German Patent 570,243, 1930; 
assigned to 1. G. Farbenindustrie A.-G.; Chem. Abs., 19.1.3, 27, 2.564. 

••** Overdick, German Patent 576,162, 1933; assigned to 1. G. Farbenindustrie A.-G.; Chem. .^bs., 
1933, 27, 3807. Biihr, German Patent 575.134. 1933: assigned to I. G. Farbenindustrie A.-G.; Chem. 
Abs., 1933, 27, 3590. Hansen, Werres, Hiller and Voituret, Chem.-Ztg., 1933, 57, 361, 382; Chem. 
Abs., 1933. 27, 3803. 

••’^ Bragg. U. S. Patent 1.920,626, Aug. 1, 1933; astigned to Koppers Co.; Chem. Abs., 1933, 
27, 4909. 

••Fischer. U. S. Patent 1,891,974. Dec. 27, 1932; Chem. Abs., 1933, 27. 2020. 

••• Vtfiliorova and Kalintnskaya, Grosnenskti Neftyonik, 1932, 2, 56: Chem. Abs., 1933. 27, 4057. 
Corner and McGinn. British Patent 376..183. 1931; assigned to Imperial Chemical Industries, I-td.; 
Chem. Abs., 1933. 27, 2565. Cf. B41int. Hungarian Patent 105,323. 1933; Chem. Abs., 1933. 27, 4061. 

»•»' Korolichanskii. Coke and Chem. {U.S.S.R.), 1932, No. 8, 68; Chem. Abs., 1933, 27, 3585. 

••f Melvill, British Patent 370.911, 1931; Chem. Abs., 1933, 27, 2564, 

••* Rosenstein. Petroleum. 1933, 29 (24), 4; Brit. Chem. Abs. B. 1933, 690. 

Jacobson, U. S. Patent 1,900,398, Mar. 7. 1933; aasigned to Koppers Co.; Chem. Abs., 1933. 
27, 3063. 

••t IT. S. Patent 1,525.140, Feh. 3. 193.5; assigned to Standard Oil Development Cq.; Chem. Abs., 
1925. 19. 1035. Siee also Sperr, U. S. Patent 1,854,770, Apr. 19, 1932; assigned to Koppers Co.; 
Brit. Chem. Abs. B, 1933, 214. 
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in the foam produced during oxidation. Klempt and Brodkorb recommended 
ferric hydroxide sludge in aqueous ammonia for this purpose. 

Aqueous solutions of triethanolamine^ or of a mixture of ethanolamines, are 
employed for the removal of hydrogen sulphide from gases.^^ 

Activated charcoal was recommended for the adsorption and catalytic oxida¬ 
tion of hydrogen sulphide. Ferric oxide and hydroxide,**** silica gel>**® or 
bauxite,**<* and a metallic oxide (e.g., iron oxide) have been suggested for the 
same purpose. The capacity of ferric oxide for removing hydrogen sulphide is 
increased by the addition of activated carbon.**® Nickel oxide, together with 
an oxygen-trartsferring element of Groups IV to VI of the periodic table and 
10 per cent of lead or bismuth, has been employed.**' Another method is the 
preferential oxidation of hydrogen sulphide and organic sulphides, by a mixture 
of metallic oxides such as those of copper and chromium, or copper, chromium 
and uranium.*** 


Some Applications of Hydrogen Sulphide 


The complete removal of hydrogen sulphide from gaseous mixtures, which are 
to undergo further treatment, is oftentimes undesirable. For example, in the 
treatment of hydrocarbon gases with steam at 1000® C. in the presence of a 
chromium catalyst to yield hydrogen and carbon monoxide, the efficiency of the 
catalyst is said to be increased if about one per cent of hydrogen sulphide, or 
other gaseous sulphur compounds, are present in the reaction mixture.*® 

Under certain Conditions hydrogen sulphide will react with gaseous hydro¬ 
carbons, particularly at high temperatures. For example, Wheeler and Francis *• 
have reported that when a gas containing methane, ethane and propane is mixed 
with 12.5 per cent hydrogen sulphide and the mixture is pass^ at the rate of 
250 reciprocal minutes through a reaction chamber heated to 1200® C., both car¬ 
bon disulphide and benzene are obtained. The yields of these substances are 
about 0.6 gallon of carbon disulphide and 0.3 gallon of benzene per 1000 cubic 
feet of gas. Olehnic gases and gases normally containing hydrogen sulphide or 
other sulphides, such as natural gas, are said to react in a similar manner. 

Ethylenic hydrocarbons, such as ethylene, propylene, butylene or isoamylene, 
react with hydrogen sulphide at 650® to 725® C. in the presence of silica gel.*^ 
A variety of products are obtained, including hydrogen, methane, ethylenic and 
saturated hydrocarbons, aromatics, mercaptans, thioethers, thiophene and its homo- 
logues and carbon bisulphide. With respect to the formation of sulphur com- 


German Patent 568,638, 1929; assigned to Gesellschaft ftir Kohlentechnik m.b.H.; Chcm. Ahs., 
1933, 27, 2790. 

This procedure is discussed in Chapter 23. 

Koenigstuhl, Coke and Chcm, (C/.5.5./e.), 1932, No. 7. 32; Chem. Ahs.. 1933, 27. 3585. I. G. 
Farlicnindustrie A,-G., British Patent 370,466, 1930; Chem. Ahs., 1933, 27, 2564. Goetze, U. S. Patent 
1,911,498, May 30. 1933; assigned to I. G. Farbenindustrie A.-G.; Chem, Ahs., 1933, 27. 4061. 

Docking, British Patent 368,426, 1930; assigned to Premix Gas Plants Ltd.; Chem. Ahs., 1933, 
27, 2563. 

*** Miller and Connally, U. S. Patent 1,895,724, Jan. 31, 1933; assigned to Silica Gel Corp.; 
Chrm. Ahs.. 1933. 27. 2567. 

’^Thompson, U. S. Patent 1,922,872, Aug. 15, 1933; assigned to General Chemical Co.; Chem. 
Ahs.. 1933, 27, 5175. 

’^•^Olin. Scarth and Starkweather, Gas Age-Record, 1932, 70. 561; Chem. Ahs., 1933, 27, 2281. 
*** Baehr, U. S. Patent 1,900,751, Mar. 7, 1933; assigned to I, G. Farbenindustrie A.-G.; Chem. 
Ahs.. 1933, 27, .306.1 

***' Hud, Logan and Lusby, British Patent 305,026, 1929; Brit. Chem. Ahs. B. 1930, 1012. 
Lusby. U. S. Patent 1,900.882, Mar. 7, 1933; assigned to Huff; Chem. Ahs.. 1933, 27. 3063. 
Henglein and Hagenest. German Patent 558,940, 1927; assigned to I. G. Farbenindustrie A.-G.; Chem. 
Ahs., 1933, 27, 543. 

** Goodfellnw and Spencer, British Patent 370,457, 1931; assigned to Imperial Chemical Industries, 
Ltd.; Brit. Chcm. Ahs. B, 1932, 600. 

M British Patent 351.994. 1930: U. S. Patent 1,907,274. May 2, 1933; Chem. Ahs., 1933, 27, 3487; 
both patents assigned to Imperial Chemical Industriee, Ltd. 

Mailke and Renaudie, Comgt. reni., 1932, 19S, 391; Brit. Chem. Ahs. k. 1932. 928. Other 
examples of the preparation of mercaptans from hydrogen sulphide and olefins are given in Chapter 25. 
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pounds^ the mercaptans are formed by the interaction of the unsaturated hydro- 
carbons and hydrog^en sulphide. Decomposition of the mercaptans yields thioethers, 
and the latter in turn give thiophene and its homologues. Butyl sulphide or 
mercaptan in the presence of silica gel at 700® C. was converted into thiophene.** 
The proportion of carbon bisulphide was greater at the higher temperatures. 

Acetylene and hydrogen sulphide react at a temperature of 320® C. in the 
presence of bauxite to yield a product, containing about 30 per cent sulphur, 
from which almost pure thiophene may be obtained by fractional distillation. In 
the presence of a catalyst consisting of nickel hydroxide and* cement at a tem¬ 
perature of 300® C. these same reactants yield a product high in sulphur from 
which mercaptans, thiophene and methyl thiophene may be separated by frac¬ 
tionation.** 


Elemental Sulphur 

The presence of elemental sulphur in various petroleum distillates prob¬ 
ably results from the decomposition of complex sulphur compounds during dis¬ 
tillation as well as the oxidation of hydrogen sulphide. It no doubt also occurs 
naturally in high sulphur crude petroleums and comes over, to some extent at 
least, during the distillation of the various fractions. As elemental sulphur 
exerts a high corrosive action on various metals its removal from petroleum 
distillates is highly desirable. 

Petroleum and its distillates cannot be regarded in any sense as a source of 
raw elemental sulphur for two reasons: first, because of the very small percentage 
of it actually present, and, second, because of the difficulties of extracting it as 
such. Furthermore, abundant natural sources of sulphur are available from 
which this element is obtained much more economically than by any procedures 
so far suggested to recover it from petroleum. The discussion of sulphur extrac¬ 
tion from petroleum oils is therefore limited to its removal from these oils on 
account of its corrosive properties. 

Several methods for the removal of elemental sulphur are based on its reac¬ 
tions with alkali or alkaline earth sulphides to form the corresponding poly¬ 
sulphides. Sodium sulphide (NajS), for example, yields a series of polysulphides 
varying in composition from Na 2 S 2 to Na^Sg. Another reaction often employed 
is ffiat between elemental sulphur and soluble lead mercaptides, whereby lead 
sulphide and organic disulphides are formed. This reaction is known as sweeten- 
ing and is discussed in more detail later. 

Cobb*^ has suggested heating the oil with caustic alkali, such as sodium 
hydroxide, or calcium hydroxide, and hydrogen sulphide. Treating oil containing 
both hydrogen sulphide and sulphur with an alkaline solution and heating** has 
also been proposed. In both instances the alkali sulphide first formed reacts with 
elemental sulphur to form the alkali polysulphide. Calcium sulphide may be 
used ** in place of the alkali. Youtz and Perkins ** used a concentrated solution 
of sodium sulphide for the same purpose. 

The use of ‘'spent doctor*' (sodium plumbite solution which has been used 


Malisoff and Marks (Ind. Eng. Chem., 1931, 23, 1114) rerart that mercaptans are thermally 
decomposed at temperatures of about 475* C. to yield hydrogen sulphide and the corresponding olefin. 

»Stuer and Grob, U. S. Patent 1,421,743, July 4, 1922; Chem. Abs., 1922, 16, 3093. 

*• Schmidt, toe. cit. 

»U. S. Patent 1,357,224, Nov. 2, 1920; Chem. Abs.. 1921. 15, 311. 

«*Cobb, U. S. Patent 1,413,005, April 18, 1922; Chem. Abj., 1922, 16, 2220. See also Stratford, 
McIntyre and Moor, U. S. Patent 1,838,031, Dec. 22, 1932; Chem. Abs., 1932, 26, 1432; Stratford 
and Doohan. U. S. Patent 1,904,173, Apr. 18, 1933; Chem. Abs., 1933, 27, 3325; both patents assigned 
to Standard Oil Development Co. 

**Cobb, U. S. Patent 1.357,225, Nqv. 2, 1920; Chem. Abs., 1921, 15, 311. 

•*lMd. Eng. Chem., 1927, 19, 1247. 
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in the treatment of "‘sour*' distillates) has been proposed by Simpson.** The 
effectiveness of this reagent is probably due to the sodium sulphide, or mercap- 
tides, produced in the treatment of the distillate. Sodium sulphide reacts with 
sulphur to form water-soluble polysulphides, and sodium mercaptides with the 
sulphur yield sodiunl sulphide and organic disulphides. 

Wendt and Diggs** have pointed out that some sour distillates contain suffi¬ 
cient elemental sulphur, in addition to mercaptans, to precipitate lead sulphide 
immediately on agitating with sodium plumbite solution and to sweeten the dis¬ 
tillate without the addition of sulphur. This, of course, removes the elemental 
sulphur. Such a process may also be applied by mixing a distillate containing 
mercaptans with one containing elemental sulphur and then agitating the mixture 
with sodium plumbite solution. 

Vesselovsky and Kalichevsky *^ suggested the use of potassium or sodium 
hydroxide dissolved in organic solvents such as absolute ethyl or isopropyl alco¬ 
hols, absolute ether, or 91 to 98 per cent isopropyl alcohol. Of the two alkalies, 
potassium hydroxide reacts the more rapidly to produce potassium thiosulphate, 
polysulphides and water. The following reaction has been suggested by these 
investigators as taking place initially : 

6KOH4-6S —>- K.S.0,4-2K.Sa + 3H,0 

This is very probably followed by reaction of potassium disulphide with elemental 
sulphur to yield the trisulphide and possibly higher sulphides. 

The use of an alkali sulphide dissolved in a non-aqueous solvent (for example, 
mono- or di-hydric alconols, ketones or epichlorohydrin) was suggested by 
Malisoff.** The alkali sulphide (or polysulphide) in an organic solvent 
(methanol) is stated to have a reducing action on organic disulphides. 

It appears possible not only to remove elemental sulphur but other types of 
sulphur compounds as well in a single operation. For example, Dormon*® pro¬ 
posed treating gasoline, or higher distillates, with nickel or other metals in 
rotating cells, and Bruzac suggested distilling the heavier oils (at temperatures 
not exceeding 500° C.) in the presence of metals (iron, copper or nickel). Wash¬ 
ing dry, finely ground potassium hydroxide with gasoline is reported by Wilson 
to reduce materially its sulphur content. Faught** described a process in which 
gasoline vapors are treated with sodium vapors, which not only remove sulphur 
with the formation of sodium sulphide but gum-forming compounds as well. 
Treatment of the distillates with lead, mercury, or copper, or their amalgams 
or oxides at temperatures below 80° C. was recommended by Mossgraber.^* 

U. S. Patent 1.718,713, June 25, 1929; assigned to Standard Oil Development Co.; Chem. Abs., 
1929, 23, 4061. See also Wagner. Oil and Gas 1933, 31 (45), 58; Chem. Abs., 1933, 27, 3594. 

^ Ind. Eng. Chem., 1924, 16, 1113. 

” Ind. Eng. Chem., 1931, 23, 181. 

** U. S. Patent 1,899,042, Feb. 28, 1933; assigned to Atlantic Reining Co.; Chem. Abs., 1933, 
27, 2799. 

** U. S.. Patent 1,828,734, Oct. 27, 1931; assigned to Basic Patents Corp.; Chem. Abs., 1932, 
26, 839. 

British Patent 346,153, 1929; assigned to M. Mercuric; Chem. Abs., 1932, 26, 589. 

IT. S. Patent 1,805,444, May 12, 1931; assigned to Standard Oil Development Co.; Brit. Chem. 
Abs. B. 1932, 92. 

** Red net, 1932, 11 (4), 273. Other processes employing metallic sodium as a refining agent 
are described by: Deichler and Lesser, German Patent 160,717, 1904; Chem. Zentr., 1905, 2, 731. 
Knihbs. British Patent 154,464, 1919; J.S.C.I., 1921, 40, 38A. Erdol* und Kohle-Verwertung A.-G., 
German P^itent 469,228, 1921; Chem. Abs,, 1929, 22, 2291. Watson, U. S. Patent 1,474,395, Nov. 
20, 1923; Chem. Abs., 1924, 18. 584. Carlisle. (Canadian Patent 300.843, 1930; assigned to Roessler 
and Hasslacher Chemical Co.; Chem. Abs., 1930, 24, 3639. See also Conant and Blatt. J..4.C.S., 
1928, 50, 542. Procedures involving the use of alkali or alkaline-earth metals are described hv; 
Fields, U. S. Patent 1,864,719, June 28, 1932; Brit. Chem. Abs. B, 1933, 535. Magill. U. S. 
Patent 1,890.881, Dec. 13, 1932; assigned to Roessler and Hasslacher Chemical Co.; Chem. .4bs., 
1933, 27, 1743. Cross, U, S. Patent 1.865.235, June 28. 1932; assigned to Cross Development Co.; 
Brit. Chem. Abs. B, 1933, 537. Cf. Hofmeier and Wisselinck, Brennstoff-Chem., 1933, 14, 286; 
Brit. Chem. Abs. B, 1933, 819. 

British Patent 368,882, 1930; Chem. Abs., 1933. 27, 2293. 
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Reaction of S^ulphur with Paraffin Hydrocarbons 

As previously pointed out, elemental sulphur may exist as such in crude petro¬ 
leum or may be formed by the decomposition of complex organic sulphur 
compounds during the distillation processes. At such temperatures, or at higher 
temperatures as in cracking operations, elemental sulphur itself reacts with 
petroleum hydrocarbons to yield various sulphur compounds. • A review of the 
possible reactions which may take place should therefore be of interest. 

The paraffin hydrocarbons of lower molecular weights generally react very 
slowly, if at all, with sulphur. Spanier*^ has shown that n*liexane and sulphur 
do not react appreciably when heated for 24 hours at 210® C. At 300® to 350® C. 
and over long periods of heating, n-butane and n-heptane yielded, with sulphur, 
some thiophene and thiophene derivatives, respectively. At higher temperatures, 
however, reaction does take place as Fletcher, Wheeler and McAulay** have 
found that methane at 1100° C. reacts with sulphur vapors to form carbon disul¬ 
phide. They also stated that at such high temperatures hydrogen sulphide behaves 
in the same way as sulphur vapors. 

On healing n-octane with sulphur in sealed tubes at 270® to 280° C. Fried¬ 
mann**® obtained small quantities of a thiophene, CgHijS, and of a thiophthen. 
The formation of such cyclic compounds from a straight-chain hydro¬ 
carbon was thought to take place in two steps: first, the rearrangement of 
n-octane into a branched-chain hydrocarbon: 

CH,CH,CHXH,CH,CH,CH,CH, —►- CH,CH—CH-CHCH, 

in. in. in, 

and, second, the reaction of the branched-chain hydrocarbon with sulphur to yield 
the cyclic compound: 

CH,CH—CH—CHCH, CH.C-C-CCH, 

in, (Ih. +6S —>- hI: I: Hh 

v/\_/ 


The thiophene derivative, CgHijS, in many respects resembled the diethylthiophene 
described by Muhlert; and the reactions of the thiophthene derivative, C^H^Sj, 
indicated it to be the dimethylthiophthene. 

On heating higher molecular weight paraffins with sulphur, hydrogen sulphide 
and carbon disulphide are the principal gaseous products. No identification of 
any intermediate products appears yet to have been made. Thus, Siebeneck 
found on heating paraffin wax with sulphur that hydrogen sulphide evolution 
began at 150° C., and at 230® C. both this substance and carbon disulphide were 
being evolved. After 7 hours heating the final product obtained was a substance 
corresponding to the formula (QS),, which was insoluble in organic solvents. 

The reaction of paraffins with sulphur to yield hydrogen sulphide has been 
suggested as a means of preparing this compound. For example, Prothiere 
obtained 48.2 liters of hydrogen sulphide from 70 grams of sulphur and 30 


** Kahlaruhe Pist«rtation. 1910; sec also Gurwitsch and Moore, ’‘Scientific Principles of Petroleum 
Technology.” D. Van Nostrand Co.. New York, 19S2, 95. 

^British Patent 331,734, 1929; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. 
Abs. B. 1930, 862. 

«Ber., 1916, 49, 1344; Ckem. See. Abs., 1916, 110 (1), 7ZS. 

«Ber., 1886, 19, 633. 

•Petroleum Z., 1922, 18, 281; Chem. Abs„ 1922, 16, 3200. 

^Phatm. ZeU., 48. 78; Chem. Zentr., 1903, 1, 492. 
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^ranis of petrolatum. Gfeller and Schaeffer recommended using a mixture of 25 
■grams of paraffins, 15 grams of sulphur and 5 grams of asbestos fiber. For 
preparing small quantities of hydrogen sulphide 0.5 to 2.0 cc. of the mixture arc 
heated in a test tube. The evolution of the gas ceases when the source of heat 
is withdrawn. These investigators represented the reaction by the equation: 

CnH,. + ,4-Sa + t —(n + l)H,S4-C„ 

Bindschedler and Rugeley produced hydrogen sulphide by heating a mixture 
of hydrocarbon oil and sulphur and puriii^ the gas by passing it through charcoal 
or some other absorption agent. Scudder and Lyons investigated the effect of 
cadmium sulphide, iron, aluminum, zinc, cofjper, cobalt, lampblack, charcoal, 
anhydrous aluminum chloride and many other substances on the temperature of 
initial reaction of sulphur and paraffin. Lampblack and anhydrous aluminum 
chloride proved to be the best catalysts. 

Reaction of Sulphur with Unsaturated Hydrocarbons 

In studying the reactions between olefins and sulphur heated under pressure, 
Friedmann®- obtained from hexylene and sulphur the following compounds: 
CoH^oS, boiling point 40-41® C. at 10 mm.; C, 2 Hi 4 S, boiling point 112-113® C. 
at 10 mm.; and CisHgoS, boiling point 128® C. at 10 mm. The residue left 
after the distillation of the reaction products was an asphaltic material whose 
composition corresponded to the formula C 24 H 20 S 2 . No definite compounds were 
obtained when n-octylene was heated with sulphur. With methyl-n-amylethylene 
and sulphur, the thiophene and thiophthene derivatives, CgHjsS and re¬ 

spectively, obtained were the same as those from n-octane, and in addition the 
two compounds C^oHosS, and C 24 H 3 SS 2 were formed. The chemical properties 
of the former indicated that it possessed the structural formula corresponding to 

CH, CH, 

C.H„-Ci=l:-C=C—C,H.. 

The other compound may have been formed by the condensation of 1 molecule 
each of ChHjoS and CioHoaS. 

Unsaturated hydrocarbons, containing eight or more carbon atoms, produced 
by the action of ammonia or other alkalies on di- and poly-chlorinated hydrocar¬ 
bons, yield various sulphur derivatives when treated with sulphur (or sulphur 
compounds) by heating under pressure. Oxidation of such derivatives by nitric 
acid, hydrogen peroxide, or potassium permanganate leads to the formation of 
sulphonic acids, which have possible uses in the textile industry and in medicine.®® 

Reaction of Sulphur with Cyclic Hydrocarbons 

When naphthenes are heated with sulphur, dehydrogenation takes place, ac¬ 
companied by the evolution of hydrogen sulphide. Markownikow and Spady®* 

^Schweis. Apoth. Ztff.. 1929, 67, 109; Chem. Abs., 1930, 24. 4997. Se« also Nellenst«yn and 
Thoenes, Chem. IVeckblad. 1932, 29, 582; Brit, Ckem, Abs, A, 1933, 47. 

*• U. S. Patent 1,56.5.894, Dec. 15, 1925; assigned to Tubize Artificial Silk Co. of America, 
Chetn. Abs., 1926, 20. 483. 

Proc. Indiana Acad. Sci., 1931, 40, 185; Chem. Abs„ 1932, 26. 1234. 

1916. 49, 1551; Chem. Abs., 1917, 11, 1958; Petroleum, 1916, 11, 693; Chem. Abs., 
1917. 11. 3424. 

” I. G. Farltenindustrie A.-G., British Patents 360,993, 361,356 and 361,357, 1930; Brit. Chem. 
Abs. B, 1932. 93. 

^Ber., 1887, 20, 1850. 
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reported that on boiling octanaphthene, obtained from Caucasian petroleum, with 
sulphur a small quantity of metaxylene was formed. This was identified by 
converting it to the trinitro compound, and to mono- and di-sulphonic acids. 
Markownikow and Spady therefore considered the octanaphthene occurring in 
this fraction to be hexahydroxylene. 

Friedmann,®® however, suggested that the reaction between sulphur and naph¬ 
thenes takes place in steps, and that complete dehydrogenation of the hydro¬ 
aromatic compound to the aromatic does not occur. In fact, dehydrogenation 
ceases, he believed, with the formation of the dihydride. For example, after 
heating cyclohexane and sulphur under pressure and fractionating the reaction 
products under reduced pressure, the lowest boiling fraction on nitration yielded 
m-dinitrobenzene; from the intermediate fraction boiling between 40® and 60® C. 
thiophenol was isolated; and in the residue phenyl sulphide was detected. Since 
benzene was not found among the reaction products Friedmann concluded that 
dihydrobenzene was present in the lowest boiling fraction, as it would be both 
oxidized and nitrated by nitric acid to yield m-dinitrobenzene. 

The successive steps in the degradation of cyclohexane, according to Fried¬ 
mann, may be represented by the following equations: 

C«Hu -h S —GHttSH 

QHxiSH —> - HtS + CsHm (cyclohexene) 

CJtiu + S — ^ CJI.SH 

GH.SH ->- H.S + GH. (cyclohexadiene) 

The thiophenol may be formed by the reaction of cyclohexadiene with hydrogen 
sulphide and sulphur: 

GH, + 2S + 2H.S —GH«S4 
GH„S4 —3H,S + C«H,SH 

Friedmann also observed that on heating methylcyclohexane with sulphur and 
fractionating the reaction products, the portion boiling between 100.5® and 120® C. 
yielded trinitrotoluene on nitration. Thiocresol was isolated from the fraction 
boiling between 80® and 130° at 11 mm. 

The different fractions obtained from the reaction product of 1,3-dimethyl- 
cyclohexane and sulphur reacted more or less strongly with bromine or per¬ 
manganate, indicating the presence of unsaturated compounds. The fraction 
boiling between 30® and 90® C. at 11 mm. yielded trinitro-m-xylene on nitration, 
and thio-m-xylene was found in the fraction boiling between 90° and 110® C. 
at 11 mm., and m,m'-dimethyldibenzyl, in the fraction boiling between 110° and 
180® C. at 11 mm. This latter hydrocarbon could be obtained by heating m-xylene 
and sulphur under pressure. 

Production of Sulphur Dyes 

Sulphur dyes were made by Palmer and Lloyd®® by passing either gaseous 
hydrocarbons or the vapors of higher-boiling hydrocarbons through molten 
sulphur at 350® to 400° C. For example, acetylene, ethylene, and kerosene yield 
dyes which are bluish-black solids, and which contain about 68, 61, and 62 per 
cent, respectively, of sulphur. These dyes are true sulphur dyes as they are 
soluble in sodium sulphide solution and can be applied directly to cotton, rayon, 

^Petroleum, 1916, XI, 978; Chem. Soc. Abs., 1917, 112 (1), 14. 

^J.A.C.S„ 1930, S2, 3388. 
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and other fibers. The dyes are fast to repeated washing with soap and water, and 
to organic solvents. When applied to cotton or rayoii the dye obtained from 
ethylene imparts a reddish-brown color to the fiber, that from acetylene, a gray 
color, and that from kerosene, a khaki color. 

Numerous other organic substances react with sulphur in a similar manner, 
for example, aromatic hydrocarbons (such as benzene, toluene and diphenyl), 
amines (such as aniline or diethylaniline), aldehydes, ethers, acids and alcohols. 
All of the dyes so produced possess a high sulphur content, usually about 60 to 
80 per cent, except that from ethyl alcohol which contains only about 10 per cedt 
sulphur. 

^ERCAPTANS ‘ 

In the petroleum industry more work has probably been done with mercaptans 
and a better knowledge of their chemistry obtained than with any other class of 
sulphur compounds. The reasons for this are apparent since, as a class, the 
mercaptans react readily and their reactions with various reagents are therefore 
not as difficult to follow as those of other sulphur compounds: furthermore, the 
total quantity of such compounds present in the distillates from various high- 
sulphur crude petroleum oils is relatively large. In fact, it has been estimated 
that if all of the mercaptans present in unrefined naphthas in this country alone 
could be recovered there would be available from 150 to 200 tons per day.®^ In 
spite of the knowledge of the chemistry of these compounds and the quantity 
available, few processes have been developed for their removal from petroleum 
distillates and their utilization. Practically all of the proposed operations consist 
of the sweetening of distillates, or the conversion of mercaptans to disulphides. 

While it is unnecessary here to enter into a detailed discussion of the syn¬ 
thesis and chemical properties of the mercaptans, some of their typical reactions 
will be mentioned. 

The most general reaction employed in the synthesis of aliphatic mercaptans 
is that between potassium or sodium hydrosulphide and alkyl halides. The reac¬ 
tion of alcohols and phosphorus pentasulphide to yield mercaptans is applicable 
to both aromatic and aliphatic compounds, and with this same reagent phenols 
yield mercaptans or thiophenols, with the sulphur attached directly to the benzene' 
nucleus. Distillation of a mixture of the alkali salts of sulphuric acid esters with 
alkali hydrosulphides also yields this same class of compounds. These methods 
of preparation may be represented by the following typical reactions: 

(a) C.H.CI + KSH —C.H.SH + KCl 

(b) 5C,H,OH-hP,S. —5C,H,SH + P,0. 

(c) 5GH.OH + P.S. —5CJI»SHP.O. 

(d) C.HaSO«Na 4-NaHS —GH,SH-f Na,SO. 

An interesting method for the preparation of tertiary mercaptans, particularly 
/cr-butyl mercaptan, is by the interaction of sulphur and magnesium #cr-butyl 
chloride in ether solution.®® This mercaptan could not be separated from its 
ether solution by distillation. It was therefore precipitated as its mercury salt, 
and the latter decomposed with liquid hydrogen sulphide to yield mercuric sulphide 
and the free mercaptan. 

With the exception of methyl mercaptan which is normally a gas, the aliphatic 

Malisoff, Marks and Hess, **Study of Mercaptan Chemistry/' Chemical Reviews, 1930, 7, 493. 
This is a critical presentation and discussion of the physical and chemical properties of mercaptans 
and contains an excellent bibliography. 

Rhcinboldt, Mott and Motskus, 7. pr. Chem., 1932. (3) 134, 257; Chem, Abs., 1932, 26, SS44. 
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mercaptans are generally liquids possessing boiling points somewhat lower than 
tlie corresponding alcohols.®® This difference of boiling point, however, becomes 
less as the number of carbon atoms in the molecule increases. For example, the 
boiling points of ethyl mercaptan and ethyl alcohol have been reported as 34.7® 
to 37® C. and 78.4® C., respectively, while the boiling points of n-heptyl mercaptan 
and the corresponding alcohol have been given as 174® to 175® C. and 175.8® C., 
respectively. In the aromatic series greater irregularities are encountered with 
respect to both boiling points and melting points, due no doubt to the effect of 
substituent groups. The specific gravities of aliphatic mercaptans are gen¬ 
erally less than 1. ranging from about 0.83 to 0.89, while the aromatic mer¬ 
captans are usually heavier than -water. The mercaptans of lower molecular 
weight possess disagreeable and unpleasant odors, while those of high molecular 
weight, such as myricyl mercaptan (CsoHqiSH), are odorless. Some aromatic 
mercaptans of fairly low molecular weight, such as o-xylene dimercaptan, have 
been described as odorless. Incidentally, because of its penetrating odor, vola¬ 
tility, and insolubility in water, ethyl mercaptan in concentrations of 4 grams 
per 1000 cubic feet of gas has been used for the detection of leaks in gas mains.®® 

As the mercaptans contain an —SH group they may be considered as deriva¬ 
tives of hydrogen sulphide, or as alcohols in which the oxygen atom has been 
replaced by sulphur. As derivatives of hydrogen sulphide the mercaptans should 
be acidic in nature and some of their reactions bear this out. Just how acid 
the individual mercaptans are, and how they stand in relation to one another, 
apparently has not been determined on the basis of conductivity methods.®^ With 
alkalies, such as sodium or potassium hydroxides, or with metallic hydroxides, or 
oxides, the corresponding salts, or mercaptides, are formed. As these reactions 
are of particular interest in the sweetening operation they are more fully dis¬ 
cussed later. 

One of the characteristic reactions of mercaptans is that with oxidizing 
agents. With mild oxidizing agents, such as iodine, particularly under alkaline 
conditions, the mercaptans are converted to disulphides.®^ This reaction has served 
for a quantitative estimation of mercaptans.®^ Reid and Sampey ®* have described 
two acidimetric methods for the determination of mercaptans (in benzene solu¬ 
tions). In the first method the hydrogen iodide formed in the oxidation of 
mercaptans with iodine is titrated; while in the second, the hydrogen chloride 
liberated by the action of mercuric chloride on the mercaptans is estimated. 
The latter reaction is given as: 

RSH + HgCb —>- RSHgCl + HCl 


With chlorine or bromine, the mercaptans also yield disulphides, though 
side reactions take place at the same time with the formation of other products, 
such as sulphobromides, sulphones, and sulphonic acids. These reactions with 
halogens may be represented by: 


" For the preparation and physical properties of primary and secondary aliphatic mercaptans 
containing from one to nine carbon atoms, see Ellis and Reid, J.A,C,S., 1932, 54, 1674. 

••Thau, GaS‘ und Wasserfach, 1931, 74, 247; Brit. Chem. Ahs. B, 1931, 467. For the use of 
mercaptans as odorizing materials see also Piotrowsky and Winkler, Gas- und Wasserfach, 1932, 75, 


24, 3884. 

•* Malisoff, Marks and Hess, he, cit. 

For the oxidation of mercaptans with the sodium salt of iodoacettc acid (2RSH 4- ICH 2 COONa 
RSSR + CHsCOONa + HI) in the presence of selenium, copper or arsenic, see Bersin and Logemann 
Ann., 19.33, 505, 1; Chem. Abs., 1933, 27, 5307. 

•• For the determination of mercaptans with iodine in acid solution, see Kimball, Kramer and 
Retd. J.A.C.S., 1921, 43, 1199. 

^J,A.C.S., 1932, 54, 3404. 
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2C,H.SH-fI. —2HI + C.H,S.SGH. 

2C,H.SH + Br, —^ GH.S.SGH.-f 2HBr 
2C,H,SH-f 3Br, —2GH.Br + 2HBr + 2BrS 
C«H.SH + CU — CMbSO + HC! 

Other oxidizing agents which react with mercaptans to form disulphides are 
atmospheric oxygen, ferric chloride, ferricyanides, and sulphur. More energetic 
oxidizing agents, for example nitric acid, convert mercaptans into sulphonic acids. 

2RSH-fS —^ H,S + RS.SR 

2RSH + 2Fea, —2Fcq.-f 2HCI-f RS.SR 

RSH4-2HNO. —RSO,H + H.O + 2NO 

In carbon bisulphide solutions mercaptans react with sulphur monochloride to 
yield polysulphides,®^ for example: 

2RSH 4- S.C1, —(RS)*S» + 2HC1 

Reaction with thionyl chloride leads to a mixture of disulf^ide and trisulphide,*” 
thus : 

4RSH-fSOCU —R,S. + R,S. + H,0 + 2HCI 

The relation of mercaptans to alcohols is shown by the fact that mercaptans 
esterify organic acids just as alcohols do. The limits of esterification appear 
to be lower, however, with the mercaptans than with the corresponding alcohols.®* 
The general reaction may be represented by 

RCOOH + HSR —H,0-fRC0SR 

The reactions of mercaptans with aldehydes **• to form mercaptals and with 
ketones to form mercaptoles appear to be characteristic.®*” Some of the sulphones 
of the latter compounds have found use as soporifics; as for example sulphonal 
(CH 3 ) 2 C(S 02 C 2 H 5 ) 2 » which is the sulphone of the mercaptole obtained by the 
reaction of acetone with ethyl mercaptan.*^ In this connection it may be men¬ 
tioned also that carbohydrates similarly form condensation products with 
mercaptans; and that optically active amyl mercaptan, prepared from the corre¬ 
sponding alcohol, has been used in the resolution of racemic saccharides.** 

One interesting point concerning the optical activity of some mercaptans is 
the reversal of rotation on oxidation. Thus Levene and Mikeska*® have ob¬ 
served that oxidizing 2-mercaptoisohexane, [a]*J =-f-21.21®, with nitric acid 
produced 2-isohexanesulphonic acid having [a] ==—6.7®. Also, 1,2-diphenyl- 

ethyl mercaptan, ==+8.56®, on oxidation yielded 1,2-diphenylethylsulphonic 
acid having [a]®* = —36.40®. This reversal of rotation is similar to that ob¬ 
served by these same workers with other mercaptans^* on oxidation and also 
resembles that accompanying the halogenation of secondary alcohols.^^ 

•«Klason, J. pr. Chcm., 1877, (2) IS, 274. 

« Holmberg, Ann., 1908, 3S9, 81. 

•• Sachs and Reid, J.A.C.S,, 1916, SB, 2746; Kimball and Reid, J.A.C.S., 1916, SB, 2757; Faber 
and Reid, J.A.C.S., 1917, S9, 1930. 

*** Addition products of mercaptans with aldehydes (formaldehyde) which are considered aa 
intermediate comix>unds in the formation of mercaptals are described by Levi, Comm. chim. iuU., 1932, 
62. 775; Ckcm. Abs., 1933, 27, 268. 

**'>This reaction has been proposed for the preparation of synthetic resins: British Celanese, Ltd., 
British Patent 367,759, 1929; Chem. Abs., 1933, 27, 2053. 

See also Chapter 34. 

«Votocek and Veseiy, Ber., 1914, 47, ISIS; Chem. Abs., 1914, B. 2716. For the preparation 
of the mercaptals of xylose and maltose, see Wolfrom, Newlin and Stahly, J.A.C.S., 1931, 53, 4379. 

»/. Biol. Chem., 1925, 65. 515; Brit. Chem. Abs. A, 1926, 46. 

«•/. Biot. Chem., 1924, 59, 473; Chem. Soc. Abs., 1924, 126 (1), 940. 

n/. Biol. Chem., 1925, 65, S07; Brit. Chem. Abs, A, 1926, 45. 
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In addition to the uses already pointed out the bathochromic action of mer¬ 
captan groups in azo dyes might mentioned, as the introduction of such a 
group often deepens the shade' of the color.^® Other types of dyes for which 
various mercaptans serve as intermediates are those of the anthraquinone series, 
thioindigos, and indamines. In addition the metallic salts of certain amino 
mercapto compounds, of mercapto acid esters, and of thioglucose have found 
some application in therapeutics. The S 3 mthesis of various mercapto compounds 
also appears to be of interest in the rubber field.^® 

The use of mercaptans as pickling inhibitors has been proposed by Calcott 
and Lee.^^ One of the chief disadvantages connected with the acid treatment 
of metals is that the free metal is attacked. Some substances which have been 
suggested as inhibitors of this solvent effect of the acid on the metal are sul- 
phonated slaughterhouse waste and sludges from the sulphuric acid treatment of 
coal-tar and petroleum products. Both alkyl and aryl mercaptans possess this 
inhibiting effect to a marked degree, though their value varies with the kind and 
concentration of acid used, the temperature of the bath and the type of metal. 
The inhibiting action of some of the more common mercaptans on mild steel 
treated at 60® C. with 5 per cent sulphuric acid, containing 0.3 per cent mer¬ 
captan, was as follows: 

Inhibition 
Per Cent 


Thiophcnol.. 96.1 

Thio-betanaphthol . 93.1 

Benzyl mercaptan . 99.93 

Isoamyl mercaptan . 99.93 

Isopropyl mercaptan . 99.84 


The inhibitor may be mixed with an acid dispersing agent such as Twitchell’s 
reagent, Turkey red oil or sludge acids, or it may be dispersed in concentrated 
acids. If the inhibitor should decrease the rate of reaction to Such an extent that 
the time for pickling is unduly prolonged, its action can be offset by the addition 
of a metallic chloride such as sodium chloride. 

Derby and Cunningham^* have reported that either aliphatic or aromatic 
mercaptans when heated to about 115® to 125® C. with phosphorus pentasulphide, 
or trisulphide, yield a product which is a clear syrupy liquid, and which, because of 
its collecting power, can be used in ore-flbtation processes. Similar products can 
be obtained froth the alkali ethoxides or phenoxides and phosphorus pentasulphide. 

With the advent in the petroleum refinery of methods for the isolation of 
mixtures of the lower aliphatic mercaptans (methyl, ethyl, propyl or isopropyl) 
many other interesting applications will no doubt be found for compounds of 
this type. 

Some of the reactions of mercaptans which have been described will be 
discussed in more detail, particularly those used in the extraction of such sulphur 
compounds from petroleum. 

"Reid and Waldron, J,A.C»S., 1923, 45, 2399; Reid and Foster, ibid., 1924, 46, 1936; Reid and 
Palmer, ibid., 1925, 48, 528. Blumenstock-Halward and Jusa, Monatsk,, 1928, SO, 123; Blumenstock- 
Halward and Riess, Monatsh., 1928, 50, 139; Brii, Chem, Abs. A, 1928, 1371. 

Maiisoff. Mariu and Hess, he. cii. 

*«U. S. Patent 1,785,51.1^ Dec. 16. 19.10; assigned to E. I. duPont de Nemours & Co.. Inc. 
Also, E. I. duPont de Nemours & Co., Inc., and Imperial Chemical Industries, Ltd., British Patent 
346.992, 1932; Chem. Abs., 1932, 26, 687. 

$. Patent 1,812,839, Jan. 30, 1931; Bril. Chem. Abt, B, 1932. 350. 
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Reaction of Mercaptans with Alkalies 

In the refining of petroleum distillates, particularly from high sulphur crude 
oils, it is customary to wash them with solutions of sodium hydroxide before 
treating with sulphuric acid or before sweetening by the use of sodium plumbite 
solution. This alkali wash is given in order to eliminate the hydrogen sulphide 
dissolved in the distillate, as this substance is oxidized by the sulphuric acid with 
a corresponding loss of acid; or it reacts with the lead present in the pliunbite 
solution to form lead sulphide, thereby resulting in an excessive consumption of 
lead. 

Some mercaptans are extracted from, the distillate by this alkaline wash as 
alkali salts or mercaptides. Complete extraction of mercaptans cannot be secured 
in this manner, except possibly of low-boiling ones, or when only a small pro¬ 
portion are present. This is due to the fact that alkali mercaptides, like the alkali 
sulphides, are readily hydrolyzed. The reaction therefore between alkali, in 
aqueous solution, and mercaptans can be represented by the reversiUe equation 

RSH + NaOH RSNa + H.O 


Alkaline extraction as a means of purification of naphtha likewise provides a 
method for the concentration of the lower mercaptans as their alkali mercaptides. 
From this alkaline extract the mercaptans themselves can be recovered by blow¬ 
ing with steam, yielding a mixture of ethyl and methyl mercaptan, sometimes 
with propyl or isopropyl mercaptan. In this way an alkaline washing liquor may 
be largely freed from sulphur. By blowing the liquor with air instead of steam, 
disulphides are formed. 

Solutions of the lower-boiling mercaptans may be obtained in the following 
manner. Sour petroleum distillates, such as gasoline or kerosene, are treated 
with a 20 per cent aqueous solution of sodium hydroxide until the free alkali 
content of the solution has decreased to 10 per cent or less. This yields a solu¬ 
tion containing both sodium mercaptides and sodium sulphide. Treatment of 
this solution with calcium hydroxide converts the sodium sulphide to sodium 
hydroxide and calcium sulphide is precipitated, which may then be separated. 
Spent lime solutions, composed largely of calcium hydrosulphide, may be used 
in place of calcium hydroxide.^® 

By extracting distillates containing mercaptans with sodium hydroxide solu¬ 
tions of different concentrations and then determining the distribution ratios, 
Meyer obtained results which indicated that for the same weight of sodium 
hydroxide the more dilute solutions extracted the larger proportion of mercaptans. 
For the same strength of caustic soda solution, however, the quantity of mercap¬ 
tans extracted was not proportional to the volume of solution used; thus, doubling 
the volume of caustic solution used did not double the quantity of mercaptans 
extracted. A countercurrent extraction using a series of pumps and settling |anks 
and enough caustic soda solution to remove the mercaptans gave better results 
than did batch treating. The efficiency of such a system was represented by 


—p-j, in which n is the number of stages. The efficiency of a four-stage system, 
n -t“ 1 

for example, would be 80 per cent. The mercaptans could be recovered by boiling 
the caustic solution. 


Countercurrent extraction by caustic soda solution containing dissolved lead 


*• Wendt, U, S. Patent 1,791,179, Feb. 3, 1931; assigned to Standard Oil Company of Indiana; 
Chem. Abi., 1931, 2S, 1667. 

Inst, Pet. Tech., 1931, 17. 621. 
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compounds, or by aqueous solutions of salts such as copper or magnesium chlo¬ 
rides, has been described by. Peterkin.^* Such solutions may be regenerated by 
blowing with a stream of air, or other oxygen-containing gas mixtures. 

Vesselovsky and Kalichevsky have reported that mercaptans can be ex¬ 
tracted quantitatively from naphtha by sodium or potassium hydroxide dissolved 
in absolute alcohol. The reaction appears to be tlie formation of mercaptides 
and water, and the hydrolysis of the mercaptides in alcohol is extremely low. 

When dissolved in petroleum distillates mercaptans not only react with aqueous 
and non-aqueous solutions of alkalies, but also with solid alkalies. Vesselovsky 
and Kalichevsky observed that both solid sodium and potassium hydroxides 
extract mercaptans, sodium hydroxide reacting more rapidly than potassium 
hydroxide. 

When mercaptans are added to liquid ammonia, slightly soluble ammonium 
mercaptides are formed.**^ These substances are white, crystalline bodies. On 
the addition of metallic sodium to a solution of these mercaptides in liquid 
ammonia a rapid reaction takes place with the formation of sodium mercaptide, 
ammonia and hydrogen. 

RSH + NH, —>- RSNHi 

2RSNH4 + 2Na —2RSNa + 2NH, + H, 

Billheimer and Reid *- observed that when the alkaline solutions of mercaptans 
are heated to temperatures of about 260® C.. three simultaneous reactions take 
place: the formation of (1) alcohol, (2) thioethers, and (3) olefins. These may 
be represented by the following equations: 

(1) RSH + 2NaOH == ROH -f Na.S + H,0 

(2) 2RSH + 2NaOH = R,S + Na,S-f 2H,0 

(3) RCH,CH,SH 4- 2NaOH -= RCH==CH, + Na,S + H,0 

Secondary mercaptans react to a greater degree than the primary; for ex¬ 
ample, when heated for 2 hours at 260® C, with 3V caustic solution 52.2 per cent 
of n-propyl mercaptan reacted with the alkali, while under the same conditions 
65.4 per cent of isopropyl mercaptan reacted. 

These reactions are also affected by the temperature as shown by the following 
results obtained with n-butyl mercaptan and ZN caustic solution on heating for 
2 hours: 

Temperature 250® C. 260* C. 270* C. 

Per cent mercaptan reacting. 30 49.6 63 

When heated for 4 hours at 250® C. it was found that 47.2 per cent of the 
mercaptan reacted, thus indicating the favorable influence of time on the reaction. 

The strength of the alkali also plays a very important part. As shown in 
Table 91, which gives the percentage decomposition of n-butyl mercaptan when 
heated for a period of 2 hours at 260® C. with sodium hydroxide solutions of 
various concentrations, the percentage of the mercaptan decomposed is greater with 
the more concentrated solutions, varying almost directly as the concentration. One 

U. S. Patent 1,810,369, June 16, 1931; assigned to Atlantic Refining Co.; Brit. Ckcm. Ahs. B, 
1932, 412. C/. Kimball, U. S. Patent 1,892,801. Jan. 3, 1933; Chem. Abs., 1933, 27. 2294. 

w/wd. Enff. Chem., 1931, 23, 181. 

•• Loc. cit, 

** Williams and Gebauer-Fuelnegg, J.A.C.S., 1931, S3, 352. 

^J.A.C.S., 1930, 52, 4338. 
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curious fact noted by Billheimer and Reid is that thioethers constituted a much 
higher percentage of the decomposition products when dilute alkali was used than 
with the more concentrated solutions. 

Table 9\,—Decomposition of n~Butyl Mercaptan with Sodium Hydroxide at 260* C. 


Cone, of NaOH. 0 O.IN 0.5N \.0N 2N 3N 

Per cent decomposed_ 0.0 2.1 9.8 20.2 33.8 49.6 

RS formed . 0.0 1.7 4.9 5.4 7.8 8.1 

Per cent R,S. — 81 50 27 28 16 


This “desulphydration** of mercaptans has ‘been observed also with aralkyl 
mercaptans.*’* When a-phenylethyl-, ^-phenylethyl-, or y-phenylpropyl-thiols 
were heated to 230^ C. with solid potassium hydroxide hydrogen sulphide was 
eliminated and the corresponding olefin obtained. A 53 per cent yield of the 
olefin was obtained from the /8-phenylethylthiol, while very much lower yields 
were given by the other two thiols. 

The sweetening of light sour distillates by countercurrent extraction with hot 
alkaline solutions has been proposed by Kimball.®* In his process the aqueous 
alkaline solution is kept at a temperature which is high enough to maintain the 
distillate in the vapor phase. Evaporation of the alkaline solution may be pre¬ 
vented by the application of pressure. It is probable that the reactions taking 
place during this procedure are, at least in part, those described above. 


Action of Sulphuric Acid on Mercaptans 


As sulphuric acid is almost universally employed in the refining of petroleum 
distillates its action upon mercaptans is of interest. 

Erlenmeyer was probably the first to show that mercaptans could be oxidized 
to the corresponding disulphides by the use of concentrated sulphuric acid. Wood, 
Lx)wy and Faragher showed that by treating naphtha solutions of n- and iso- 
aniyl mercaptans with concentrated sulphuric acid the mercaptans are oxidized 
to disulphides. They further reported that after treating these solutions of 
mercaptans with a relatively small quantity of sulphuric acid, the sulphur content 
increased. This increase in sulphur content was not observed on treating the 
naphtha alone with sulphuric acid. When the naphtha solutions were treated with 
large proportions of acid a decrease in sulphur content occurred, indicating that 
the disulphides w^ere dissolved by the acid. Lowy and his collaborators suggest, 
therefore, that this increase in sulphur content may have been due to the forma¬ 
tion of intermediate oxidation products, alkyl acid thiosulphates or dithiosulphates 
(equations 1 and 2 below), when the quantity of acid used was not sufficient for 
completely oxidizing the mercaptan to disulphide. 


HO 


RSH-f 




RS 


SO,= 


HO 


/ 


HO 


\o, + H,0 

/ 


( 1 ) 


•* Pal fray, Sabetay and Sontag, Compt. rend., 1932, 194, 102; Brit. Ckem. Abs. A, 1932. 266. 

U. S. Patent 1,831,916, Nov. 17, 1931; assigned to Shell Oil Co.; Chem. Abs., 1932. 26. 837 
Also Kimball, British Patent 291,379, 1928; Brit. Ckem. Abs. B, 1929, 843. 

Jakresber., 1861, 690. 

'^Ind. Eng. Ckem., 1924, 16, 1116. 
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RS RS 

RSH + ~ \o. -= '^SO, + H.0 


RS 


RS 


\a= 

/ 


RS 


( 2 ) 


(3) 


Bennet and Story concluded, from their study of the action of sulphuric 
acid on butyl mercaptan dissolved in gasoline, that not only was butyl disulphide 
and the corresponding sulphone (C 4 H 9 S*S 02 C 4 H 9 ) formed but also some 
elemental sulphur due to a side-reaction. 

During the refining of certain light petroleum distillates with sulphuric acid 
Birch and Norris*® observed that a small quantity of a substance was formed 
which was soluble in the distillate, insoluble in sulphuric acid, and corrosive to 
copper at the boiling point of the naphtha. The formation of this particular type 
of substance took place only when mercaptans were present in the untreated dis¬ 
tillate. An investigation of various organic sulphides led to the conclusion that 
trisulphides were the cause of this corrosion. Diethyl trisulphide, QHgSSSCjHg, 
synthesized from ethyl mercaptan and sulphur dichloride possessed the charac¬ 
teristic properties of the corrosive substance. Similar trisulphides were obtained 
by dissolving isobutyl or isoamyl mercaptans in naphtha and agitating with rock 
sulphur. Birch and Norris therefore consider that the formation of a poly¬ 
sulphide takes place, when sour crude distillates (i.e., distillates containing mer¬ 
captans) are treated with sulphuric acid, the reaction being represented by the 
equation: 

2RSH + 2S —H,S + RiS. 


Sweetening Reaction 

By sweetening is generally meant the oxidation of mercaptans which arc 
present in petroleum distillates, particularly gasoline and kerosene, to disulphides. 
One object of this process is improvement of odor, as the mercaptans, or at 
least those occurring in the petroleum distillates, possess very disagreeable odors, 
while the disulphides do not possess as unpleasant an odor and their presence in 
the distillates is not objectionable on this ground. Because, as previously men¬ 
tioned, mercaptans are corrosive compounds and also catalysts for gum-formation, 
sweetening is almost imperative as a corrective measure in the manufacture of 
gasoline and kerosene. Any process which involves the actual removal or extrac¬ 
tion of mercaptans, instead of their oxidation to disulphides, would, of course, 
yield a sweet oil. 

Sweetening is usually accomplished by agitating the sour distillate with 
lead oxide dissolved in sodium hydroxide solution and then adding sulphur 
to precipitate the lead. Various modifications of this method are possible: for 
example, mixing a sufficient volume of oil containing dissolved sulphur with the 
sour oil and then agitating the mixture with the doctor solution; or agitating the 
sour distillate with the doctor solution, separating the aqueous layer, and adding 

" Oil and Cos 1927. 27 (48). 162; Cham. Abs., 1927, 21, 2979. 

»Ind, Eng, Chem., 1929, 21, 1087. 
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a sufficient volume of oil containing dissolved sulphur to precipitate the lead.** 
Addition of solid sulphur to the sour oil after agitating with the doctor solution 
is also practiced. 

The usual explanation **• of the reactions which take place during sweetening 
are: (1) reaction of the sour oil with the plumbite or doctor solution to form lead 
mercaptides which dissolve in the oil, imparting to it a yellow color; and (2) the 
subsequent formation of lead sulphide and disulphides on the addition of sulphur. 
The lead sulphide is insoluble in the oil and after precipitating is removed. The 
equations for these reactions are: 

2RSH -f Na.PbO. == 2NaOH.+ Pb(SR). 

Pb(SR). + S = PbS + (RS). 

This same procedure, agitation of the oil with doctor solution followed by 
the addition of sulphur, is the basis for the weH-known doctor test.**** The forma¬ 
tion of a precipitate on the addition of sulphur indicates a sour oil, while failure 
to form any precipitate indicates a sweet oil. It is customary before applying 
the doctor test to remove any hydrogen sulphide which may be present. This is 
necessary as hydrogen sulphide reacts immediately with the doctor solution to 
yield a precipitate of lead sulphide, and therefore interferes with the doctor test. 
Samples of sweet gasolines which have been stored for some time occasionally 
test sour, because of the formation of peroxides which react with the doctor 
solution to yield the insoluble lead peroxide.** Even turpentine, which contains 
no sulphur compounds, after exposure to air has shown a positive doctor test, 
because of the peroxides present. In applying the doctor test to stored samples, 
peroxides should therefore be eliminate by washing with solutions of alkalies 
(see Chapter 39) or by some other means. 

While the reactions first mentioned are known to occur, there are other chemi¬ 
cal changes which take place and the sweetening process is therefore much more 
complicated than these indicate. Wendt and Diggs *^ have shown that not only 
are mercaptans converted to disulphides by the oxidizing action of sulphur on 
their lead salts, but that the lead sulphide formed during sweetening is itself an 
active sweetening agent because of its property of absorbing mercaptans, thereby 
promoting their reaction with the doctor solution. Other sulphur compounds 
are absorbed at the same time. Wendt and Diggs have also pointed out that some 
distillates, such as pressure distillates, contain enough free or elemental sulphur 
to react with the lead mercaptides formed during the sweetening operation, and 
the addition of sulphur to such an oil is unnecessary. 

Morrell and Faragher,** however, did not agree with this explanation of ^he 
use of lead sulphide. Instead they suggested that the lead sulphide is oxidized 
to lead sulphate by the air used for agitation, and that this lead sulphate then 
reacts with the sodium hydroxide to form sodium plumbite. From there on the 
usual sweetening reaction occurs. This they considered was indicated by the 
fact that a sample of sour commercial gasoline still gave a positive doctor test 

•"Chatfield, Nat. Pet. News, July 18, 1928, 56. Sturgis (Oil and Gas J., 1933, 31 (45), 54; 
Chem. Abs., 1933, 27. 3593) reports that gaseous hydrogen sulphide may be employed in place of 
elemental sulphur to precipitate the lead. 

For a resume of the theoretical principles involved as well as descriptions of hatch and con* 
tinuous processes of plumbite treatment, see Tlallett and Sowers, Petroleum Eng., 1930. 1 (8). 78: 
Chem. Abs., 1930, 24, 3892. ^ v, . . 

**** For a comparison of the doctor and silver nitrate tests for mercaptans in gasolines see Misuta, 
/. Sac. Chem. Ind. Japan, 1931, 34, 287; Chem. Abs., 1931, 25, 5976. The estimation of mercaptans 
by the silver nitrate method is described by Borgstrom and Reid, Ind. Eng. Chem., Anal. Ed., 1929, 
1, 186; see also Chaj^er 50. 

** Brooks, Ind. Eng. Chem., 1924, 16, 588. 

•*/«d. Eng. Chem., 1924, 16, 1113. 

“/nd. Eng. Chem., 1927, 19, 1045. 
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after 30 minutes agitation with air alone or in the presence of (1) sodium 
hydroxide, or (2) sodium hydroxide and lead sulphide. In the presence of lead 
sulphide, sulphur and sodium hydroxide (that is, all the ingredients required for 
sweetening) the sample was sweetened in 8 minutes and the alkaline solution 
then gave tests for a large proportion of sulphate ion. The reactions taking place 
can be represented in the following manner: 

PbS + 20, —PbS04 

PbSO* -f 4NaOH —>- Na.PbO, + Na.SO^ + 2H,0 
2RSH 4-Na.PbO, —2NaOH-f Pb(SR), * 

Pb(SR). + S —PbS-f(RS), 

Other sulphides, such as those of silver, copper, mercury, and nickel, can be 
used instead of lead sulphide. When air is blown into suspensions of these 
sulphides in caustic soda solution, all are converted to the corresponding hydrox¬ 
ides, except mercury, which forms the oxide. 

Lead sulphide as a sweetening reagent has been employed with distillates in 
which the mercaptan content is so high that doctor sweetening becomes practically 
prohibitive on account of expense. The oil is agitated with caustic soda solution, 
sulphur, and a relatively small quantity of lead sulphide by blowing air through 
the mixture. In this way the mercaptans are said to be converted into less volatile 
polysulphides which remain in the still on subsequent redistillation. The tempera¬ 
ture during redistillation* should not exceed 160® C., to prevent decomposition of the 
polysulphides. Other heavy metallic sulphides can be used in place of lead sulphide. 

Lachman,®* on the other hand, believed that the interpretations given by 
Wendt and Diggs and by Morrell and Faragher are correct, because of the fact 
that both of the side reactions take place simultaneously. (Tonfusion has arisen 
because gasolines are tested only to learn whether they are sweet or sour, and not 
quantitatively to determine how much mercaptan remains after each operation. 

In studying the action of air on mercaptans in the presence of sodium hydrox¬ 
ide, Lachman used a 315 cc. flask in which were placed definite volumes of sodium 
hydroxide solutions of various concentrations and of sour gasoline. This left a 
definite volume of air remaining in the flask, which contained sufficient oxygen 
for the complete oxidation of the mercaptans. The flask and its contents were 
agitated at 20® to 25® C. for a definite period of time and the mercaptan content 
of the gasoline was determined. Some of the results obtained are given in 
Table 92. 

These, and other results, clearly indicate that oxidation of mercaptans by air 
occurs in the presence of alkaline solutions. In some instances the mercaptans 

Table 92. — Effect of Air on Mercaptans in the Presence of Sodium Hydroxide, 

100 cc. of Gasoline; Mercaptan Content 0.0118M 


Sodium Hydroxide 

Air 

Time 

Mercaptan Oxidized 

Cc. 

Moles 

Cc. 

Hours 

Per Cent 

100 

2 

115 

1 hour 

68 

100 

2 

115 

2 “ 

72 

100 

2 

115 

4 “ 

95 

50 

2 

165 

1 “ 

53 

50 

2 

165 

5 “ 

92 

50 

2 

165 

7 “ 

96 


** Standard Oil Development Co., British Patent 270,626, 1926; Brit. Chem. Abs. B, 1927, 931. 
See also, Fischer and Addema, U. S. Patent 1,789,335, Jan. 20, 1931; assigned to Standard Oil 
Development Co.; Chem. Abs., 1931, 2S, 1373. Fischer, U. S. Patent 1,795,278, March 3, 1931; 
assigns to Standard Oil Development Co.; Brit. Chem. Abs. B, 1931, 1038. 

M/nd. Eng. Chem.. 1931. 23, 354. 
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were completely oxidized. The reactions taking place may be represented, accord¬ 
ing to Lachman, by the equations: 

2RSH + O. = RSSR + H,0, 

2RSH + H,0, = RSSR + H,0 

The second reaction takes place very rapidly, and would be completed almost as 
soon as the primary reaction. 

Lachman’s data further indicated that the mercaptide ion, not the mercaptan, 
is actually oxidized, and that the rate of oxidation is governed by. the speed of 
diffusion of atmospheric oxygen into the alkaljne layer. If the rate of oxidation 
is determined by the alkaline film and its oxygen content then this rate would be 
increased by increasing (1) the air pressure, (2) the area of the film by agita¬ 
tion, and (3) the surface of contact by the addition of finely divided solids. The 
second inference was verified by using very small quantities (1 cc.) of sodium 
hydroxide solution and agitating with sour gasoline in the presence of air as 
described above. The third inference was also verified by the addition of various 
catalysts, such as lead, cadmium, and zinc sulphides, barium sulphate and others, 
to the alkaline solution. The effects of such catalysts are shown in Table 93. 

Table 93 .—Effect of Catalysts on Rate of Oxidation of Mercaptans. 

100 cc. of Gasoline; Mercaptan 0.0118M; 25 cc. of 
2M NaOH -f Catalyst; Air Volume 190 cc. 


Mercaptan 

Oxidized 

Catalyst Mol. Time Per Cent 

Cadmium sulphide . 0.001 1 hour sweet 

Zinc sulphide . 0.001 1 “ 87 

Lead sulphide . 0.0005 15 minutes 994* 

Barium sulphate . 0.002 30 ** 58 

Sulphur . 0.03 10 “ sweet 

None . — 1 hour 43 


In other experiments it was found that lead sulphide was changed to lead 
oxide, and therefore one equivalent of litharge during the course of the reaction 
would react with more than two equivalents of mercaptans. Further, the presence 
of any sodium sulphide which might be formed during the sweetening process is 
detrimental only because in being converted to sodium thiosulphate it competes 
with the mercaptans for both free oxygen and sulphur. 

Neutral and Basic Lead Mercaptides 

Ott and Reid®* have found differences in the reactions between primary and 
secondary mercaptans with the doctor solution, and also in the subsequent reac¬ 
tions between the lead mercaptides thus formed and elemental sulphur. 

When solutions of mercaptans in benzene are agitated with sodium plumbite 
solution two reactions are possible, (1) formation of neutral lead mercaptide, 
and (2) formation of basic lead mercaptide. 

(1) Pb(OH).4-2RSH —Pb(SR),4-2H.O 

SR 

(2) Pb(OH), + RSH —Pb'^ +H,0 

M/ntf. Eng, Ckern,, 1930, 22, 878, 884 
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While both types of mercapticles are formed in all cases, the following gen¬ 
eralizations appear to hold; the primary mercaptans form principally neutral lead 
mercaptides, the secondary mercaptans tend to form large quantities of the basic 
lead mercaptides, and the more concentrated the sodium plumbite solution the 
greater is the quantity of basic lead mercaptides in both instances. 

The addition of sulphur to solutions of lead mercaptides does not, therefore, 
always lead to the formation of lead sulphide, as has been generally assumed. 
The addition of sulphur to solutions of neutral lead mercaptides usually results in 
the formatiqn of a precipitate consisting of a mixture of lead-sulphide and the 
neutral lead mercaptide. It was reported that in one instance lead disulphide 
was formed. Reactions whereby such products could be formed might be rep¬ 
resented in the following manner: 


Pb 


SR 

S-SR 

S—SR 

RS 

b/ 

/ 

/ 

\ 

+ S —>- Pb 

Pb 

+ 1 

\ 

\ 

\ 

/ 

SR 

SR 

SR 

SR RS 

S-SR 




Pb 


Pb 


\ 


+ 2S 




Pb 


SR 




S—SR 


Pb^ 

\ 


S 

- Pb^ %b 4- (RS), 

^R 

+ (RS). 


The addition of sulphur to solutions of basic lead mercaptides results in forma¬ 
tion of precipitates which analysis shows to be mixtures of lead sulphide, lead 
hydroxide and sulphur.®* In some instances—from the basic lead mercaptide of 
jer-butyl mercaptan, for example-compounds of the type PbjC 011)283 and 
Pb 2 ( 011)284 were obtained. The formation of such compounds may take place 
according to the following reactions: 


OH OH 

Pb'^ +S —Pb'^ 

\r SR 

OH HO 

Pb^ + '^Pb 

'^S-SR RS— 

OH HO 

Pb/ \b 

'^S-SR + RS-S-S^ 
OH HO 

Pb^ + '^Pb 

^S—S—SR RS—S—S^ 


OH 

Pb^ + 2S 

\r 


Pb/ 

\ 


OH 


S—S—SR 


OH HO 

Pb/ '^Pb + RS.SR 

\_s/ 

OH HO 

Pb/ '^Pb + RS.SR 

'"s-s-s/ 


OH HO 


Pb 


/ 


\ 


s-s-s 




b + RS.SR 


When solutions of lead mercaptides are exposed to the air fairly stable perox¬ 
ides of high, though varying, oxygen content are formed, which are insoluble 

** Duncan and Ott (J.A.C.S., 1932, S4, 4463) report that the basic lead derivatives of secondary 
butyl mercaptan (in benzene) react with sulphur to yield a mixture of basic lead itolysulphides. 
No definite compounds could be isolated. 
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in organic solvents.®^ They are also produced by the action of hydrogen peroxide 
on solutions of the mercaptides. From the lead mercaptide of ^^r-butyl mercaptan 
the peroxide, Pb(SC 4 H 9 ) 208 , was obtained. As all tests failed to indicate that 
any of the oxygen was attached to the lead it was assumed that the constitution 

O-O O-O 

of the compound could be represented by CHr—S—Pb—S—C 4 H.. Peroxides of 

d^oc^o 

smaller oxygen content were also obtained from this same lead mercaptide. Light 
appeared to accelerate the formation of the peroxides. 


Other Methods of Sweetening 

Instead of adding sulphur to the sour oil after agitation with the doctor 
solution Hunn suggested .the addition of low molecular weight disulphides such 
as methyl or propyl disulphide. On standing, the lead is precipitated and a sweet 
oil obtained. Analysis of the precipitate formed from methyl disulphide indicated 
it to be lead methyl mercaptide. 

For use in place of a solution of lead oxide Cannon and Gary ®® have suggestetl 
employing a solid reagent consisting of calcium hydroxide, lead oxide and sulphur. 
After mixing this reagent with the sour oil the mixture is filtered and a sweet 
oil obtained. The solid reagent, after the addition of sulphur, can be used again. 

A modification of this process consists in first adding a small quantity of 
sulphur to the gasoline and then treating it with a mixture consisting of sodium 
hydroxide, calcium hydroxide, lead oxide, diatomaceous earth, and enough water 
to form a coherent mass.^®® 

Brucite, or magnesium hydroxide, has been used as a sweetening agent. In 
this case elemental sulphur equivalent to that required for the oxidation of the 
mercaptans to disulphides is added to the sour distillate, and the distillate is then 
agitated with solid brucite.'®^ 

Other methods for sweetening petroleum distillates have been suggested. 
Lachman^®'* found that gasoline could be made sweet by agitating it wifh air 
in the presence of alkaline solutions containing finely divided carbon in suspension. 
Zurcher ^®^® passed hydrocarbon vapors at 400® to 600® C. through activated 
carbon, the velocity of the vapors being rapid enough to avoid cracking. 
MalisofiF^®^^ treated oils containing mercaptans with solutions of an alkali metal 
hydroxide in methyl alcohol, sufficient water being added to the alcoholic solution 
to render it immiscible with the oil. Black and McConnell ^®^‘* recommended 
aqueous solutions of alkalies with suspended manganese dioxide as contact agents. 
Exposure of sour distillates, after treatment with plumbite solution, to ultraviolet 


Ott and Reid, Ind. Eng. Chem., 1930, 22, 882. 

** U. S. Patent 1,786,246, Dec. 23, 1930; assigned to Standard Oil Development Co. 

••U. S. Patents 1,789,167 and 1,789,168, Jan. 13, 1931; Ckem. Ahs., 1931, 25, 1067; U. S. 
Patent 1,907,150, May 2, 1933; them. Abe., 1933, 27, 3600. Cannon, U. S. Patent 1,888,219, Nov. 
22, 1932; Chem. Abs., 1933, 27, 1502; British Patent 367,969, 1930; Chem. Abs., 1933, 27, 2294. 
All patents assigned to Cannon-Prutiman Treating Processes, Ltd. 

Cannon, u. S. Patent 1.798,784, March 31, 1931; assigned to Cannon>Prutzman Treating 
Process, Ltd. Cf. Hirt. U. S. Patent 1,910,288, May 23, 1933; them. Abe., 1933, 27, 4070. 

101 Gardner and Higgins, he. eit. 

U. S. Patent 1,890,516, Dec. 13, 1932; assigned to Richfield Oil Co. of California; Brit. Chem, 
Abs. B, 1933, 740. See also I. G. Farbenindustrie A.-G., French Patent 741,890, 1933; Chem. Abs., 
1933, 27. 3481. 

U. S. Patent 1,884,495, Oct. 25, 1933; assigned to Continental Oil Co.; Chem. Abs., 1933, 
27, 1158. 

Canadian Patent 333,899, 1933; assigned to Atlantic Refining Co.: CHem. Abs., 1933, 27, 4916. 
**** U. S. Patent 1,759,730, May 20, 1933; assigned to Richfield Oil Co. of California; them. Abs., 
1930, 24, 3638. 
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light results in the precipitation of the mercaptides.'®^* The oxidation of mcr- 
captans by air is accelerated by x-rays.^®^^ Solid sodium hydroxide has been used 
to give a negative doctor test to gasolines.^®** Moser ^®‘'' reported that a sweet 
but corrosive product was obtained when dry sodium hydroxide, or powdered 
sodium carbonate, and free sulphur were employed. The use of phosphorus 
pentoxide as a sweetening agent has also been proposed. ^®^* 

The use of hypochlorite solutions as sweetening agents in place of the doctor 
solution and sulphur has also been proposed. Thus Dunstan ^®® sweetened a sour 
distillate by first removing hydrogen sulphide and then treating with a dilute 
solution of hypochlorous acid. Later the product is refluxed with slacked lime to 
hydrolyze any chlorinated compounds which might have been formed. ' Birch 
and Norris,^®* however, used an alkaline hypochlorite solution for the sweetening 
operation with cracked distillates. With this reagent hydrogen sulphide is oxi¬ 
dized to elemental sulphur and a small proportion of sulphuric acid, sulphides are 
oxidized to neutral sulphones, and mercaptans first to disulphides and then to 
sulphonic acids. As the oxidizing effect of the hypochlorite solution decreases 
with increasing alkalinity it is possible to adjust the alkalinity so that mercaptans 
are oxidized only to disulphides. Oxidation of mercaptans is also effected by 
chlorous acid in the presence of hydrochloric acid.^®*» 

Demoulins and Garner ^®^ suggested the vapor-phase sweetening of petroleum 
distillates by treating the vapors with atomized hypochlorite solution. 


Copper Mercaptides 

Although the sweetening of sour oils is accomplished usually by the use of 
the sodium plumbite and sulphur, or some modification such as lead sulphide, 
caustic and air, or by the use of hypochlorite solutions, the employment of 
copper ^®® salts has also been suggested. To effect this reaction, the sour oil 
is agitated with a water solution of a cupric salt, usually cupric sulphate, to 
which enough ammonia has been added to form the blue solution of ammonio- 
cupric sulphate. Light yellow cupric mercaptides are formed which are soluble 
in the oil. Addition of sulphur then precipitates cupric sulphide, yielding a 
sweet oil.^®®* Von Fuchs suggested agitation of the sour distillate with finely 
divided copper or cuprous oxide in the presence of a trace of ammonia, hydrogen 
chloride or sulphur dioxide. 


Mtfrrell, U. S. Patent 1,904,382, Apr. 18, 1933; assigned to Universal Oil Products Co.; 
Chem. Abs., 1933, 27, 3601. 

Mekler, U. S. Patent 1,897,617, Feb. 14, 1933; assigned to Universal Oil Products Co.; Chem, 
Abs., 19.13, 27, 2797. 

Shumovski, Grosnenskii Neftyanik, 1932, 2 (No. 5-6), 59; Brit. Chem. Abs. B, 1933, 99. 
Petroleum Z., 1933, 29 (7), 5; Chem. Abs., 1933, 27, 3594. 

Malishev, U. S. Patent 1,914,953, June 20, 1933; assigned to Shell Development Co.; Chem. 
Abs.. 1933. 27. 4390. 

>«U. S. Patent 1,492.969, May 6. 1924; Chem. Abs., 1924, 18, 2072; British Patent 364,202, 1930; 
Brit. Chem. Abs. B, 1932, 249: British Patent 378,010, 1932; Chem. Abs., 1933, 27. 4067; all patents 
assigned to Anglo-Persian Oil Co., Ltd., Oil and Gas J., 1928, 27 (30), 138. See also Thole and Card, 
U. S. Patent 1,776,340, Sept. 23, 1930; assigned to Anglo*Persian Oil Co., Ltd.; Chem. Abs., 1930, 
24, 5476. 

^ R^ncr, 1928, 7, No. 7, 94; Chem. Abs., 1929, 23, 1742. See also Birch. Oil and Gas J., 
1929. 28. No. 1. 190: No. 2, 38; and Dunstan and Thole, Oil and Gas J.. 1929. 28, No. 1, 190. 

jMs Taylor, U. S. Patent 1,908,273, May 9, 1933; assigned to MathieSon Alkali Works; Chem. Abs., 
1933, 27. 3810. 

British Patent 216,918, 1923; J.S.C.T., 1924, 43, 665B. 

Ziser and Osmer. U. S. Patent 1,784.215. Dec. 9, 1930; assigned to Standard Oil Co. of 
California. Hounsell, Oil and Gas J., 1929, 27 (43), 31; Chem. Abs., 1929. 23. 3336. 

tosa ^ similar use of ammonio-eadmium nitrate or chloride, see Culmer, U. S. Patent 1,899.314, 
Feb. 28, 1933; assigned to Lincoln Oil Refining Co.; Chem. Abs., 1933, 27, 3066. Morrell (U. S. 
Patent 1,911,640. May 30, 1933; assigned to Universal Oil Products Co.; Chem. Abs., 1933, 27, 4067) 
suggested a mixture of a copper salt, an alkali metal hydroxide and a solid adsorbent as a sweetening 
agent. 

Petroleum Z., 1933, 29. 5; Chem. Abe., 1933, 27. 3592, 
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Duncan, Ott and Reid^®* have shown that when a dilute (0.3iV) aqueous 
solutipn of cupric acetate is agitated with a dilute solution of a mercaptan in 
benzene insoluble cuprous mercaptide is immediately formed. These cuprous 
mercaptides react slowly with sulphur to yield insoluble copper sulphide, the 
analysis of which indicated it to be cupric sulphide, but which from its formation 
should be cuprous sulphide. The reactions with copper acetate, therefore, may 
be represented by: 

2Cu(C,H,0,), + 4RSH —2CuSR -f 4HC,H,0, -f (RS)« 

. CuS 

2CuSR + 2S —2CuSR.SR —| + (RS), 

CuS 

The copper mercaptides obtained by the above method were all insoluble in 
water and in alcohol; those from normal mercaptans and from isopropyl and 
secondary butyl mercaptans were insoluble in ether and benzene, while the 
mercaptides from the higher secondary mercaptans were soluble. Light caused 
the derivatives of the secondary mercaptans to darken in color but did not affect 
those of the primary mercaptans. No basic copper mercaptides similar to the 
basic lead mercaptides were obtained. 

Cuprous mercaptides also react readily with carbon disulphide to yield reddish 
thiocarbonates, which are much more soluble in benzene-carbon disulphide mix¬ 
tures than the parent mercaptides are in benzene. The chemical properties of 
these thiocarbonates indicate very clearly that they are produced according to the 
reaction: 

CuS 

CuSR + CS. —>- \=S 

RS^ 

The benzene solutions of the cuprous derivatives of n-amyl and higher mer¬ 
captans often form jellies on standing, a change less likely to occur with the 
derivatives of secondary mercaptans. 


Adsorption of Mercaptans by Metallic Sulphides and Other Substances 

As pointed out above, lead sulphide appears to have the property of adsorbing 
mercaptans from sour gasolines. In addition to lead sulphide, other sulphides, 
such as those of copper, tin, cadmium and arsenic, have been shown to possess 
the same property.^®^ 

Slagle and Reid'®® have investigated the adsorption of normal mercaptans, 
ranging from methyl to nonyl, from benzene solutions by cupric sulphide and 
other adsorption agents. The sulphides of copper and other metals were found 
to be adsorbents for normal mercaptans, though the proportion of mercaptan 
adsorbed varied widely with the different sulphides. Cupric compounds in gen¬ 
eral were good adsorbents, basic cupric carbonate being the best. Some of the 
results of duplicate experiments made by these investigators, using 50 cc. of a 
solution of n-butyl mercaptan (corresponding to 0.5 per cent sulphur by weight) 
and 0.5 gram of adsorbent, are given in Table 94. 

>«/n<2. Eng. Chem., 1931, 23, 381. 

*•' Greer, Ind. Eng. Chem., 1929. 21. 1033. 

***Ind. Eng, Chem., 1932. 24, 448. 
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Table SM. — Removal of n~Butyl Mercaptan from Bensene, 


Adsorbent 


Basic cupric carbonate . 

Cupric hydroxide . 

Cupric sulphide . 

Copper (precipitated powder) 
Mercuric sulphide (black) ... 

Lead sulphide. 

Antimony sulphide (red) .... 

Cadmium sulphide . 

Barium hydroxide . 

Silica gel, activated . 

Antimony sulphide (black) .. 

Iron powder. 

Kieselguhr . 


Mercaptan Removed 
-Per Cent- 


99.8 


100 

99.8 


99.9 

65.0 


66.0 

50.1 


50.6 

28,4 


25.0 

25.8 


27.2 

13.3 

• 

14.5 

10.0 


10.0 

5.4 


5.4 

1.0 


1.1 

1.0 


0.0 

0.1 


0.4 

0.0 


0.0 


It was also determined that the percentage of mercaptan removed from solu¬ 
tion depended upon (1) the concentration of the mercaptan in solution, and 
(2) the proportion of cupric sulphide used. One surprising result was that a 
single treatment with cupric sulphide removed only slightly less mercaptan than 
when the same weight of sulphide was used but applied in four successive treat¬ 
ments. Later in the investigation it was found that a large portion of the primary 
mercaptans ‘'removed** had been converted to disulphides, which may offer an 
explanation of these results. 

In attempting to remove secondary mercaptans from solution by means of 
copper or cupric sulphide it was observed that a part of the copper was dissolved 
with the formation of cuprous mercaptides, and at the same time some disulphides 
were formed. This was especially true for secondary mercaptans containing 
five to eight carbon atoms per molecule. This reaction was noticed because of 
the change in color of the benzene solution, as the cuprous mercaptides from 
secondary mercaptans are soluble in that solvent. If the same reactions took 
place with normal mercaptans, the insoluble cuprous mercaptides would remain 
on the surface of the cupric sulphide without affecting the color of the benzene 
solution. 

Low^®® suggested the use of lead sulphide in the refining of gasoline. The 
liquid is passed through a bed of the finely ground, dried sulphide. The lead 
sulphide is regenerated intermittently by treating with aqueous solutions of an 
alkali sulphide and drying at 230® F. 


Effect of Other Reagents on Mercaptans 


The effect of solutions, or suspensions, of a number of metallic salts and 
oxides on mercaptans dissolved in naphtha has been investigated by Borgstrom, 
Deitz and Reid.“® The mercaptans used in this work varied from ethyl to amyl, 
and included both the primary and secondary. Copper acetate, mercuric acetate, 
and ammoniacal cupric sulphate all yielded sweet naphthas. With the first two 
salts there was actual removal of mercaptans from solution, while the last named 
effected oxidation of the mercaptan to disulphide.^^^ With reagents such as 


^U. S. Patent 1,777,619, Oct. 7, 1930; assigned to Richfield Oil Co. of California; Ckem. Abs., 
1930, 24, 6001. 

»*/nd. Eng. Ckem., 1930, 22, 245. 

**^The removal of mercaptans, or other sour sulphur compounds, from cracked distillates haa 
been described also by Gray, U. S. Patent 1,825,861, Oct. 6, 1931; assigned to Gray Process Corp.; 
Morrell, U. S. Patent 1,827,537, Oct. 13, 1931; assigned to Universal Oil Products Co.; Brit. Ckem, 
Ahs. B. 1932, 714. 
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mercuric oxide, copper oxide, and copper sulphate, which apparently form in¬ 
soluble mercaptides, variable results were obtained. The acetates of sodium, 
calcium, barium, cobalt, zinc and iron produced little or no effect. Bismuth 
nitrate solution exhibit^ a greater degree of reactivity which may have been 
due to the nitric acid required in the preparation of the solution. Both neutral 
and acid solutions of cadmium chloride produced slight decreases in the mercaptan 
content of the naphthas. Sodium zincate solution, corresponding to the sodium 
plumbite solution, reacted to a greater extent with the lower mercaptans than 
with the higher. Sodium hydroxide completely removed the lower-boiling 
mercaptans, but less completely the higher-boiling ones. Increasing the concen¬ 
tration of the alkaline solution did not increase the solubility of the mer¬ 
captans. 

In continuing the work with metallic salts a single sample of naphtha was 
used for making solutions of fourteen different mercaptans, normal and secondary 
from propyl to nonyl, and these solutions were treated with all the inorganic 
reagents which gave promise of a sweetening reaction.^'* The reagents were 
principally copper salts although three oxidizing agents, potassium permanganate, 
potassium dichromate, and potassium ferricyanide, were included. Of all the 
reagents only mercuric acetate yielded a sweet naphtha. 

The steam distillation of naphtha, containing mercaptans volatile with steam, 
in the absence or presence of caustic soda solutions, did not appreciably lower 
the mercaptan content. Solutions of cupric sulphate or cupric acetate reduce 
the mercaptan content in proportion to the quantity of the salt employed.^^‘ 

Various naphthas, having wide differences in boiling ranges and gravities, 
and to which mercaptans had been added, were steam distilled in the presence of 
solutions of copper salts alone or copper salts and sodium hydroxide.^^* Although 
some of the distillates were sweetened they still contained sulphur,—in some 
instances as much as 60. per cent of the added sulphur, part of which was in the 
form of disulphide. 

The use of various salts, particularly cupric sulphate, as refining agents was 
discussed by Kalichevsky and Stagner.^^® 


Recovery of Mercaptans from Petroleum Distillates 


As previously pointed out there are very few methods for the actual recovery 
of mercaptans as such from petroleum distillates. Washing the distillate with 
sodium hydroxide solution does not,extract all, as only part of the higher-boiling 
mercaptans are removed. Wendt suggested the use of an alcoholic solution 
of sodium plumbite as a means of removing mercaptans, while Vesselovsky and 
Kalichevsky used alcoholic solutions of sodium or potassium hydroxide. 

In recovering the mercaptides from the caustic soda solutions used in washing 
sour distillates, it is, of course, possible to liberate the free mercaptans by the 
addition of an acid. This method, however, also liberates hydrogen sulphide 
along with the mercaptans. Birch and Norris took advantage of the fact that 
the mercaptans are weaker acids than hydrogen sulphide and that their salts are 
more easily hydrolyzed to obtain the mercaptans, free of hydrogen sulphide, by 


Borgstrom, Ind. Eng. Chtm.. 1930, 22, 250. 

Borgstrom, Roseman and Reid, Ind. Eng. Ckem., 1930, 22, 248. 
iMBorgstrom and Me Intire, /nd. Eng. Chem^ 1930, 2^ 253. 

^ “Chemical Refining of Petroleum,^' The Chemical Catalog Co., Inc., 
>»U. S. Patent 1,658,505, Feb. 7, 1928; Chtm. Abs., 1928, 22, 1233. 
tiu Loc. eit. 

*”J.C.S., 1925. 127, 898. 


New York, 1933. 
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distillation of spent caustic soda solution. Along with the niercaptans disulphides 
also come over. 

On the distillation of the spent caustic soda solution, used in washing a frac¬ 
tion representing the first 36 per cent (by volume) of a Persian crude oil, a 
mixture of niercaptans and disulphides was obtained. By washing this mixture 
with potassium hydroxide solution separation of these two classes of compounds 
was effected. Acidifying the potassium hydroxide solution liberated the free 
crude mercaptans. These crude mercaptans consisted of 55 to 60 per cent iso¬ 
propyl mercaptan, 18 per cent isobutyl mercaptan, about 9 per cent of ethyl 
mercaptan, the intermediate fractions and a high-boiling residue accounting for 
the remainder. From the mixture of disulphides, obtained after separation of the 
mercaptans with potassium hydroxide, diethyl, diisopropyl and diisobutyl disul¬ 
phides were isolated. In order to show the presence of these disulphides in the 
corresponding fractions it was necessary first to reduce them to the mercaptans 
(by means of zinc dust and glacial acetic acid) and to identify these. 

As disulphides are insoluble in caustic soda solutions their presence along 
with mercaptans is explained in the following manner: The distillate used con¬ 
tained, in addition to mercaptans, both hydrogen sulphide and elemental sulphur. 
When this distillate was washed with caustic soda solution some sodium poly¬ 
sulphide was formed and remained in the aqueous layer, giving it a deep yellow 
color. On distillation of the spent caustic soila solution the sodium mercaptides 
reacted with the polysulphides to yield disulphides.^^® 

The reclaiming of spent sodium hydroxide solutions by removing the sulphur 
compounds in the form of mercaptans, mercaptals, sulphides or disulphides, has 
been described by Mendius.^'® This is accomplished by the countercurrent scrub¬ 
bing of the alkali solution with steam or with a dry sulphur-free gas. 

It is interesting to note that phenolic substances may be obtained from spent 
doctor solutions.^*®® On acidifying the alkaline liquid with hydrogen sulphide 
(or sulphuric acid), an oily layer separates. This is distilled and the fraction 
boiling between 180® and 270® C, is treated with a reducing agent (e.g., iron and 
sulphuric acid) to convert the disulphides present to mercaptans. The oily ma¬ 
terial is then separated (by distillation) into two fractions which boil at 180® to 
220® C. and 220® to 270® C,, respectively, and these are subsequently oxidized 
with air, to change any mercaptans remaining to disulphides. After oxidation the 
fractions are again subjected to fractional distillation and phenols, practically free 
of disulphides, are said to be obtained. 

Ferber^^® reported that the complete removal of sulphur compounds from 
the heavier distillates (transformer oils) can be effected by treatment with 
metallic sodium. The carbonaceous residue thus obtained, after acidifying wdth 
dilute hydrochloric acid followed by extraction with light petroleum ether and 
evaporation of the solvent, yielded a light yellow oil. This proved to be a mixture 
of disulphides from which, after reduction, aniyl, heptyl and octyl mercaptans 
were obtained. 


Disulphides 


While sulphur compounds of this type are known to exist in petroleum distil¬ 
lates, their actual isolation and utilization apparently have not been investigated, 
no doubt because they are very easily removed, together with other sulphur com- 


‘**For the reaction of sulphur and sodium ethylmercaptide, see Bottver. Ann.. 1884. 223. 348. 
For the reaction of alkalimercaptides and sodium polysulphides, see Holmberg, Ann,, 1908. 359. 81. 
Refiner, 1932. 11, 370. 

l^rry, Melvtll and Banks, British Patent 386,977, 1933; Chem. Abe., 1933. 27. 4665. 

“•i?. angew. Chem., 1928, 41, 680; Chem. Abe.. 1928, 22, 4237. 
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pounds, from the various distillates by treatment with sulphuric acid.^-^ As 
pointed out in the discussion of the sweetening reaction, these sulphur compounds 
possess less disagreeable odors than the corresponding mercaptans which conse¬ 
quently are converted to disulphides in order to improve the odor of the lower- 
filing distillates, such as gasoline or kerosene. 

The disulphides can, of course, be obtained from petroleum by indirect 
methods. For instance, Birch and Norris in the extraction of mercaptans from 
light sour distillates obtained not only mercaptans but also disulphides, the latter 
being formed in secondary reactions taking place when the distillate was washed 
with caustic soda solutions. The mercaptans so obtained could also have been 
oxidized in alkaline solutions to disulphides. Ferber also reported obtaining 
disulphides from the heavier distillates by the use of metallic sodium. 

The relation between disulphides and mercaptans has been repeatedly pointed 
out, the former being an oxidation product of the latter. Disulphides, too, may 
be easily reduced to mercaptans.These relations can be represented by: 

4RSH + Cb —^ 2H,0-|-2RS.SR 
RS.SR + H. —2RSH 

Wiezevich, Turner and FroHch reported that ethyl mercaptan, at about 
100® C., may be oxidized with air in th^ presence of iron, copper, iron sulphide 
or charcoal. Approximately 90 percent yields of ethyl disulphide are said to be 
obtained under these conditions. 

Using ethyl disulphide as an example, other typical reactions of disulphides 
are as follows: With dilute nitric acid this substance yields the compound 
CjHjSOg’SCjHo. On reduction with zinc and dilute sulphuric acid this sub¬ 
stance yields, first, the disulphide and, second, ethyl mercaptan. When dissolved 
in alcohol and reduced with zinc alone, zinc ethyl mercaptan and the zinc salt of 
ethylsulphuric acid are obtained: 


2 GH 5 S 0 ,SC.H. 4- 2Zn —(GH.S).Zn + (GH»SO,).Zn 

When dissolved in alcohol and treated with sulphur, particularly in the presence 
of ammonia, a tetrasulphide (€ 2115)254 is formed.^** 

The disulphides also react very slowly with alkyl halides, especially the iodides, 
to yield sulphonium compounds. A typical reaction would be: 


aHsSSGH. + C*HJ 


(C.H.).SI 


GH.S 


Such reactions are extremely slow but may be accelerated if carried out in the 
presence of mercuric iodide.^^® In this case, however, the free sulphonium iodide 
is not obtained but rather its double compound with mercuric iodide, as for 
example (C 2 Ha) 3 S 2 l* 2 Hgl 2 . 


Wood, Lowy and Faraghcr, Ind. Eng. Chem., J924, 16, 1116; Wood, Shecly and Trusty, 
Ind. Eng. Chem., 1926, 18, 169; Wright, J. Inst. Pet. Tech., 1929, 15, 214. 

»»Loc. cit. 

For the application of this reaction to the refining of gasoline-containing distillates, sec Morrell, 
U. S. Patent 1,920,270, Aug. 1, 1933; assigned to Universal Oil Products Co.; Chem. .4bs., 1933, 27. 
4918. Also French Patent >36,834, 1932; Chem. Abt., 1933, 27. 1499. 

»*Ind. Eng. Chem., 1933. 25. 295. 

*** Earlier workers considered that two oxidation products were obtained, a disulphoxide, 
CfHftSO • OSCfHs, and the ethyl ester of ethylthiosulphonic acid, CtUsSOt * SCtHn. The latter 
formula appears to be the more generally accepted. See Saisew and Lokaschweitz, Z. fUr Chemie. 
1868. 641; Pauly and Otto. Bet., 1878, 11. 2073; Hinsberg. Bet., 1908, 41, 2836, 4294; Smiles and 
Gibson, J.C.S.. 1924, 125. 176; Miller and Smiles. 1925. 127, 224. 

»»Holmberg. Bet., 1910, 43, 222. 

*** Hilditch and Smiles, J.C.S., 1907, 91, 1394. 
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As the disulphides possess boiling points much higher than the corresponding 
mercaptans and less disagreeable odors, there is the possibility of their use as sol¬ 
vents. Ethyl disulphide, for example, has been mentioned as a solvent for rubber, 
as well as for resins produced from xylenol and sulphur monochloride. 

Organic Sulphur Compounds 

In addition to the mercaptans which appear in the various distillates from 
petroleum crude oils, particularly from high sulphur crudes, a large number of 
different sulphur compounds have been isolated. The particular types of com¬ 
pounds differ with the locality from which the crude oil is obtained. Such an 
immense amount of work has been done on the isolation of these compounds, 
that it is only possible to give a very brief review of some of it.^®* 

Thioethers 

Mabery and Smith showed the presence of thioethers in petroleum in the 
following manner: The fraction of an Ohio crude oil boiling between 200° and 
300° C. was extracted with concentrated sulphuric acid and the acid extract 
neutralized with lead carbonate or calcium hydroxide. On evaporation a salt 
separated which was then mixed with water and steam-distilled. A light yellow 
oil was obtained, and the portion of this boiling between 80° and 190° C. was 
fractionated at 100 mm. The fraction boiling from 80° to 90° C. contained no 
sulphur compounds, but the other fractions yielded crystalline products on treat¬ 
ment with an alcoholic solution of mercuric chloride. Analyses of the mercury 
precipitates indicated the presence of ethyl, propyl and butyl sulphides. No 
thiophenes or mercaptans were detected. Charitschkoff also showed the pres¬ 
ence of thioethers in Grosny naphtha by means of mercuric chloride. By diluting 
the sludge obtained in the refining of Persian petroleum, removing the separated 
oil and then extracting the aqueous layer with chloroform, Thierry obtained 
an oil containing a large number of sulphur compounds. From the low-boiling 
fractions he was able to isolate methyl ethyl sulphide, and another compound 
which was either methyl propyl or methyl isopropyl sulphide. 

Chemical Properties of the Thioethers 

The property of thioethers of forming addition compounds with mercuric 
chlofide has served as a means of identifying some of the sulphur compounds 
in the sulphuric acid extract obtained in refining various crude petroleum oils. 
Other metallic halides, such as mercuric iodide, titanium tetrachloride and platinic 
chloride, react similarly. The thioethers, however, form addition compounds 
with other substances. For example, ethyl sulphide when heated at 150° C. in 
a sealed tube with sulphur yields a mixture of the di-, tri-, tetra-, and (possibly) 
penta-sulphides.^*2 Bromine also forms addition products, such as (C 2 H 5 ) 2 SBrj, 
which may be converted to the corresponding iodine derivatives by treatment with 
potassium iodide.^*® 

Wiexevich, Turner and Frolich, Jnd. Eng. Chern,, 1933. 25, 295. 

For bibliography of the sulphur compounds occurring in petroleum, shale and tar oils, see 
Borgstrom and Keid, Oil and Gas J., 1927, 26, 352. 

1889. 22, 3303; Chem. Soc. Abs., 1890, 58, 350. 

Russ. Phys.-Cktm. Soc., 1899, 31, 655; Chem. Soc. Abs., 1900, 78 (2). 147; see Engler-Hdfer. 
•^Das Erdol,” Verlag von S. Hirael. Leipaig, 1913, 1. 477. 

»^J.C.S.. 1925, 127, 2756. 

Hottger, Aun.. 1884, 323, 349. 

M*Ratl£c, Ann., 1869, 152, 214. 



SULPHUR IN PETROLEUM AND ITS DISTILLATES 


451 


This reaction with bromine has served as the basis for the estimation of 
thioethers in benzene, or other hydrocarbon solvent which is free of unsaturated 
hydrocarbons.^** The solution of thioether is treated with bromine water, the 
excess bromine removed by the addition of potassium iodide, and iodine liberated 
is reduced with sodium thiosulphate. Hydrogen bromide is then extracted from 
the benzene solution with water and titrated with a dilute (O.OSiV) alkaline solu¬ 
tion. The hydrogen bromide is formed as a result of the hydrolysis of the 
bromine addition product.^** The reactions involving the formation of this addi¬ 
tion product and its hydrolysis are: 

R*S Brj ' > RtSBra^ 

R.SBr,4-H.O —R.SO + 2HBr 

An interesting class of compounds, however, are those designated sulphonium 
(to show the analogy to ammonium compounds) and prepared by the interaction 
of the thioethers with alkyl iodides. To illustrate, methyl diethyl sulphonium 
iodide is formed when a mixture of ethyl sulphide and methyl iodide is allowed 
to stand for 2 to 3 days,^** thus: 

(C.HO.S + CHJ —CH.(GH0«SI 

The sulphonium compounds react with silver oxide and water to yield correspond¬ 
ing sulphonium hydroxides, which are strong bases and from which various salts 
may be prepared: 

(GH.),SI4-AgOH —Agl-h (C.Ho),S.OH 

Mild oxidizing agents, such as nitric acid of specific gravity 1.2, convert the 
thioethers to sulphoxides, and with more vigorous oxidizing agents the sulphone 
is obtained.^*^ It is also possible to oxidize the sulphoxide to the sulphone, thus: 

2(C,H.),S + 0. —^ 2(GH.),SO (sulphoxide) 

(C.H,),S + O, —^ (C,H»),SO, (sulphone) 

The sulphoxide is easily reduced with zinc and sulphuric acid to the thioether. 
Ethyl sulphoxide has been suggested as a plasticizer for pyroxylin.*®* 

Two general methods of synthesizing thioethers are: the interaction of (1) 
alkyl halides and potassium (or sodium) sulphide, and (2) alkyl halides and 
potassium (or sodium) niercaptides. The latter method is analogous to that 
employed to make ethers, and permits the preparation of mixed thioethers (that 
is, thioethers containing two different alkyl radicals) : 

(1) 2GH,CH-K.S —2KCI + (C,H,).S 

(2) CH.I + C,H.SNa —Nal + CH.SC,H, 

Sabatier and Mailhe *** reported that the passage of ethyl mercaptan over a 
cadmium sulphide catalyst at 320^ to 330^ C. resulted in the formation of ethyl 
sulphide and hydrogen sulphide. At a higher temperature (380® C.) ethylene 


*»«Sampey. Slagle and Reid. J.A.C.S., 1932. 54. 3401. 

»» Patein, BnlL soc, chim., 1888. (2) 50. 203; Ckem, Soc, Abs,, 1889, 56, 234. 

Klinger and Maasen, Ann., 1888, 243, 199. 

Saizew. Ann., 1867, 144, 154. Bechnunn, /. prakt. Chem., 1878. (2) 17, 452. For tlie prepara¬ 
tion of disulphones, see Stutz and Shriner, Jjt.CS., 1933, 55. 1242; and Gibson, J,A.C.S., 1933, 
55. 2611. 

Wiezevicb. Turner and Frolich, toe. cit, 

Compt. tend., 1910, ISO, 1569. 
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and hydrogen sulphide were the main products. Wiezevich, Turner and Frolich 
found that 45 to 55 per cent yields of thioethers were obtained from mercaptans 
at 350® C. when using a catalyst consisting of cadmium sulphide, zinc sulphide, 
and aluminum oxide. 

The thioethers, particularly those derived from low molecular weight paraffins, 
are liquids possessing boiling points lying between those of the corresponding 
mercaptans and disulphides. See Table 95. 

Table 95 .—Boiling Points of Sulphur Compounds. 

Mercaptan Thioether Disulphide 

• C. ® C. ® C. 


Methyl . 5.8 37.5->58 116-118 

Ethyl . 37 92-93 153-153.5 

n-Propyl . 67-68 141.5-142.5 192.5 

n-Butyl . 97-98 182 — 


A possible application of thioethers is as solvents for various materials. 
Wiezevich, Turner and Frolich have pointed out that these compounds dissolve 
rubber, as well as resins such as abietic acid, paracumaroii, petroleum resin, and 
m- and p-cresol-sulphur chloride resins, and that cellulose nitrate is soluble 
in mixtures of ethyl alcohol and ethyl sulphide or methyl alcohol and propyl 
sulphide. 

Thiophanes 

The thiophanes were isolated by Mabery and Quayle from fractions of a 
Canadian petroleum using an alcoholic solution of mercuric chloride. The lower 
members of the series formed crystalline precipitates while viscous or oily masses 
were obtained from the higher members. The thiophanes were obtained in the 
free state by treating the mercuric chloride derivatives with hydrogen sulphide. 
The general formula for this series is C,jH.jnS and hence they correspond to 
hydrothiophenes, thiophene having the formula C 4 H 4 S. They were therefore 
called thiophanes. 

The thiophanes isolated, and some of th.eir physical properties, are given in 
Table 96. 


Table 96 .—Physical Properties of Thiophanes Isolated from a Canadian Petroleum. 


Hexylthiophane 

Heptylthiophane 

Octylthiophane 

iso-Octylthiophane 

Nonylthiophane 

Decylthiophane 

Undecylthiophane 

Tetradecylthiophane 

H exadecylthiophane 

Octadecylthiophane 


C,H„S 

B.P.at 
50 mm. 
"C. 
55-57 

CtHuS 

74-76 

GH«S 

81-83 

ChH^S 

94-96 

C.HuS 

106-108 

CieHwS 

114-116 

C»,H«S 

128-130 

CuHuS 

168-170 

CMnS 

184-186 

CmHibS 

198-202 


Sp. Gr. 
(20-) 


0.8878 

1.468 

0.8929 

1.4860 

0.8937 

_ 

0.8997 

1.4746 

0.9074 

1.4766 

0.9147 

1.480 

0.9208 

1.4892 

0.9222 

1.4903 

0.9235 

1.4977 


These thiophanes are characterized by the ease with which they react. They 
are readily oxidized by potassium permanganate or by chromic acid to sulphones, 

»<•/«</. ling, Chcm,. 1933, 25, 295. 

Loc. cit. 

Ckem. J„ 1906, 35, 404; Chem. Soc. Abs., 1906, 90 (1), 394. 
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all of .which are thick heavy oils having high boiling points and specific gravities 
greater than that of water. They react with etliyl iodide to form addition com¬ 
pounds, • C 2 H 5 I. These latter compounds when warmed with silver oxide 

and water are converted to the corresponding hydroxides which show an alkaline 
reaction. The thiophanes also react violently with bromine with the evolution 
of hydrogen bromide in quantities equivalent to the bromine added. The chloro- 
platinates of the thiophanes are heavy, viscous oils. 

Thierry has isolated both tetramethylene sulphide and pentamethylene 
sulphide from the sludge obtained by treating Persian petroleum with sulphuric 
acid. 

While tetrahydrothiophene and the other thiophanes were not well known at' 
the time Mabery and Quayle reported their Existence in petroleum distillates, 
some of them (tetrahydrothiophene and pentamethylene sulphide) were later 
synthesized by von Braun and Triimpler.^*** Their method was to allow potas¬ 
sium sulphide to react with the dibromide.of the corresponding hydrocarbon. 
Pentamethylene sulphide, for example, was made from 1,5-dibromopentane and 
potassium sulphide, thus: 

CH.CH. 

BrCH.CH.CH,CH.CH.Br + K,S -2KBr + Cri^ '^S 


These thiophanes are liquids possessing very disagreeable odors. Tetrahydro¬ 
thiophene boils at 119° C., and pentamethylene sulphide at 141° C. 

In a similar manner Grischkevich-Trokhimovski has prepared thiophanes 
containing three, four, five and six carbon atoms in the nucleus. These thiophanes 
exhibit the general properties of organic sulphides, i.e., they form sulphones, 
sulphonium compounds, dibroniides (which are unstable), and addition products 
with mercuric chloride. 

The reactions of two thiophanes, tetramethylene and pentamethylene sulphides, 
were later investigated by Bost and Conn.^*® The solvents used in this work 
were n-heptane and three different naphthas. From both heptane and naphtha 
solutions these thiophanes yield crystalline precipitates with mercuric chloride;, 
oxidizing agents such as nitric acid, potassium permanganate, and hydrogen 
peroxide convert them to sulphones; methyl iodide reacts with them to yield the 
corresponding addition products; and bromine and mercuric iodide form unstable 
products with the thiophanes. Comparing the reactions of the thiophanes with 
those of ethyl sulphide and thiophene, under the same conditions, the indications 
are that the thiophanes more closely resemble alkyl sulphides than thiophene. 

The behavior of triniethylene sulphide in heptane and naphtha solutions was 
studied also.^^®*^ This thiophane gave stable derivatives with mercuric chloride 
and methyl iodide. Sulphones were obtained on treatment with potassium per¬ 
manganate or 30 per cent hydrogen peroxide. With bromine it yielded an orange- 
yellow precipitate, which was unstable, decomposing even at —15° C. Highly 
polymerized compounds resulted from the action of nitric or hydrochloric acid 
on trimethylene sulphide, which distinguishes it from tetra- and penta-methylene 
sulphides. Like these higher members, however, it resembles alkyl sulphides in 
chemical properties more than thiophene. 


J.C.S., 1925. 127, 2756. 

*** Ber., 1910. 43, 545. 

Russ. Phys. Chem. Soc., 1916, 48, 880, 901, 928, 944; Ckem. Abs., 1917, 11, 784, 785, 786. 
Ind. Eng. Chem., 1931, 23, 93; Brit. Ckem. Abs. A, 1931, 464. 

Boat and Conn, Ind, Eng, Ckem., 1933, 2S, 526. 
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Other Sulphur Compounds 

The presence of thiophene in petroleum oils has been reported by a number 
of workers. Edeleanu and Filiti found that certain Rumanian crude oils 
gave the characteristic thiophene reaction with isatin and sulphuric acid, and 
Meyer and Nahnsen^*® showed the presence of this same compound in the 
naphtha from some German crude oils. 

In its chemical properties thiophene, 


HC-CH 

h ! 


resembles benzene more closely than it does the aliphatic thioethers. For ex¬ 
ample, halogens react with it to yield substitution products rather than to saturate 
the double bonds or to add halogen to the sulphur. Formulas of representative 
compounds of this type are C 4 H 3 BrS and C^HjCl^S. Nitric acid and sulphuric 
acid react with thiophene to yield nitro-compounds and sulphonic acids, respec¬ 
tively. The reaction with mercuric chloride differs from the corresponding reac¬ 
tion of aliphatic thioethers and mercuric salts in that one chlorine atom is 
eliminated as hydrogen chloride and the mercury becomes attached to the thio¬ 
phene nucleus, thus: 


HC-CH HC-CH 

J + + J 

V Y 

According to McKittrick,^*® the HgQ radical enters the o or 2 position if 
that is unoccupied, otherwise the ^ or 3 position; the latter reaction is much 
slower than the former. Both types of derivatives are soluble in alcohol and 
other organic solvents. If both a positions are unoccupied, then a mixture of 
the a-mono- and a,a'-dimercuric chloride derivatives is formed. These dimercuric 
chloride compounds are extremely insoluble in all common organic solvents. 


Sulphur Compounds in Cracked Distillates 

The types of organic sulphur compounds thus far mentioned have been those 
occurring in crude petroleum oil or its distillates. Some of the same types, how¬ 
ever, have been found in the cracked distillates from petroleum oils. For ex¬ 
ample, Tomekichi Kan,^®® using a cracked distillate having a density of 0.834, 
an iodine number of 48.02, and a sulphur content of 1.15 per cent, found that on 
agitating this oil with an alcoholic solution of mercuric chloride the compounds, 
CaHeSHgQj and C 4 HioSHgCl 2 , were precipitated. Along with these substances 
similar compounds of their higher homologues and also polymerization products 
were obtained. Dudenko reported a pressure distillate (boiling range, 40° to 
231° C.) containing 0.005 per cent elemental sulphur, 0.01 per cent sulphur as 


B%ti, ioc, cMm., 1900, 23 (3), 382; Ckem. Soe. Abs,, 1900, 78 (2). 486. 
Hofer, “Das Erd6l,»* VerUg von S. Hinel, Uipag, 1913, 1. 472. 

*^Ber., 1885, 18, 217. 

Eng. Ckem., 1929, 21, 585. 

“•/. Soe. Chem. Ind. Ua^n), 1921 
^AMtfb. Noft- Khow., 1931, No. 6. 


1927, 30. 129. 

, 42; Chem. Abe., 1932, 26 , 289. 


Sec also Engler* 
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hydrogen sulphide, 0.004 per cent as mercaptans, 0.006 per cent as disulphides, 
0.003 per cent as thioethers and 0.038 per cent as other Sulphur compounds. 

Some information about the sulphur compounds occurring in a naphtha ob¬ 
tained by cracking the fuel oil from Midway (California) crude petroleum has 
been given by McKittrick.^'^® The sample of naphtha was subjected to a series 
of fractional extractions using, first, liquid sulphur dioxide at —^20® to —30® C.; 
second, aniline at —10® to —^20® C.; and finally ethylene glycol diacetate also at 
—10® to —20® C. From 212 liters of the original naphtha, having a specific 
gravity of 0786 at 15® C. and a sulphur content of 1 per cent, 13.6 liters of oil 
extract, having a specific gravity of 0.900 at IS® C. and 5.5 per cent sulphur, were 
obtained. This extract represented 40 per cent oif the total sulphur in the original 
distillate; of the rest, 25 per cent remained in the residual oil from the liquid 
sulphur dioxide treatment and 35 per cent in the various low sulphur fractions 
obtained on extraction with aniline or with ethylene glycol diacetate and which 
were discarded. The oil extract was distilled' up to 160® C. at atmospheric pres¬ 
sure and then the distillation completed at 120 mm. pressure, taking cuts every 
2.5® C. 

The sulphur compounds identified in these fractions were thiophene and its 
homologues. These were precipitated as the mercuric chloride derivatives by 
dissolving the different fractions in small quantities of alcohol and adding an 
aqueous solution of mercuric chloride, together with sodium acetate. The mer¬ 
cury derivatives were separated by their solubility in hot alcohol, and the sulphur 
compound liberated by decomposing these derivatives with 6N hydrochloric acid. 
The sulphur compounds thus isolated and identified were: thiophene, 2-methyl- 
and 3-methylthiophene, 2,3-dimethyIthiophene, 3,4-dimethylthiophene, 2-ethyl- 
and 3-ethylthiophene. All of these compounds were found in the fractions 
boiling below 160® C. at atmospheric pressure. 

McKittrick also attempted to isolate some of the sulphur compounds which 
were present in the sludge obtained by the low temperature acid treating of 
cracked naphtha. He isolated two compounds which appeared to contain eight and 
eleven carbon atoms, respectively, although their structures were not determined. 
Their chemical properties, however, were very similar to those of compounds 
isolated by Mabery and Quayle from the sludge formed in treating Canadian 
kerosene. 


Uses of Sulphur Compounds from Petroleum 

One use for the mineral oil products possessing a high sulphur content is as 
a denaturant for ethyl alcohol, under the trade name Alcotate, to replace methyl 
alcohol.**^^ The specifications for this product are as follows: Specific gravity 
at 15.5® C. must not be less than 0.850. Sulphur content must be not less than 

4.5 per cent. No added hydrogen sulphide, carbon disulphide or elementary 
sulphur is to be present. Upon distillation 20 per cent must distil over at 175® C., 
50 per cent at 195® C., and 90 per cent at 245® C. Alcotate must mix with an 
equal volume of 95 per cent alcohol and show no separation. The addition of 
8 cc. of water to 25 cc. of a 1.5 per cent solution of Alcotate in 95 per cent 
alcohol should produce no more turbidity than that shown by the addition of 

1.5 grams of chemically pure lead acetate to 25 cc. of water. 

Highly refined petroleum oils have been used as insecticides for certain insects 
on nearly every type of orchard crop. The oil emulsions used generally have an 
oil concentration of about 60 to 90 per cent and before application are diluted 

Petroleum Z.t March 18, 1931, Motoreubetreib und Masckinen-Schmierung, IS. Cf. Ind. Eu§, 
Ckem.» 1931. 23, 2. m* i 
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with water to the range from 075 to 5.0 per cent Oils containing a high ^r- 
centage of organic sulphur possess a high fungicidal as well as insecticidal 
value.^** 

A product called Cal-Odorani No. 3, developed by the Standard Oil Co. of 
California, is a mixture of hydrocarbons and sulphur compounds and is marketed 
for odorizing natural gas.^®® About 3 gallons of this odorant per million cubic 
feet of gas are required. This application of sulphur compounds is similar to the 
use of mercaptans in manufactured gas. Organic sulphur compounds, which are 
intended as odorants for the detection of gas leakage, can be prepared either by 
sulphonating hydrocarbons with sulphuric acid at 100° C. followed by cracking, 
or by cracking the waste acid obtained in the refining of cracked distillates.^®* 

The addition of a small proportion of carbon bisulphide, ethyl mercaptan or 
ethyl sulphide to a non-cutting oil in an oil well or pipe line to prevent accumula¬ 
tion of solid matter has been proposed.*** (By non-cutting oil is meant an oil 
which does not possess emulsifying powers.) These sulphides act as emulsifying 
agents and assist solid materials to be carried along by the oil stream rather than 
permitting them to deposit on the walls of the casing or in other places. 

Mixtures of sulphur compounds, such as n-propyl disulphide, methyl disulphide, 
benzyl sulphide or disulphide, carbon disulphide or thiocarbonates, with vegetable 
protein material have been proposed as adhesives.*®*^ The stabilization of chlo¬ 
rinated hydrocarbons, e.g., carbon tetrachloride, trichloroethylene or tetrachloro- 
ethylene, with a small proportion of butyl mercaptan is suggested by Stewart 
and DePree.*®*** 

Thermal Decomposition of Sulphur Compounds 

Some information regarding the thermal decomposition in the vapor phase of 
sulphur compounds of the types representative of those present in petroleum has 
been given by Faragher, Morrell and Comay.*®® These workers investigated the 
decomposition of pure compounds both alone and dissolved in petroleum oils. 
Most of their investigations wese carried out at 496° C. (925° F.), which is 
within the temperature range used industrially for the cracking of petroleum oils. 

The pure compounds, or their solutions in naphtha, were allowed to flow 
directly into a reaction tube, where they were flashed into a vapor. The average 
temperature of the tube was 496° C. The products of decomposition were passed 
through a condenser, and both the liquid condensate and the uncondensed gases 
analyzed. 

Disulphides, such as the ethyl, n-propyl, and isoamyl, yielded hydrogen sul¬ 
phide, mercaptans, thioethers and thiophene or its derivatives, together with some 
saturated and unsaturated gaseous hydrocarbons. From ethyl sulphide only 
hydrogen sulphide, mercaptans and the hydrocarbon gases were obtained, while 
isoamyl sulphide yielded the same products together with some thiophene deriva¬ 
tives and a small quantity of hydrogen (about 0.5 per cent) in the gases. Lsoamyl 
mercaptan yielded elemental sulphur, a large quantity of hydrogen sulphide, a 
tarry residue, and hydrocarbon gases, no sulphides or thiophene derivatives being 
detected. 

Isoamyl disulphide, n-propyl sulphide, and isoamyl sulphide were dissolved 

‘“DcOnif, Ittd. Ung, Ckcm., 1930, 22, 836; C*<w. Abs., 1930, 24, 4888. 

Holtz, Cas^Age Record, 1930, 66, 341; Chem. Abs., 1930, 24. 5977. 

Piotrowski and Winkler, Gas i fVodOj 1931, 11, 307; Ckem. Abs,, 1932, 26, 2575. 

26 2047^ Groote, U. S. Patent 1,844,883. Feb. 9, 1933; as.tigned to Trctolite Co.; Chem. Abs., 1932, 

German Patent 532,325, 1927; Chem. Abs., 1932, 26, 267; British Patent 298,511. 
1927; Chtm. Abs.. 1929, 23, 3061. 

S. Patent 1,917,073, July 4, 1933; assigned to Dow Chemical Co.; Chem. Abs., 1933, 27, 4539. 

Eng. Chem., 1928, 20, 527. 
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in a naphtha, obtained from Pennsylvania crude petroleum, and the vapors of 
these solutions passed through the reaction tube at 496® C. The main products 
of the reaction appeared to be elemental sulphur, hydrogen sulphide, and mer- 
captans. Substitution of elemental sulphur for the sulphur compounds yielded 
hydrogen sulphide as the only reaction product. The heat treatment of a naphtha 
solution of thiophene, at either 496® C. or 871® C. failed to show any thermal 
decomposition of this substance, though there was some loss of naphtha due to 
cracking at the latter temperature. 

The thermal decomposition of aliphatic mercaptans dissolved in various soI> 
vents was investigated by Malisoff and Marks.^®^ The solvents used were 
benzene, a mixture of n-heptane with 2,2,4-trimetHylpentane, and a stable straight- 
run gasoline (end point about 150® C.) which was practically free of sulphur. 
The mercaptans used were n-propyl, n- and iso-butyl, n- and iso-amyl, and benzyl 
mercaptan. The temperatures varied over a range from about 300® to 475® C. 
The percentage decomposition increased with increasing temperatures, and also 
with increased time of passage of the gases through the heated zone. Branched- 
chain mercaptans were less stable than the corresponding straight-chain isomers, 
though only markedly so at the higher temperatures (particularly around 
475® C.). Benzyl mercaptan was less stable than any of the lower aliphatic 
mercaptans. The solvent also appeared to exert some influence as benzene, com¬ 
pared to the straight-run naphtha, promoted decomposition, particularly of n-amyl 
mercaptan. The decomposition of this latter mercaptan was depressed by the 
addition of carbon dioxide or hydrogen. All the mercaptans on decomposition 
yielded hydrogen sulphide and an olefin. 

Butyl sulphide dissolved in benzene (0.025 to ®.3 molar solutions) was sub¬ 
jected to temperatures of 400° to 515° C. by Malisoff and Marks,'®^* the period 
of heating varying from 5 to 55 seconds. The products of the reaction were 
hydrogen sulphide and mercaptans. No decomposition occurred at 400® C., 
moderate decomposition at 500® C., and at 515® C. with 30 seconds exposure only 
20 per cent conversion of the sulphide was obtained. In the presence of a large 
proportion of hydrogen sulphide, thiophene and free sulphur were formed in 
addition to the products mentioned. The reaction is not unimolecular and is 
catalyzed by glass surfaces or by aluminum oxide. Comparison of the rates of 
decomposition in benzene and in n-heptane solutions indicated benzene probably 
accelerated the reaction and that n-heptane may be an inhibitor. Butyl sulphide 
appeared to be more stable than the corresponding mercaptan. 

Trenner and Taylor ^®^^ reported that the thermal decomposition of ethyl 
mercaptan or sulphide, at 380® to 410® C. under 50 to 440 mm. pressure, yielded 
hydrogen sulphide, ethylene and polysulphides. An intermediate product, boiling 
at 48® to 49.5® C. and possibly a dimercaptan (C,,H 5 SH=SHC 2 Ha), was isolated 
in both instances. 

In studying the cracking of a high sulphur (3.6 per cent) gas oil, particularly 
with reference to the formation of carbon disulphide, Holtz *®® observed that no 
carbon disulphide was obtained at 649® C., a small quantity at 732° C., and at 
982® C. a large quantity of this material was formed. When a sulphur-free oil 
was cracked at about 850° C. in the presence of a gas containing hydrogen 
sulphide, no carbon disulphide was formed unless the hydrogen sulphide was 
present in large proportions. Even in the absence of carbon disulphide forma- 

Iiid. ling. Chcm., 1931, 23, 1114; Brit. Chcm. Abs. ▲, 1931, 1393. 

Jnd. Eng. Chcm., 1933, 25, 780. 
wj. Chcm. rhys., 1933. 1, 77; Chcm. Abs., 1933, 27, 1809. 

1931. 10. 16; Brit. Chem. Abs. B. 1931, 428. See also Holts and Huff. Ind. Eng. 
Chcm., 1927, 19, 1268; and Proe. Am. Cas Assoc., 1927, 1431; Chcm. Abs., 1928, 22. 4770. 
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tion, a large disappearance of hydrogen sulphide during the cracking operation 
was noted. Furthermore, on passing hydrogen sulphide over sugar charcoal at 
850® C., neither hydrogen sulphide nor carbon disulphide could be discovered at 
first in the exit gas; after a time, a gradually increasing quantity of hydrogen 
sulphide could be detected; and finally, after a still further time interval carbon 
disulphide was found among the reaction products. The charcoal at the end of 
the experiment contained 2.8 per cent sulphur. 

These phenomena are attributed to the formation of a solid carbon-sulphur 
complex. It is suggested that the surfaces of carbon when exposed at the tempera¬ 
tures used in gas-making to gases containing sulphur, first absorb sulphur from 
these gases, which aids in the further decomposition of sulphur compounds. The 
ability to absorb sulphur gradually decreases and a degree of saturation is 
approached before carbon disulphide is evolved. Although sulphur appears to 
resemble oxygen in forming a complex with carbon no exact analogue of carbon 
monoxide was isolated. 

Rosen and Lieber described a process for the conversion of organic sulphur 
compounds to hydrogen sulphide by passing the gases over a catalyst consisting 
of ferrous sulphide and a promoter, the latter being an oxide or sulphide of the 
metals of Groups III or VI of the Periodic System. The temperatures employed 
varied from 337® to 482® C. 

Effect of Refining Agents on Sulphur Compounds 

The literature dealing with the refining of petroleum distillates, particularly 
those distillates containing a high percentage of sulphur compounds, is volu¬ 
minous. No attempt is made here to review such a vast field exhaustively, but 
rather to indicate some of the fundamental physical and chemical properties of 
the sulphur compounds which are the bases for such methods. 

Solvent extraction of sulphur compounds is the most common procedure 
for their removal, and sulphuric acid is apparently the best solvent.^®® In addi¬ 
tion to its action as a solvent this acid also exerts other effects, for example, its 
oxidizing action on mercaptans. The disadvantages connected with its use, par¬ 
ticularly with cracked distillates, are that it either polymerizes the unsaturated 
hydrocarbons or reacts with them to form alkylsulphuric acids. Refining at low 
temperatures, 3° C. or lower, has been suggested as a means of overcoming these 
latter two effects.^®^ Gary recommended sulphur trioxide dissolved in liquid 
carbon dioxide. 

Petroleum oils, possessing a high-sul]^ur content, are reported to be sub¬ 
stantially desulphurized by liquid ammonia.^®^** The oil is mixed with liquid 
anhydrous ammonia (under pressure) in the presence of catalysts, e.g., metallic 
sodium, potassium, calcium or barium. Some of the ammonia is converted to 
ammonium sulphide, or complex ammonium sulphur compounds, which may be re¬ 
covered from the oil by extraction with water or by heating the oil with ammonia 
vapor and steam. Oxidation of the ammonium compounds yields ammonium sul- 

British Patent 391,660, 1933; assigned to Standard Oil Development Co.: Chem. Abs.. 1933, 
27, 4910. Also French Patent 741,372, 1932; Chfm. Abj., 1933, 27, 2742. 

Wood, Lowy and Faragher, Jnd. Eng, Chem., 1924, 16, 1116. Wood, Sheely and Trusty, 
Ind. ling, Chem., 1926, 18, 169. Youta and Perkins, Ind, Eng. Chem., 1927, 19, 1247. 

‘••Woodward (Ind. Eng. Chem., 1929, 21, 1233) records an investigation in which sixty-one 
different organic solvents were employed for this purpose. None of these, however, are apparently 
equal to sulphuric acid as an extracting agent. 

Davis. Hampton and Klemgard, U. S. Patent 1,705,809, March 19, 1929; Chem. Abe., 1929, 
23. 2290. See also Davis and Hampton, U. S. Patent 1,869,885, Aug. 2, 1932; assigned to Standard 
Oil Co. of California; Chem. Abs., 1932, 26, 5413. 

‘"•U. S. Patent 1,893,138, Jan. 3, 1933; Chem. Abt., 1933, 27, 2291. 

*«>» Clancy, U. S. Patents 1,423,710. 1.423.711 and 1,423.712, July 25, 1922; Chem. Abs., 1922, 
16^ 3202; Canadian Patents 215,380, 215,386 and 215,387, 1922; Chem. Abe., 1922, 16, 1148. 
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phate. The latter may be obtained directly by treating the oil with liquid ammonia 
and ozone or ammonium persulphate. 

A large number of solid adsorption agents have been proposed for the removal 
of sulphur compounds.^®* Included among these are: fuller's earth, silica gel,*** 
aluminum oxide, aluminum chloride, and mercuric chloride or acetate. Holmes *•* 
reported that metallic sulphides disseminated throughout '‘red gels" (made by 
mixing dilute solutions of ferric chloride and sodium silicate) are good adsorbents 
for sulphur compounds of the thiophene type. Of the sulphides investigated, 
cupric sulphide appeared to be the best. 

Oxidizing agents have been suggested as reagents for removing sulphur com¬ 
pounds. The reactions probably involved are the oxidation of thiocthers to 
sulphones, which are soluble and can be removed by washing with water, and 
of other sulphur compounds, such as mercaptans, to sulphonic acids, removed by 
washing with an alkaline solution. Thus, using pentamethylene sulphide as an 
example of the thiophanes, Bergstrom, Bost and Meintire*** have shown that 
when dissolved in naphtha it is almost completely removed by refluxing with 
permanganate solution, or by washing with sodium hypochlorite solution. Other 
oxidizing agents which have been proposed are oxygen, ozone, or ozonized 
oxygen.*®* 

Wood, Lowy and Faragher *®* observed that solutions of sodium hypochlorite 
convert mercaptans to disulphides, but have little effect on other types of sulphur, 
compounds. Birch and Norris,*®** however, reported that alkyl sulphides are con¬ 
verted to sulphones by sodium hypochlorite solutions, and as the sulphones are 
soluble in water (solubility, of course, varies with the molecular weight) this 
permits extraction of sulphu’r compounds. Wood, Greene and Provine *®** also 
observed the desulphurizing effect of hypochlorite solutions on naphtha containing 
various sulphur compounds. This effect was dependent on the type and molecular 
weight of the sulphur compound, the degree of alkalinity of the hypochlorite 
solutions, the quantity of available chlorine, and the time and intensity of agita¬ 
tion of the hypochlorite solution and naphtha. All investigators are agreed that 
thiophene is not removed by hypochlorite solutions. 

In the Frasch *®® process, high sulphur oils are heated with copper oxide, or 
a mixture of copper and lead oxides. Probably the sulphur compounds are not 
only oxidized by these metallic oxides with the formation of the corresponding 
metallic sulphides, but in addition the mercaptans react with these oxides to yield 
mercaptides, which decompose on heating to thioethers and metallic sulphides. 
The reactions with lead oxide, for example, may be represented as: 

PbO”|-2RSH —Pb(SR),-fH,0 
Pb(SR). —R,S + PbS 

Wood. Sheety and Trustv, loc. cit, Youta and Perkins, loc. cii, Borgstrom and Mclntire, 
/lid. hng. Chem., 1931, 23, 321. The use of metallic chlorides was described by Halloran. Chappell 
and Osmer, U. S. Patent 1,872,446, Aug. 16, 1932; assigned to Standard Oil Co. of California; Brit, 
Chem. Abs. B, 1933, 61S. 

»*• Tschufarow and Litovtschenkp (/, Chem. Ind., Moscow, 1931, 8, 65; Brit. Chem. Abs. B. 
1931, .S24) have reported that this substance removes only mercaptans. More effective sulphur 
remoy.nl is soured by a combination of treating with sulphuric acid and with silica gel. - 

U. S. Patent 1,882,146, Oct. 11, 1932; Chem. Abs., 1933, 27, 593, See also Holmes, Elder and 
Beeman, J. Phys. Chem., 1932, 26. 2981; Chem. Abs., 1933, 27, 1491. 

/lid. ling. Chem.. 1930, 22. 87. 

Jlru 2 .nc, British Patent 346,152, 1929; assigned to M. Mercurio; Chem. Abs., 1932, 26, 589. 
I'or desulphurization of brown-coal tar distillates with ozone, see Mnneek, Braunkohtenarch., 1933, 
No. 40. 53; Chem. Abs., 1933. 27. 4907. 

Loc. cit. 

^”*J.C.S., 1925, 125. 1934. 

'^fnd. ling. Chem.. 1926, 18. 823. 

_ S. Patents 543,619, July 30, 1895, and 622,799, April 11, 1899. Additional auRgestions of 

Frasch are reviewed in Kalichevsky and Stagner, **Chemical Refining of Petroleum,** Chemical Catalog 
York, 1933, 264, and in Rngler-Hofer. “Das Er^,** Verlag von S. Hirael, Leipzig, 
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With some petroleums, a mixture of 70 per cent copper oxide, 15 per cent lead 
oxide, and 15 per cent iron oxide yields better results.^^® Also, passing the vapors 
of the petroleum distillate, togetlier with steam, over iron ore effects a reduction 
of sulphur of over 8(f per cent, accompanied by the evolution of large quantities 
of hydrogen sulphide. At the same time considerable cracking of the distillate 
takes place, and the pores of the contact mass become filled with carbon which 
can be only partially removed by steam. The use of a mixture of iron and 
copper oxides (obtained on burning pyrites of iron and copper) in a similar 
manner is described by Blagodorov.'^^ Cross has suggest desulphurizing 
and degumming the hydrocarbons produced by cracking by passing them, either 
in the liquid or vapor phase, first through a bed of a metal (or its oxide) and 
then through a bed of adsorbent clay, such as bentonite. 

Kogerman reported that metals, such as nickel or copper, are not satis¬ 
factory for the vapor-phase desulphurization of Esthonian sHale-oil distillates. 
An effective procedure is the hydrogenation of such distillates at temperatures of 
300® to 400® C., and at pressures of 900 to 1000 atmospheres. Guthke re¬ 
moved sulphur compounds from hydrocarbons by treatment with hydrogen at 
100® to 300® C. in the presence of a metallic sulphide (nickel or molybdenum 
sulphide) and an activator, e.g., cobalt or chromium oxide. The applied pressure 
was less than that required for hydrogenation of the hydrocarbons. Pease, 
Keighton and Munro^^*** partially eliminated thiophene from benzene by hydro¬ 
genation at atmospheric pressure in the presence of mixed catalysts consisting of 
cobalt or chromium oxide or sulphide and molybdenum oxide or sulphide. 

A method suggested for the elimination of sulphur compounds from indus¬ 
trial gases is scrubbing With an alcoholic solution of sodium hydroxide. In 
another procedure mixtures of hydrocarbon gases, or vapors, are desulphurized *•** 
by conducting them over a thorium or thorium oxide catalyst at a temperature 
of about 650® C. Promoters can be used, such as magnesium oxide, lead oxide, 
copper or nickel. In such a process the sulphur-containing substances are con¬ 
verted to hydrogen sulphide, which is then removed from the gaseous mixture. 
The catalytic mass is regenerated by air, steam or hydrogen.^ 

Lachman has described a vapor-phase process for the removal of sulphur 
compounds in which the vapors of gasoline, or other petroleum distillates, are 
passed countercurrent to a concentrated solution of a metallic salt at temperatures 
ranging from 200° to 260® C. An example of such a reagent is an 80 per cent 
solution of zinc chloride to which 0.5 to 3.0 per cent zinc hydroxide has been 
added. To prevent evaporation or concentration of the solution steam or water 
may be added to tlie hydrocarbon vapors. Salts of other metals, such as those 
of cadmium, mercury, iron, cobalt, nickel, chromium, copper, manganese and 
aluminum, may be employed. Kubulnek has reported that this method of 

*”Postovsky and Plyusnin, Neft. Khoa., 1930, 19, 561; Brit. Chem. Abs. B. 1931, 1034. 

Russian Patent 27,431, 1931; Chcm. Abs., 1933, 27. 2291. 

U. S. Patent 1,840,158, Jan. 5, 1932; assigned to Cross Development Corp.; Brit. Chcm. Abs. B, 

1932, 971. CJ. Gary, Canadian Patent 328,684, 1932; assigned to Minerals Increment Co.; Chem. .4bs., 

1933, 27. IIM. 

‘”J. inst. Fuel, 1932. S, 278; Chem. Abs., 1932, 26, 5740. 

U. S. Patent 1,897,798, Feb. 14, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1933, 27, 2691. 

Euf^. Chem., 1933, 25, 1012. 

For a dtscusHion of desulphurising petroleum distillates by hydrogenation see Ellis, “Hydro¬ 
genation of Organic Sub.stances.“ T)« Van Nostrand Co.. New York. 1930. 

»”A1 and Moser, U. S. Patent 1,819,055, Aug. 18, 1931; Chem. Abs., 1931. 25, 5753; and 
German Patent 535,848, 1929; Chem. Abs., 1932, 26, 1046. Both patents a.ssigned to Tiataafsche 
Petroleum MaatschappiJ. Also Dutch Patent 22,257, 1930; Chem. Acs., 1930, 24. 5087. 

S. Patents 1,790,622, Jan. 27. 1931; 1,809,170, June 9, 1931; 1.826,138, 1,826,139, 
1,826.140, 1.826.H1, 1.826.143. 1.826,143, 1.826,144. 1,826.145, 1.826.146. 1,826,147, Oct. 6. 

1931; all assigned to Richfield Oil Co. of California; Chem. Abs., 1932, 26, 589. Also Richfield Oil 
Co. of California, Rriti^ Patent 353,055, 1930; Brit. Chem. Abs. B, 1931. 915. 

Neft. KkoM., 1932, 22, 104, 175; Brit. Chem. Abs. B. 1932, 968, 969. 
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treatment removes sulphur compounds which are rendered inactive by the doctor 
treatment, but which are reactivated under conditions existing in an internal- 
combustion engine and cause corrosion. He also pointed out the advisability 
of washing the petroleum distillate with 5 per cent sodium hydroxide solution 
before subjecting it to the Lachman process. Heating petroleum oils, under 
pressure, in the presence of m^llic chlorides, particularly titanium chloride, 
is said to convert the stable sulphur compounds into sulphur derivatives which 
may be eliminated with sodium plumbite solution.^^^^ Pretreatment with ferric 
chloride, to remove oxygenated compounds, was recommended.' 

Vaporizing petroleum hydrocarbons and subjecting them to the action of 
ultraviolet light in the absence of oxidizing gases but in the presence of a porous 
contact mass in which sulphur-containing condensation products are precipi¬ 
tated, is another proposed m6thod.^’^** EgloflF recommended the desulphuriza¬ 
tion of cracked hydrocarbon vapors with ozone in the presence of a silent electric 
discharge. 

Reactions of Sulphur Compounds with Metals 

Reactions with metals have been studied by Elgin, Wilder and Taylor as 
a means for the removal of sulphur compounds from both straight-run and 
cracked naphthas. Two metals were employed, a reduced nickel oxide supported 
on kieselguhr, and a reduced iron catalyst containing potassium and aluminum 
oxides as promoters, which had been used for the synthesis of ammonia. Ad¬ 
sorption of sulphur compounds in the liquid i^ase was accomplished by agitating 
the naphtha with different weights of nickel. The amount of sulphur removed 
was proportional to the quantity of contact agent up to about 45 grams of nickel 
per 100 cc. of naphtha. From this point on, increasing the proportion of nickel 
gave only slightly greater sulphur removal, and under none of the conditions 
studied was complete removal of sulphur possible. Filtration of the naphthas 
through a column packed with the nickel yielded no better results than were 
obtained by agitation. A higher percentage of sulphur compounds, as shown in 
Table 97, was removed from cracked naphtha than from straight-run naphtha. 

Table 97 .—Maximum Sulphur Adsorbed by Nickel from Liquid. 


Sulphur Content Sulphur 

Naphtha Initial Final Adsorbed 

-Per Cent- 

Straight Run No. 1 . 0.410 0.210 46.0 

Straight Run No. 2 . 0.278 0.165 40.7 

Cracked No. 3 . 0.357 0.157 56.0 


Nickel appears to adsorb certain sulphur constituents selectively from the 
naphthas, the quantity adsorbed being different for naphthas from different 
sources. For example, the mercaptans were completely removed from the cracked 
naphtha used but not from the straight-run naphthas. Sulphur compounds other 
than mercaptans were adsorbed in all cases. The adsorption appears to be irre¬ 
versible, as no sulphur was removed by extraction of the used contact mass with 
sulphur-free naphtha. Reduced iron was very much less effective than reduced 
nickel. 

Compagnie des mines de Vicoigne Noeux et Drocourt, French Patent 40,543, 1930; Chem. Abs., 
1933, 27. 1500: addition to French Patent 691,118. 1929; Chem. Abs.. 1931. 25, 1068. 

Magnus. German Patent 500,718, 1927; Chem. Abs.. 1930, 24, 4928. 

U. S. Patent 1,803,964, May 5, 1931; assigned to Universal Oil Products Co.; Brit. Chem. 
Abs. B. 1932. 92. 

Eng. Chem , 1930, 22, 1284. 
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For the vapor-phase removal of sulphur compounds the vapors of the dif¬ 
ferent naphthas were passed over, the metals at 300® C., and the sulphur content 
of the condensed vapor determined at regular intervals. Sulphur removal was 
pronounced at first, but diminished until a steady state was reached, in which 
the reduction of sulphur was constant. The volume of naphtlia vapor treated 
by the adsorbent before this steady state was attained, the percentage reduction 
of sulphur during this state, and the kinds of sulphur compounds removed ap¬ 
peared to depend upon the particular naphtha treated. All mercaptans, however, 
seemed to be removed. Sulphur is eliminated from distillates by this vapor-phase 
treatment in the form of hydrogen sulphide. 

Redistillation of the naphthas treated in this way over fresh samples of the 
metals resulted in only very slight reduction of sulphur content. A third treat¬ 
ment did not further reduce the sulphur content. When hydrogen was added 
to the naphtha vapors (1 volume of hydrogen to 3.7 of vapor), a greater reduc¬ 
tion of sulphur content was obtained, although the characteristics of the catalyst 
remained the same. Reduced iron, which is very effective in the synthesis of 
ammonia, was much less so than nickel for vapor-phase removal of sulphur. 

Elgin,in studying the adsorption of pure compounds from naphtha solu¬ 
tions by reduced nickel oxide, observed that mercaptans were removed to a 
larger extent than either alkyl sulphides or thiophene. 

In the vapor-phase treatment of such naphtha solutions, with a nickel ad¬ 
sorbent (such as that described by Elgin, Wilder and Taylor) which had reached 
the steady state, alkyl mercaptans and sulphides seem to undergo a reaction 
evolving hydrogen sulphide, and the mercaptans seem to be more readily removed 
than the sulphides. Thiophene was not affected unless hydrogen was added to 
the naphtha vapors. Using a sulphur-free catalyst, thiophene sulphur can be 
remov^, but the catalyst rapidly loses its activity. 

Another proposed method is to heat the petroleum distillate in contact with 
precipitated, reduced copper, and then to filter off the excess copper and copper 
sulphide,^®® Sulphur compounds are removed as sulphides by subjecting the 
distillates to the action of tin, aluminum, copper, magnesium or their lower oxides 
followed by treatment with sodium zincate.^®®* 


Sulphur Compounds in Shale Oil 


In discussing the sulphur compounds found in petroleum and its distillates, 
it is of interest to include a brief reference to those present in shale and shale oil. 

Harding and Thordarson ^®^ have studied the distribution of sulphur in Ameri¬ 
can (Colorado) oil shale. As a line of demarkation between coal and shale has 
never been sharply drawn, they used the methods of analysis which were in 
principle those employed by Parr and Powell ^®® in their analyses of coal, and 
found the particular shale studied to contain: 

Per Cent 

Total sulphur .. 1.373 

Sulphate sulphur . 0.0865 

Sulphide sulphur . 0.6375 

Organic sulidiur... 0.649 


Eng. Chem., 1930, 22, 1290. 

Feld. British Patent 332,910, 1929: assigned to Stadtberger Hiitte A.-G.; Chcm. Abs., 1931, 2S, 
521. CJ. Dittrich. Btvnnstoff-Chtm., 1933, 14. 283; Brit. Chem. Abs. B. 1933, 819. 

Benxol'VerDand G.fn.b.H., German Patent 570,876, 1933; Chem. Abs., 1933, 27, 4388. 

^Jnd. Eng. Chem., 1926, It. 731. 

•"Univ. Illinois Exp. Sta. Bull., 1919, 111. 
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After extracting the shale with phenol its sulphur content was 1.368 per cent, 
indicating only 0.005 per cent resinic sulphur, a negligible quantity. The humus 
sulphur content, the difference between organic and resinic sulphur, was 0.644 
per cent. Practically all of the sulphide sulphur was present as pyrites, marcasite, 
or both. 

The portion of Kimmeridge shale oil volatile with steam, amounting to about 
30 per cent of the crude oil, was investigated by Challenger, Haslam and Bram- 
hall.^®* This fraction was treated successively with hydrochloric acid (1:3), 
sodium hydroxide (10 per cent), and a saturated solution of sodium, hydrogen sul¬ 
phite. These removed amines, phenols and kernes, respectively. The purified 
product was then dried and distilled first at atmospheric pressure (to a tempera¬ 
ture of 180® C.) and then under vacuum (27 mm. pressure). Various fractions 
obtained during the distillation were investigated to identify sulphur compounds 
present. Table 98 shows the boiling ranges of the various fractions and the 
sulphur compound isolated from each. 

Table 98 .—Sulphur Compounds Isolated from Shale Oil Fractions. 


B.P., ® C. Sulphur Compound Found 

75-93 . Thiophene 

109-117. 2-Methylthiophene 

134-138 . 2-£thylthiophene and 2,3-dimethylthiophene 

158-167 . A thiophene derivative, either propyl, methyl- 

ethyl or trimethyl 


Dodonov and Soshestvenskahave shown that thiophene, 2-thiotolene, and 
2,3-thioxene occur in the 170® to 180® C. fraction from Russian shale oil. The 
isolation of such compounds must be preceded by a very careful and tedious 
fractionation of an appropriate portion of the oil. 

Inst. Pet, Tech., 1926, 12, 106; Ckcm. Abs., 1926, 20, 3560. See also Challenger, J.S.C.L, 
1929. 48, 622. 

1926, 59B, 2202; Chem. Abs., 1927, 21. 490. 







Chapter 20 

Reactions of Olefins with Halogens. Olefin Dihalides 
and Their Derivatives 


The olefin hydrocarbons as a class, and also all compounds possessing an 
olefinic linkage in their molecules, are characterized by their power of forming 
addition compounds with numerous chemical reagents. This characteristic dis¬ 
tinguishes them from the paraffin hydrocarbons which are capable of forming 
substitution derivatives only, i.e., compounds in which one or more hydrogen 
atoms of the paraffin are replaced by other atoms or groups of atoms. The 
direct combination of the olefin hydrocarbons with halogens to yield, initially, 
dihalogen derivatives of the corresponding paraffin (or olefin dihalides), in which 
the two halogen atoms are attached to adjacent carbon atoms is an example of 
this power. The constitution of the olefin dihalides may be expressed in the 
general formula 

R, X X R, 

v/ ^R. 

where X is a halogen atom and Ri, Rj, R 3 , and R 4 are hydrogen atoms or 
alkyl groups. It has been known for over a century that ethylene possessed this 
important property which has since been found to be a general reaction of the 
unsaturated hydrocarbons as a class. The reaction between monolefins and halo¬ 
gens is most vigorous in the case of bromine, chlorine comes second, and iodine 
reacts more slowly. It also appears to be a rule that the rate of halogenation 
of the simple monolefins increases with increasing molecular weight up to a 
maximum and then probably decreases, though constitutional influences play an 
important role.^ In a few cases the combination of olefin with halogens is 
extremely slow because of steric hindrance. In actual practice, moreover, though 
the addition of halogens to olefins occurs rapidly, substitution also takes place 
to some extent with the production of polyhalogen compounds. This is especially 
true when the olefin contains reactive hydrogen atoms, readily replaceable. 

The power of unsaturated hydrocarbons of directly combining with halogens 
is the basis of a number of important methods for estimating these hydrocarbons 
more especially in mixtures with other substances, e.g., in cracked gasoline. The 
halogens generally used for this purpose are bromine and iodine, the amount of 
halogen absorbed by the olefin being determined under standard conditions. The 
Hanus * method employs iodine while the McIIhiney« and Francis * methods are 
based on combination with bromine. The bromine is obtained by treating a 


r«rtfv”y‘TShy£5e'dlr““iti«l'^' on the ndditivo 

1899, ai, 1084. 


•/ifrf. Eng, Chem., 1926, 18, 821. 
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bromide-bromate solution with dilute sulphuric acid. It is liberated slowly and 
absorbed by the olefin as fast as it is formed, thus avoiding substitution. Though 
these methods are excellent in their way, they all have certain disadvantages, 
among which may be mentioned the following:* 

(1) Frequently the theoretical absorption is not attained. 

(2) The absorption depends upon the concentration of the reactants, upon the par¬ 
ticular olefins under examination, and upon the time of reaction. 

(3) Substitution reactions are exceedingly difficult to eliminate entirely. 

Although a vast amount of work has been carried out on the preparation and 
properties of olefin halides, the quantity of really fundamental research on the 
mechanism of the process is surprisingly small. 

According to Plotnikov^ the union of ethylene and bromine to form the 
dibromide occurs instantaneously and completely at ordinary temperatures and 
the reaction only slackens to a measurable velocity at —100° C., at which tem¬ 
perature the reaction (in petroleum ether solution) was found to be of the 
second order. Stewart and Edlund,^ on the other hand, found the combination 
of bromine (mixed with air) and ethylene in the gaseous state was slow at 
0° C. though approximately 10 times as fast as the vapor-phase combination of 
ethylene and chlorine mixed with dry air at 17° C. In both instances the reac¬ 
tion was considered as being mainly a surface phenomenon,^ which took place 
principally on the walls of the container. A very thorough examination of the 
relative rates of bromination of the olefins, particularly in carbon tetrachloride 
solution, has been made by Davis,® whose work has helped to clarify our ideas 
in this field. This investigator found that the rate of combination of ethyl¬ 
ene and bromine in carbon tetrachloride in the dark depended greatly upon the 
quantity of moisture present in solution. When the reagents were very care¬ 
fully dried the dark reaction was very slow, the second order reaction coefficient 
K being as low as 0.006 at 25° C. Bright light enormously increased the rate 
of bromination in dry carbon tetrachloride, while, remarkable to relate, the rate 
of bromination increased progressively as the temperature was reduced from 
25° to 0° C. The plienomenal increase in the rate of reaction with the decrease 
in temperature was attributed to the reaction proceeding through the agency of 
a bromine hydrate and not by direct combination of ethylene and bromine. This 
hypothesis also explained the importance of small amounts of moisture in this 
reaction. Just as with ethylene, the bromination of propylene (dark reaction) 
in dry carbon tetrachloride was considerably faster at 0° C. than at 25° C., 
though, on the other hand, temperature changes seemed to have little influence 
on the rates of bromination of trimethylethylene and di-isobutylene. Davis studied 
the rate of bromination (dark reaction) of various olefins in dry carbon tetra¬ 
chloride at 25° C. In Table 99 are given the lowest values obtained for the 
velocity coefficient K; the relative values are to be regarded as only qualitative. 


Table 99. — I’elocity Coefficient of Bromination of Various Olefins, 


Olefin 

K 

Olefin 

K 

Ethylene . 

.... 0.006 

Butene-2 \ 

.... 60.0 

Propylene . 

.... 0.2 

Isobutene/. 

Butene-1 . 

.... 2.0 

Trimethylethylene ... 
Di-isobutene. 

.... 250.0 
.... 20.0 


“ Howes, J. Inxt. Pet, Tech,. 1929, IS. 101. 

* “Allgemeine Photochemie,*’ W. deGruyter and Co., Berlin, 1920. 

^ J.A.C.S., 1923, 4S, 1014. See also Stewart and Fowler, J.A.C.S.^ 1926, 48, 1187. 

• Stewart and Fowler, J.A.C.S., 1926, 48, 1187. 

•J.A.C.S., 1928, SO, 2769. 
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It will thus be seen that ethylene brotninates at the slowest rate^® while, of 
the olefins examined, trimethylethylene displayed the greatest reaction velocity. 
The reactivity of the simple monolefins thus appears to be at a maximum 
with the pentenes and their immediate homologues. A comparison of the rates 
of bromination of olefins in dry carbon tetrachloride in the dark and also when 
exposed to light showed that in the light the rates of reaction tend to show less 
divergency than in the dark. This interesting fact is brought out by the figures 
in Table 100, given by Davis, for the reaction coefficients, K, for ethylene, propyl¬ 
ene, and di-isobutylene in the dark and the light, respectively. - 

Table Velocity Coefficient of BromincUion of Ethylene, Propylene 
and Di-isobutylene, 

K Dark Reaction K Light Reaction 

Values Ratios Values Ratios 


Ethylene . 0.01 12 1 

Propylene. 0.2 20 2.5 L.'l 

Di-isobutylene . 20.0 2000 40.0 20.0 


Nomenclature of Halogenated Derivatives of Hydrocarbons 

In the naming of addition products of unsaturated hydrocarbons some ques¬ 
tions concerning their designation may arise. For example, dichloroethylene 
(C1HC=CHC1) may be easily confused with ethylene dichloride (ClHaC.CHjQ). 
The former is an unsaturated compound, whereas the latter is completely sat¬ 
urated. In names such as ‘‘acetylene dichloride'* the compound is less unsaturated 
than the hydrocarbon used for its designation. It does not contain an acety¬ 
lene triple bond. The exact unsaturation of the compound is indicated more 
clearly by its other name, “dichloroethylene," which shows that it contains only 
a double bond. The naming of the halogenated compounds by means of the 
unsaturated hydrocarbon from which they are derived serves to emphasize their 
origin. Although to the chemist ethylene dichloride and 1,2-dichloroethane are 
the same material and both designations are equally acceptable, nevertheless, the 
name “ethylene dichloride" has been used to designate the compound made from 
ethylene by addition of chlorine, and “1,2-dichloroethane” to mean that made by 
substitution of chlorine for hydrogen atoms in ethane. Such distinctions are 
purely arbitrary, however. As the series of hydrocarbons is ascended and the 
structures of the derivatives become more complex, the halogen compounds can 
only be designated as derivatives of the hydrocarbon, preceded by a prefix indi¬ 
cating the nature and number of the halogen atonis.^®* To avoid any confusion 
which may result Table 101 gives the known chlorinated products of the Q 
and Cj hydrocarbons,^®** from which the higher derivatives can be designated by 
analogy. 


The Ethylene Dihalides and Their Derivatives 

Although ethylene reacts less rapidly with halogens than its immediate homo¬ 
logues, good yields of the dichloride and the dibromide may be readily obtained. 
These substances, especially the former, are assuming a position of some indus- 


>®This » in afirreement with the results of Sulda and Wesely (Z. anal, Chem,, 1924, 64, 147) 
who sute that ethylene reacts the slowest of the simple olefins toward bromine water. 

. Report of the Commission on the Reform of the Nomenclature 

of Organic Chemistry ” J,A.C.S., 1933, 5S, 3914; Bernthsen Sudborough, “Textbook of Organic 
Chemistry,*' D. Van Nostrand Co.. Inc., New York, 1923, 58. 

M^Some of these derivatives are discussed in later chapters (28, 29, and 30). 
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Table 101.— Chlorinated Products of the Ct and Ct Hydrocarbons. 



Chemical 

Other 

Physical Properties ■ 

Formula 

Names 

Names 

M.P. 

B.P. 

D*j; 




•c. 

•c. 



Chlorinated Products of Ct-Hydrocarbons 



CHsCl 

Chloromethane 

Methyl chloride 

-97.6 • 

-23.7 

0.920 (*j:) 

CH.CI* 

Dichloro- 

Methylene chloride 

-96.7 

40.1 

1,336 


methane 





CHCU 

Trichloro- 

Methenyl chloride, 

-63.5 

61.2 

1.489 


methane 

Chloroform, Formyl 
trichloride 




ecu 

Tetrachloro- 

Carbon tetrachloride. 

-23.0 

76.8 

1.595 

methane 

‘Tetra,** “Benzinoform,** 
Perchloromethane 






Chlorinated Products of CrHydrocarbons 



CHuCH,Cl 

Chloroethane 

Ethyl chloride. 
Hydrochloric ether. 

00 

1 

12.2 

0.910 

CHaCHCl. 

1,1-Dichloro- 

Ethylidene chloride 

-96.7 

57.3 

1.174 

CH,Cl. CH.CI 

ethane 

1,2-Dichloro- 

Ethylene dichloride, 

-35.3 

83.7 

1.257 

ethane 

Ethylene chloride, Oil 
of the Dutch chemists 





CH,.CCU 

1,1,1-Trichloro- 

Methylchloroform 


74.1 

1.334 


ethane 





CH,a.CHCl, 

1,1,2-Trichloro- 

Trichlorocthanc 

-36.7 

113.5 

1.443 


ethane 





CH,C1.CCU 

1,1,1,2-Tetra- 

Tetrachloroethane 


130.5 

1.588 


chloroethane 





CHCU.CHCU 

1,1,2,2-Tetra- 

Acetylene tetrachloride. 

-43.8 

146.3 

1.600 


chloroethane 

“Acetosol,'* “Boro- 
form,” “Ccllon” 




CHCU.CCU 

1,1,2,2,2-Peiita- 

Pentachloroethane 

-29.0 

162 

1.709 (;:) 


chloroethane 




ecu. ecu 

1,1,1.2,2,2- 

Perchloroethane, 

185 

185 



Hexachloro- 

Carbon hexachloride. 





ethane 

^rbon trichloride, 




H,C=CHC1 

Chloroethcne 

Chloroethylene, 

Vinyl chloride 


-15 


H,c=ca, 

1,1-Dichloro- 

asym.- or a,a- 
Dichloroethylene 

50 




ethene 


37 


C1HC==CHC1 

1,2-Dichloro- 

sym.-ora,B- K,-, 


48.4 

1.265 (*j: 
1.291 (»»; 


ethene 

Dichloroethylene, ^ - 

Acetylene dichloridej 

60.3 

C1HC=<CU 

1,2,2-Trichloro- 

Trichloroethylene, 

-86.4 

88 

1.477 


ethene 

“Chlorylene,” “Wes- 
^ trosol,” “Tri” 




CUC==CCU 

' 1,1,2,2-Tctra- 

Tetrachloroethylene, 

-22.4 

120.8 

1.623 


chloroethene 

Perchloroethylene, 
Carbon dichloride, 
“Westron” 




HCsCCl 

Chloroethync 

Chloroacetylene 




ClCsCCl 

Dichloroethync 

Dichloroacetylene 

-50 




* Values principally from '‘International Critical Tables,’* National Research Conncil. McGraw*Hill 
Rook Co., Inc., New York, 1926; and Beilstein, ‘’Handbuch der orgaaischen Chemie.^* J. Springer, 
Berlin, 1918. 
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trial importance. Iodine reacts slowly with ethylene in direct sunlight at about 
60° C.,“ but this reaction docs not as yet appear of technical interest. The 
fluorine derivatives of the lower olefins have been little investigated and offer 
a very promising field of research. 


Ethylene Dichloride (1,2-Dichloroethane) 


Ethylene dichloride, ClCHo CHjG, is a heavy colorless liquid with a chloro- 
form-like odor and having the following physical characteristics:—boiling point 
83.5° C. at 760 mm.; freezing point —^36° C.; d®J 1.2569; dj 1.2824; n®® 1.444; 
viscosity at 25° C., 0.78 centipoises; vapor pressure at 20° C. 61.6 mm.; specific 
heat at 30° C. 0.3054 calories per gram; surface tension at 25° C, 37.5 dynes 
per sq. cm.; closed cup flash point, 58° F.; apparent ignition temperature 'in air, 
499° C.; latent heat of evaporation at 82.2° C, 77.34 calories per gram.^* .• 

Ethylene dichloride is practically insoluble in water, sparingly soluble fo alco¬ 
hol and ether, and miscible with ethereal oils, fats, and mineral oils generally. 
It is one of the most stable of the commonly available chlorinated hydrocarbons 
and may be handled in the presence of water at its boiling point without danger 
of corrosion to metal apparatus. Besides its stability to hot water it is also 
resistant to oxidation. Although ethylene dichloride will burn, this substance 
is on the border line between inflammable and non-inflammable solvents and 
ethylene dichloride flames are readily extinguished. Its lower explosive limit in 
air is 6.2 per cent compared with 1.4 per cent for benzene and about 1.5 per 
cent for ordinary gasoline.*^ Exposure to light is said to promote decomposition 
and hydrolysis but the addition of 1 or 2 per cent of alcohol increases its 
stability. 

Ethylene dichloride was first prepared about 1795 by four Dutch chemists, 
Delman, Bondt, van Troostwyk, and Lauwerenburgh,^® by the action of chlorine 
on ethylene, hence this substance became known under the name of “Dutch 
Liquid.” Since that time this compound has been the subject of a number of 
academic investigations but it was not available in quantity and at low price until 
about 1927. In. order to prepare this material cheaply, an abundant and cheap 
supply of both chlorine and ethylene (the latter, for example, from vapor-phase 
cracking of petroleum) is essential. 

The scientific work carried out on the chlorination of ethylene indicates that 
combination in the dry state and in the vapor phase at ordinary temperatures 
only occurs slowly.'^ The reaction may apparently be speeded up by working 
in the liquid phase, by the use of catalysts, by employing a solvent, or by using 
higher temperatures, but it is very difficult to limit the reaction to direct addi¬ 
tion since substitution also occurs readily especially at higher temperatures. 
Doroganevskaja has indicated that gaseous chlorine and ethylene do not com¬ 
bine in the absence of a catalyst. In glass vessels reaction takes place due to 
the catalytic effect of the glass itself, and the reaction can be further accelerated 
by the addition of ethylene dichloride. Under the proper conditions, such as 
concentration or velocity of the gases, yields of ethylene dichloride as high as 
93.6 per cent can be obtained. Moreover, the addition reaction is highly exo- 


“ Faraday, Annals of Philosophy, 1820, 18, 118; Reynault, Ann. chitn., 1835, 2, 59; Ann, chitn. 
phys., 1835, 59, 367. 

“ Fife and Reid, Ind. Eng. Chem., 1930, 22, 513. 

^ Crells Annalen, 179^ 2, 200. 

**See Gersdnrff, “A Bibliography of Ethylene Dichloride,” U. S. Dept. Agriculture, Mise. Publ. 
117, 19.32. The properties, technology and value of dichloroethane are also reviewed by Zimakov, 
/. Chem, Ind. {Moscow), 1932, No. 6. 36; Chem. Abs., 1932, 26. 5290. 

»/. Chem. Ind. Russia, 1931. 8, 857; Brii. Chem. Abs. B, 1931. 962. 
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thermic and the heat liberated in this process, unless rapidly absorbed, tends to 
promote substitution reactions. Thus Sraythe found that ethylene and chlorine 
reacted very readily in the presence of calcium chloride as catalyst, so much 
heat beingr generated that the apparatus had to be cooled during the operation. 
The chlorinated product contained about 50 per cent of ethylene dichloride, 25 
per cent of trichloroethane, and 25 per cent of higher-boiling products, probably 
polyhalogenated derivatives. 

According to the observations of Stewart and Smith,^^ under certain cir¬ 
cumstances the vapor-phase combination of chlorine with ethylene leads to a 
quantitative formation of ethylene dichloride while, under other conditions, only 
1,2,2-trichlorocthane and hydrogen chloride are formed. The substitution reac¬ 
tion is induced by the addition reaction, the heat of formation of ethylene dichlo¬ 
ride being utilized to promote the formation of trichloroethane. In the absence 
of moisture and light the reactions are autocatalytic, while the presence of oxygen 
inhibits the utilization of the reaction energy to promote substitution, i.e., sup¬ 
presses the substitution reaction. Nitrogen and moisture have little effect. Bahr 
and Zieler have observed that, in the absence of catalysts, ethylene dichloride 
is formed from ethylene and chlorine in 90 per cent yield at —20® to —30® C. 
Lower temperatures do not increase the yield, while at higher temperatures the 
yield is decreased. Trichloroethane is formed in increasing amount with rising 
temperature and constitutes the main product at ordinary temperatures. The 
amount of tetrachloroethane formed, though always small, increases with rising 
temperature. According to Bahr and Zieler, the higher chlorinated products are 
not produced by subsequent action of chlorine on ethylene dichloride but by 
direct action of chlorine on ethylene. The course of the reaction was found to 
depend mainly on the temperature and not on the relative proportions of the 
reactants. 

A number of processes dealing with the production of ethylene dichloride 
from ethylene and chlorine have been developed; in many of these, however, it 
is possible that the products are contaminated to some extent by higher chlorinated 
substances. 

Tinker^® made olefin dichlorides by passing cracking gas, chlorine, and a 
cold inert liquid (e.g., ethylene dichloride) through a reaction tower. The prod¬ 
ucts pass to a condenser which removes the olefin dihalides, leaving a gas con¬ 
sisting mainly of paraffins. Vapor-phase chlorination of gaseous olefins to produce 
olefin dichlorides at 50® to 150° C. in the absence of steam or water and in 
the presence of contact substances such as bVick, pumice, sand, coke, charcoal, 
ferric oxide, alumina, or magnesia is suggested by Harding.*® The products 
are said to be practically free from higher substitution compounds. Bergius de¬ 
scribed the use of coal gas, or the gaseous products obtained from the distillation 
of carbonaceous matter (lignite or oils), as a source of ethylene for the manu¬ 
facture of ethylene dichloride by vapor-phase catalytic chlorination, followed by 
compression and cooling to separate the ethylene dichloride. Chlorination is 
said to take place in the presence of porous charcoal, with or without the addi¬ 
tion of a halogen carrier, such as chlorides of antimony, sulphur, or phosphorus.** 

'•Gas J., 1920, 149, 691; 1920, 39, 3I2A. 

1929, 51, 3082. 

Z, angew. Chem,, 1930, 43, 233; Brit. Chem. Abs. A, 1930, 572. See also Kinumaki. /. 
Chem. Soc. Japan, 1933. 54. 142; Chem. Abs., 1933, 27, 2369. 

British Patent 108,602. 1916; Chem. Abs., 1917, 11, 3428. 

“British Patent 126,511, 1918; J.S.C.I., 1919, 38, S13A. 

“British Patents 147,908 and 147,909, 1920; as^ned to T. Goldschmidt A.-G.; Chem. Abs., 
1921. 15, 97. Also German Patent 298,931, 1921. The catalysts specified for this proce.S8 are the 
chlorides of iron, copper or antimony. 

“ Farbenfabriken vorm. F. Bayer and Co., British Patent 177,362, 1921; Chem. Abs., 1922, 
16, 3093. 
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It is stated that natural magnesite, which has been heated for some time at 
400® to 500® C., is a catalyst for chlorination reactions, particularly the chlorin¬ 
ation of ethylene to the dichloride.®* 

In the process developed by the T. Goldschmidt A.-G.** a mixture of ethylene 
and chlorine, with the ethylene in excess, is passed over catalysts at temperatures 
of 30® to 120® C. in such a manner that the ethylene dichloride formed is 
rapidly removed from the reaction zone. Askenasy and Heller*® have recom¬ 
mended that the reaction between ethylene and chlorine take place in the pres¬ 
ence of lead, as a catalyst, and that the temperature of the reaction zone be 
kept below 100® C. 

Among the more interesting processes are those of Curme** who described 
the production of ethylene dichloride by mixing dry ethylene with liquid chlorine 
at a temperature below 0° C. and at a pressure corresponding to the vapor 
pressure of chlorine. At higher temperatures higher chlorinated substances are 
said to be formed. It is understood that the process, which appears to be equally 
simple and efficient, is one which has l)een employed for large-scale production- 
of ethylene dichloride. According to Maier ethylene dichloride is produced 
by bringing together ethylene and chlorine, both of which have been previously 
cooled to a low temperature, for example —^30° C. The reaction velocity between 
gaseous ethylene and liquid chlorine (at —^78® C.) is almost proportional to the 
partial pressure of the ethylene.** Backhaus *® described a process for preparing 
pure dihalide by passing a mixture of an olefin and a halogen, e.g., chlorine and 
ethylene, in a continuous stream through cooled tubes while continuously re¬ 
turning the uncombined gases to the stream entering the tubes.*® 

A two-stage process for making ethylene dichloride consists in first allow-^ 
ing ethylene to react with an insufficient amount of chlorine (both in the gaseous 
phase) for complete reaction and second completing the chlorination by the use 
of a saturated solution of chlorine in liquid chlorohydrocarbons.*^ 

Ernst and Wahl ** utilized chlorine produced in sitn by the oxidation of 
hydrogen chloride. The process, which is a continuous one, may be summarized 
in the equation: 

2C,H4 + 4HC1 -f O, == 2C,H.CI, + 2H,0 


For example, a mixture of 100 volumes of air, about 20 volumes of ethylene 
and at least 40 volumes of hydrogen chloride is passed through an acid-resisting 
contact chamber containing lumps of pumice soaked with cupric chloride and 
maintained at 300® C. Besides ethylene dichloride, only traces of other chlo¬ 
rinated hydrocarbons are formed. The use of active charcoal, saturated with 
sulphur chloride, as a catalyst for the combination of ethylene and chlorine to 
yield ethylene dichloride has been proposed by Wietzel and Dierksen.** 


Fritzwciler, Stucr and Grob, German Patent 469,552, 1925; assigned to Kali Chemie A. G.: 
Chem. Ahs., 1929, 23, 1728. 

German Patent 298,931. 1921. 

*» U. S. Patent 1.851.970. Apr. 5, 1932; Chtm. Ahs., 1932, 26, 2989. 

1,315,545, Sept. 9, 1919; assigned to Union Carbide Co.; J.S.C.I., 
1919, 38. 847A. Also. Chem, Met, Eng., 1921, 25, 999. ’ j 

French Patent 653,434, 1928; Chem. Ahs., 1929, 23, 3718; German Patent 529,524, 1927; 
Chem. Ahs., 1931, 25, 5178. » » • 

WKinumaki and Mitsukuri, /. Chem. Sac. Japan, 1932, 53. 398; Chem. Ahs., 1932. 26. 4231 
^i®;,?***”* Jan. J, 1922; unigned to U. S. IndiutrUI Alcoliil Co?; Ckm Ab,.. 

1922, 16, 934. 

1,402,338, Jan. 3, 1922; assigned to U. S. Industrial Alcohol Co.; Chem. Ahs. 
1922. lo. 934 * * 

•f Mati.sen, Russian Patent 24,877, 1932; assigned to Gosudarstvennuii Trest Recinovoi Promuishlen- 
nostt; Lnem. .^os., 1932 , 26, 3513. 

Patent 430,539, 1922; assigned to I. G. Farbenindustrie A.*G.; Br^. Chem. Ahs. B 
1926, 900. * 

»Cierman Patent 420,500, 1923; Brit, Chem. Abt. B, 1926, 464; see also Dierksen and SehWht 
sSS^StbfSt”*^ 1923; J.S.C.I., 1925, 44, 448B; both patents assigned to Badische Anilin* tind 
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M^sereau** has described a method of treating olefins, or diolefins, with 
chlorine in a (dark) tower down which a shower of cooled water or chlorinated 
hydrocarbons is allowed to flow. When pure chlorine is used and water is em¬ 
ployed to control the temperature, the most desirable reaction temperature is 
15° C. The apparatus suggested by Mersereau consisted essentially of a verti¬ 
cal reaction tower, the lower end of which is placed in a container employed to 
collect the water and the chlorinated products. Both chlorine and ethylene are 
introduced at the bottom of the tower through perforated openings to < secure 
good mixing, and reaction takes place as the gaseous mixture travels upwards. 
Cold water is sprayed into the top of the tower. Water and chlorinated products 
are retained in.the container at the bottom of the tower, and because of their* 
wide differences in densities readily separate into two layers which can be 
withdrawn separately. The gaseous products leave the top of the reaction tower 
through a condenser. Any condensate formed is allowed to flow from the bottom 
of the condenser to the container at the bottom of the reaction tower. 

Strosacker*® has pointed out that the dichloride of ethylene, or of other 
olefins, may be obtained by passing the olefin, in the gaseous state, through a 
spray of antimony pentachloride dissolved in ethylene dichloride. Only addition 
compounds are said to be formed, no substitution reactions taking place. The 
chlorination of ethylene in an atmosphere consisting of the vapors of halogenated 
hydrocarbons containing a halogen of higher atomic weight than chlorine, as for 
example ethylene dibromide, has been described by Dow.®® 

Summarizing, it may be said that in order to obtain pure ethylene dichlo¬ 
ride by the chlorination of ethylene and fairly free from substitution derivatives, 
it is necessary to maintain the reaction mixture at a fairly low temperature. 
Among the best methods of carrying out this reaction on an industrial scale is 
by passing cooled ethylene into cooled liquid chlorine at a low temperature in 
the absence of catalysts. 

When ethylene is treated with dilute hypochlorous acid, ethylene chlorohydrin 
is produced almost exclusively, but in the case of the higher homologues of 
ethylene considerable amounts of olefin dichloride are simultaneously formed with 
the chlorohydrin. 


Other Methods for the Production of Ethylene Dihalides 

Ethylene dihalides may be produced, according to Bauer,*^ by the direct addi¬ 
tion of two molecules of hydrogen halide to acetylene at ordinary temperatures 
in the presence of a gaseous oxidizing agent such as air, oxygen, nitrogen, 
peroxide, formaldehyde, formic acid or iodine. The corresponding dihalide is 
said to be rapidly formed in a yield of 90 per cent. The reaction may be repre¬ 
sented thus: 

CHsCH+2HX —CH,XCH,X 

Although on the basis of former work the opinion has been expressed*® that 
the addition of two molecules of halogen acid to acetylene leads to the produc- 

S. Patent 1,509.603, Sept. 23, 1924; assigned to Carbide and Carbon Chemicals Corp.; 
Chew. Abs., 1925, 19. 168. 

^ U. S. Patent 1,754,656, Apr. 15, 1930; assigned to Dow Chemical Co.; Brit. Ckcm. Abs. B, 
1931, 621. 

^ U. S. Patent 1,841,279, Jan. 12, 1932; assigned to Dow Chemical Co.; Chem. Abs., 1932, 
26. 1615. 

*»U. S. Patent 1,540,748, June 9. 1925; J.S.Cl., 1925, 44. 692B; U. S. Patent 1,414,852, Umj 
2, 1922; Chem. Abs., 1922, 16, 2150; both patents assigned to Rohm and Haas A.>G. Also German 
Patents 368,467, 1922, and 394,194, 1929. 

** Meyer-Jacobson, "Lehrbuch der organiscben Cbemie,** 1913, II, 27. 
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tion of the 1,1-dihalogenoethane exclusively, other work*® has shown that both 
the 1,1- and the 1,2-ethylene dihalides are produced. Wibaut^® has very thor¬ 
oughly examined this reaction in the case of hydrogen bromide and acetylene 
and found that, though a mixture of the two dibromoethanes was produced, 
reasonably good yields of etliylene dibromide (1,2-dibromoethane) could be ob¬ 
tained using certain metallic chlorides on asbestos as catalysts. Evidently, there¬ 
fore, the direct addition of hydrogen chloride to acetylene to yield ethylene 
dichloride is entirely possible, provided the correct conditions can be found. 

It has also been reported that ethylene dichloride*^ may be’produced by the 
direct chlorination of ethane in the presence of activated carbon and over a 
temperature range from 100° to 300° C. At the same time, however, ethylidene 
chloride (in quantities equivalent to the ethylene dichloride) and some 1,1,1- 
trichloroethane are formed. 

In this connection it is interesting to note that when ethylene is allowed to 
react with an equimolecular mixture of chlorine and bromine (presumably the 
compound ClBr), l-chloro-2-bromoethane is the main product in the cold.*® 

CH, CH.Cl 

II +ClBr —I 

CH, CH.Br 

According to Dow,*® when ethylene is allowed to react with a gaseous mix¬ 
ture of equal atomic proportions of chlorine and bromine (obtained by bubbling 
chlorine through liquid bromine at 15° to 20° C.), l-chloro-2-bromoethane is 
readily formed. 

Uses of Ethylene Dichloride 

Ethylene dichloride is a substance which can be produced in large quantities, 
and will probably find a number of varied applications. Already it has been 
suggested as a solvent, as a fumigant, as an ingredient in the manufacture of 
lacquers and especially in the synthesis of ethylene glycol or its derivatives. 

As a solvent ethylene dichloride possesses many desirable characteristics, as 
for example its low cost, high solvent power, low inflammability, and availability 
in large quantities.** It is an excellent solvent for many fats, oils and resins, 
but will not dissolve cellulose nitrate or acetate except after being mixed with 
certain other solvents. A mixture containing 70 to 80 per cent of ethylene di¬ 
chloride and 20 to 30 per cent of methyl or ethyl alcohol is said to possess a 
high solvent power for cellulose acetate.*® Other proposed u.ses which involve 
its solvent powers are as an extracting agent in the manufacture of vegetable 
oils; in the separation of mineral oils from paraffin wax,*® the latter substance 
being only slightly soluble in this solvent at temperatures below 25° C.; as a 
dry cleaning agent, either alone *^ or admixed with other chlorinated hydrocar¬ 
bons, such as carbon tetrachloride or propylene dichloride.**^ Ethylene dichloride 

** Reboul, ^nn., 1870, 155, 30; Ann. chim. phys., 1878 (5), 14, 470. 

^Rec. trav. chim., 1931, 50, 314; Chem. Jbs., 1931, 25, 2684. 

MuUer-Cunradt, German Patent 436,999, 1921; assigned to I. G. Farbenindustrie A.-G.; 
BtU. them. Abs. B, 1927, 428. 

^ DeUpine and Ville, Bull, soc. chim., 1920, 27, 673; Chem. Abs., 1920, 14, 3405. 

<»U. S. Patent 1,306,472, June 10, 1919: Chem. Abs., 1919, 13, 2040. 

** According to Durrans r’SoIvcnts,’* Chapman and Hall, T..ondon. 1930), however, ethylene 

dichloride is toxic and produces dangerous physiological effects similar to those of chloroform. 

Frazier and Reid, Ind. Eng. Chem., 1930, 22, 604. 

^Livingston, (J. S. Patent 1,848,636, March 8, 1932; assigned to Gulf Refining Co.; Chem. Abs., 
1932. 26, i860. 

^^Fife and Reid, Ind. Eng. Chem., 1930, 22, SI3. 

* Putnam and Poffenherger, U. S. Patent 1,817.582, Aug. 4, 1931; assigned to Dow Chemical 

Co.; Chem. Abs., 1931, 25, 5581. Warrington, Can. Chem. Met., 1932, 16, 39; Chem. Abs., 

1932, 26, 2601. ^ 



REACTION OF OLEFINS WITH HALOGENS 473 

is cheaper than carbon tetrachloride on a volumetric basis and superior in its 
stability toward water and steam/® 

Frazier and Reid have discussed the use of ethylene dichloride in the man¬ 
ufacture of lacquers. Its advantages appear to be resistance to hydrolysis in 
the presence of water and low inflammability. Its disadvantage is the fairly high 
rate of evaporation which necessitates the addition of a higher-boiling solvent 
as a “levellfer”. 

When employed as a fumigant it is often mixed with carbon tetrachloride to 
render it non-inflammable, approximately 25 per cent by volume of carbon tetra¬ 
chloride being suflicient. A number of tests with a 3:1 mixture of ethylene 
dichloride and carbon tetrachloride on grain,* flour, food and seeds has been 
recorded by Hoyt.®^ According to Russ ®® both ethylene dichloride and ethylene 
oxide are highly toxic to insects but relatively non-toxic to man. 

The conversion of ethylene dichloride to ethylene glycol, by hydrolysis with 
aqueous sodium carbonate, or to glycol diacetate, by heating with an anhydrous 
salt of acetic acid, is . discussed in Chapter 22. When heated with caustic alka¬ 
lies ethylene dichloride loses first one molecule of hydrogen chloride to yield 
vinyl chloride. The properties and uses of this latter compound are mentioned 
in Chapter 28. Further treatment with caustic alkalies eventually yields acety¬ 
lene, thus: 

CHaCI CH, CH 

I —^ il Rl 

CHaCI CriCl CH 


A similar series of changes occurs when ethylene dichloride is subjected to 
pyrolysis at 600^ C. in an atmosphere of nitrogen, vinyl chloride and hydrogen 
chloride being produced ®* (this reaction is probably reversible at lower tempera¬ 
tures), while at still higher temperatures acetylene.is produced. 

Ethylene dichloride may also be employed for the manufacture of succinic 
acid. Condensation with sodium cyanide produces succinonitrile, which may be 
readily hydrolyzed by means of hydrochloric acid to yield succinic acid, thus: 


CHaCl CHaCN 

I 4- 2NaCN —>■ | 

CHaCl CHaCN 


CHaCOOH 

CHaCOOH 


The condensation of ethylene dichloride and sodium cyanide is very conveniently 
effected by heating in the presence of succinonitrile itself.®* ' This replacement 
of the chlorine atoms in ethylene dichloride by other groups may be accomplished 
occasionally in a single step. For example, in making ethylene dithiocyanate, 
sodium thiocyanate in the dissolved form and chlorine are allowed to react with 
ethylene.®® This reaction is said to be applicable also to the homologues of 
ethylene. 


^ KillefTer, Jnd, Eng. Chem., 1927, 19, 636. The addition of a small proportion, of arylatninea 
nr phenols is said to stabilize dichlorides (The Roessler and Hasslacher Chemical Co., French 
Patent 732,569, 1932; Chem. Ahs., 1933, 27, 304). 

“• Loc. cit. 

^^Ind. Eng. Chem., 1928, 20, 931. 

*** Ind. Eng. Chem., 1930, 22, 844. Also, Roark, Ind. Eng. Chem., 1932, 24. 646. 

“ See, Hurd, “Pyrolysis of Carbon Compounds,” Chemical Catalog Co„ Inc., 1929, 131. C/. 
Baxter, Edwards and Winter, British Patent 363,009, 1930; assigned to Imperial Chemical Industries, 
Ltd.: Brit. Chem. Ahs, B, 1932, 331. 

** Wheeler, British Patent 333,989, 1929; assigned to Imperial Chemical Industries, Ltd.; Brit. 
Chem. Abs. B, 1930, 1058. 

**Kauffmann, U. S. Patent 1,859,399, May 24. 1932; assigned to I. 0. Farbenindustrie A.-G.; 
Chtm. Abs., 1932, 26, 3804. 
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Ethylenediamine may be produced from ethylene dichloride by interaction with 
ammonia according to the equation 


CHaCl CHiNH, 

I 4-4NH. — T -f2NH4Cl 
CH,C1 CH.NH, 


Thus on heating ethylene dichloride with 33 per cent aqueous ammonia for 5 
hours in an autoclave at 115® to 120® C., a good yield of ethylenediamine is 
obtained.*® Ethylenediamine is an oily base of melting point ^5® C., boiling 
point 116.5® C. at 760 mm. and d^} 0.902. 

The reaction between ethylene dichloride and ammonia at high tempera¬ 
tures and under pressure can be made to yield polyethylene polyamines which 
have been recommended as rubber vulcanization accelerators.*^ It is stated that 
this procedure effects both condensation and polymerization. 

Chloroethylsulphuryl chloride can be prepared by treating ethylene dichloride 
with fuming sulphuric acid (60 to 65 per cent SOg) in the cold. On 
diluting with water the chloroethylsulphuryl chloride separates as a colorless 
heavy oil with an odor like that of formaldehyde and a boiling point of 120° 
to 122® C. at 80 mm. The yield is good but not quantitative since a certain 
amount of dichlorethyl sulphate, a colorless oil, boiling point 180® to 182® C. 
at 60 mm., is also formed.** 

Ethylene dichloride reacts with metal sulphites in ethyl or methyl alcohol to 
yield salts of chloroethanesulphonic acid,*** from which the acid chloride may 
be obtained. Catalysts for the reaction are copper, copper sulphate, and barium 
chloride. 

The production of plastic materials by the interaction of ethylene dichloride 
and the polysulphides of alkali or alkaline earth metals has been described by 
Patrick and Mnookin.*® These products resemble soft rubber, and are char¬ 
acterized by a high sulphur content and insolubility in organic solvents except 
carbon disulphide. They also possess vulcanizing properties, and can be incor¬ 
porated with unvulcanized rubber and the mixture subjected to vulcanization. 

The plastic materials, being rubber-like, may be compounded and vulcanized 
like rubber itself. The product so obtained is insoluble in organic solvents, par¬ 
ticularly petroleum distillates, and can be used, for example in the form of hose, 
for the handling of these solvents. Another use is in electrical insulation. 

Baer®® also has made plastic materials by the reaction between chlorinated 


“•Kraut, Ann., 18S2, 212, 253. Fargher, 1920, 117, 1351, Cf. Curme and Lommen, 

U. S. Patent 1,832,534, Nov. 17, 1932; assigned to Carbide and Carbon Chemicals Corp.; Chem. 
Abs.. 1932, 26, 999. 

Cadwell, British Patent 347,955, 1929; assigned to Naugatuck Chemical Co.; Chem. Abs., 
1932, 26. 2893. 

“•Ott, German Patent 374,141, 1920; assigned to Chemische Fabrik Weiler-ter Meer; J.S.C.I., 
1923. 42, 1201A. 


“•• I. G. Farbenindustrie A.-G., British Patent 360,558, 1930; Chem. Abs., 1933, 27, 1006. 
“•Patrick, U. S. Patent 1,890,191, Dec. 6, 1932; Chem. Abs., 1933, 27, 1724; British Patent 
350.472. 1930; Chem. Abs., 1933. 27, 450; British Patents 354,310 and 354,394, 1930; Brit. 

Chem. Abs. B, 1931, 936; British Patent 359,000. 1929: Chem^ Abs,, 1932, 26, 4981; British 
l*atent 360,890, 1930; Chem. Abs., 1933, 27, 1114; British Patent 369,097, 1930; Chem. Abs., 

1933, 27. 2260; French Patent 656,114, 1928; Chem. Abs., 1929, 23, 4030; French Patent 691,743, 
1930; Chem. Abs., 1931, 25, 1412; French Patent 706,155, 1930; Chem. Abs., 1932, 26. 267; French 
Patent 719,212, 1931; Chem. Abs., 1932, 26, 3344; Canadian Patents 320,090, 320,091, 320,092, 

1932; Chem. Abs., 1932, 26, 2621; German Patent 554,112, 1930; Chem. Abs., 1932, 26, 5183; German 
Patent 554.897, 1930; Chem. Abs., 1932, 26. 6080; Mnookin, British Patent 350.456, 1930; Chem. 

Abs., 1932, 26, 5392; Patrick and Mnookin, U. S, Patent 1,854,423, Apr. 19, 1932; Chem. Abs., 

U. S. Patent 1,854,480. Apr. 19, 1932; Chem. Abs., 1932, 26, 3312; U. S. Patent 
1.890.231, Dec. 6. 1932; Chem. Abs., 1933, 27. 1784; British Patent 302,270, 1927; Chem. Abs., 

1929, 23, 4307; British Patent 350,549, 1930; Chem. Abs., 1933, 27, 443. 

_••U. S. Patent 1,912,962, June 6. 1933; Chem. Abs., 1933. 27. 4247; BritUk Patent 279,406. 

1926; Cji^. Abs., 1928, 22. 2856; British Patent 298,889, 1928; Brit. Chem. Abs, B, 1929. 652; 
Bntish Patent 300.200. 1927; Chem. Abs., 1929, 23, 3548; Rntish Patent 302,399, 1927; Chem. 

Abs., 1929, 21. 4376; British Patent 345,175, 1929; Chem. Abs., 1933, 27, 442; German Patent 
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hydrocarbons, such as ethylene dichloride, and the alkali or alkaline earth sul¬ 
phides. Such materials are capable of being milled, compounded, molded or 
vulcanized like rubber itself. Another method of producing rubber-like sub¬ 
stances is by the interaction of the chlorinated derivatives of unsaturated hydro¬ 
carbons, such as isoprene, and alkali and alkaline earth sulphides.^^ 

The preparation of factice or sulphuretted oil products, which are soluble 
in hydrocarbons, by heating equal weights of a vegetable oil, e.g., rape seed oil, 
and a caoutchouc-like body, made from ethylene dichloride and alkali polysul¬ 
phides, has been described by Baer.®* The same rubber-like products can also 
be dissolved in carbon disulphide and mixed with rubber latex.®*^ 

Some other uses which have been proposed* for ethylene dichloride are: (a) 
as one of the components of a solvent for the polymerization of butadiene by 
means of sodium®*; (b) for the production of cellulose ethers or as one of the 
components of mixed solvent for such ethers®®; (c) together with isopropyl 
ether, acetone, propylene dichloride and chlorinated naphthalene as a composition 
for the removal of carbon in internal-combustion engines.®® 


Trichloro- and Tetrachloroethane 

Two general types of reactions can be used in the preparation of these com¬ 
pounds as well as higher chlorinated derivatives. These reactions may be classi¬ 
fied as (a) the further chlorination of lower chlorinated derivatives, or (b) 
the action of chlorine on unsaturated hydrocarbons, particularly acetylene, as in 
the case of tetrachloroethane.®® 

1.1.2- Trichloroethane, for example, can be prepared by the reaction between 
chlorine gas and ethylene dichloride at a temperature of about 60® C. and in 
the presence of such catalysts as antimony, iron or manganese.®^ This same 
compound may be obtained by allowing chlorine and ethylene to react at 30® C. 
and using a metal, such as copper, as a catalyst.®* Vinyl chloride and chlorine 
are said to yield 1,1,2-trichloroethane when allowed to react at temperatures of 
100® C. to 250° C. in the absence of a solvent and of light.®® 

Other methods for producing both 1,1,2-trichloro- and 1,1,2,2-tetrachloroethane 
involve the reaction between acetylene and either chlorine or a mixture of chlo¬ 
rine and hydrogen chloride. A discussion of these will be found in Chapter 28. 

1.1.2- Trichloroethane is a colorless liquid boiling at 114® G. and having dj 1.4784. 
It is practically insoluble in water, but miscible in all proportions with alcohol or 

530,734. 1928; Chem. Abs,, 1932, 26, 329; Swiss Patent 127,540; Swiss Patent 132.325, 1927; 
Ckem. Abs., 1929, 23, 5054; Swiss Patents 132,505, 132,506, 132,507, 132,508, 1926; Cktm. Abs., 
1929, 23. 5062; Swiss Patents 132,509, 132,510, 132,511, 132,512, 132,513, 132,514, 132,515, 
1926; Chem. Abs., 1930, 24, 528. 

“Jlaer, U. S. Patent 1,922,923, Aug. IS, 1933; Ckem. Abs., 1933, 27. 5217; llritish Patent 
314,524, 1928; Ckem. Abs., 1930, 24, 1545; German Patent 526,121, 1928; Ckem. Abs., 1931, 
25, 4443; Swiss Patent 142,456, 1929; Ckem. Abs., 1931, 25, 2332. 

« U. S. Patent 1,828,587, Oct. 20. 1931; Ckem. Abs., 1932, 26. 867; British Patent 313,917, 
1928; Ckem. Abs., 1930, 24, 1249; Swiss Patent 137,477, 1928; Ckem. Abs.. 1930, 24. 4426; Swiss 
Patents 142,354, 142,355, 142.356, 142,357, 1928; Ckem. Abs., 1931, 25. 2332. 

Baer. U. S. Patent 1,869,734, Aug. 2, 1932; Ckem. Abs., 1932. 26, 5453; British Patent 
345,175, 1929; Ckem. Abs., 193^ 27, 442; French Patent 697,641, 1930; Ckem. Abs., 1931, 25, 3199. 

^ T. G. Farbenindustrie A.-G., British Patent 347,802, 1930; Ckem. Abs., 1932, 26, 2893. 

•^Ascherl and Gruber, German Patent 541,146, 1928; assigned to Alexander Wacker, Ges. fur 
Elektrochem. Ind. G.m.b.H.; Ckem. Abst., 1932, 26, 2052. 

«>Tohnsen, U. S. Patent 1.850,881, March 22, 1932; Ckem. Abs., 1932, 26, 2851. 

** For a review of the methods of preparation of tetrachloroethane and trichloroethylene see 
Miloslavakii and Postovskii, J. Ind. Ckem. (Moscow), 1930, 7, 1414; Ckem. Abs., 1931, 25. 5391. 

"^Junff and Zimmermann. German Patent 545,993, 1930; assigned to I. G. Farbenindustrie A.-G.; 
Ckem. Abs., 1932, 26. 3520. 

** Askenasy and Heller German Patent 549,341, 1930; Ckem. Abs., 1932, 26, 3887. 

. •Ernst and Lange, U. S. Patent 1,833.358, Nov. 24, 1931; assigned to I. G. Farbenindustrie 

A.«G.; Ckem. Abs., 1932, 26, 1301. Also, U. s. Patent 1,833,393. Nov 24, 1931, for carrying oat 
this reaction at lower temperatures. 
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ether. 1,1,2,2-Tetrachloroethane is a colorless liquid possessing an odor much like 
that of chloroform. It boils at 147® C. and has dj 1.614. Its miscibility with other 
liquids is similar to that of 1 , 1 , 2 -trichloroethane. 

These two liquids appear to be somewhat less stable than ethylene dichloride. 
In the presence of moisture they are stable in contact with either tin or lead; 
other metals, however, slowly reduce them, under the same conditions, to the 
respective ethylene derivatives containing one less chlorine atom. Their uses are 
similar to those of ethylene dichloride as they are solvents, either alone or mixed 
with other liquids, for many substances such as fats, oils, waxes,, cellulose esters 
or resins. As an example, in the preparation of an insecticide either Chrysan¬ 
themum or derris root is extracted with a mixture containing 67.6 per cent 
trichloroethane and 32.4 per cent methyl alcohol. Evaporation of the solvent 
leaves a residue which may be used in the production of insecticides.^® Tetra- 
chloroethane has been suggested also as a component of soap compositions.'^^ 

H EX AC H LOROETIIA N E 

Mention should be made of a substance which may be readily obtained by 
chlorinating ethylene with an excess of chlorine, namely hexachloroethane, CgCla. 
Miller^'- found this substance could be readily produced by passing ethylene 
mixed with a slight excess of chlorine through a pyrex tube packed with acti¬ 
vated charcoal at 300® to 350® C. A 10 per cent excess of chlorine over and 
above that required for the reaction, C 2 H 4 -|- 5CU —^ CjCla + 4HC1, suppresses 
the formation of lower chlorinated products and with a flow of 60 cc. of ethyl¬ 
ene per minute over 200 grams of charcoal a conversion of 80 to 90 per cent 
of the theoretical was obtained. 

Hexachloroethane may be prepared also by passing acetylene into a boiling 
mixture of sulphur chloride. The yield may then be further increased by lead¬ 
ing alternate streams of chlorine gas and acetylene into this mixture."^® Tetra- 
chloroethane may be converted to hexachloroethane very rapidly and almost quan¬ 
titatively by the action of chlorine in the presence of light from either an open 
arc lamp or a mercury vapor lamp. Pentachloroethane may be obtained as an 
intermediate product if the reaction is stopped when about 10 per cent excess 
chlorine (over that required for the pentachloride) has been added."^^ 

Ethylene Dibromide (1,2-Dibromoethane) 

Ethylene dibromide may be readily prepared by passing ethylene through 
cooled bromine or bromine and water, the latter being often added to prevent 
evaporation of the bromine. Its preparation is described by Kesting as fol¬ 
lows: The ethylene, prepared by conducting ethyl alcohol vapors over clay or 
aluminum oxide at 250® to 400® C, is passed into cold liquid bromine. The reac¬ 
tion, which is accelerated by sunlight, proceeds smoothly and the crude ethylene 
dibromide, after being washed with water, caustic soda, again with water, and 

** liba and Nakatuka, Japanese Patent 91,487, 1931; assigned to Daiiti Kogyo Seiyaku K. K.; 
ChetH. Abs., 1932, 26, 1703. 

« De la Porte, French Patent 722,359, 1930; Chem. Ahs„ 1932, 26, 4195. 

«/nd. Eng. Chem., 1925, 17, 1182; Chem. Abs., 1926, 20, 359. 

** Salzbergwerk Neu-Stassfurt and Theilneraher, German Patent 174,068, 1906; Chem. Zent., 
1906. 2, 1297. 

** Salzbergwerk Neu*Stassfurt and Theilnemher, British Patent 1,105, 1912; J.S.C.I., 1912, 31, 
458. German Patent 248,982, 1912; Chem. Zent., 1912, 2. 299. Also Haberland and Schaefer, U. S. 
Patent 1,036,244, Aug. 20, 1912; assigned to Salcbergwerk Neu-Stassfurt and Theilnemher. 

"£.g., Erlenmeyer and Bunte, Ann., 1873, 168, 64; Chem. Soc. Abs., 1873, 26, 1118. See also 
Kali-Porschungs-Anstalt G.m.b.H., British Patent 381,070, 1932; Chem. Abs., 1933, 27, 3952. 

^Z. angew, Chem., 1925, 38,* 362; Chem. Abs., 1925, 10, 2026. 
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dried with calcium chloride, is fractionated.^** About 95 per cent yields of 
ethylene dibromidc are obtained. 

The thermal combination of ethylene and bromine at glass surfaces has been 
studied very thoroughly by Williams.^’ The rate of reaction, under a varilty of 
pressures, temperature and surface conditions, was determined by measuring the 
change in pressure of a mixture of ethylene and bromine vapor. Precautions 
were taken to exclude light as the reaction is slightly photosensitive. 

At room temperature combination was found to be a surface reaction, which 
is in agreement with the results obtained by other investigators at 0® C. Further¬ 
more the reaction appeared to be a simple addition of bromine to the double bond, 
unless the bromine was present initially in excess when an undetermined supple¬ 
mentary reaction took place. 

The rate of reaction decreased with rise in temperature and the order of 
reaction was found to be either second, first, or zero (in one instance) depend¬ 
ing on the glass surface. For a given glass surface, either lowering the tempera¬ 
ture or increasing the pressure of the reactants lowered the order of the reac¬ 
tion. For a given glass surface and reaction order, the magnitude of the velocity 
coefficient was independent of the initial ethylene pressure; it did increase, how¬ 
ever, with increasing initial bromine pressure. 

The presence of water vapor was found to accelerate the reaction, while 
baking the glass containers before use removed this influence. A glass surface 
which exhibits a second order reaction when dry shows a first order reaction in 
the presence of water vapor. This seems to indicate that bromine is hydrated 
at the surface of the glass, and that the ethylene reacts with the bromine hydrate. 

This transition from a second order to a first order reaction was observed 
also when the surface concentration of the bromine hydrate was so high that 
the chance of collision between a molecule of ethylene and a molecule of bromine 
hydrate was independent of the gaseous bromine pressure. 

The rate of reaction was increased by the initial introduction of ethylene 
dibroniide vapor and also there were some indications that reaction chains may 
start at the surface of the glass and then spread into the gas phase. 

Williams showed that the reaction between ethylene and bromine in carbon 
tetrachloride was autocatalytic. Though Davis suggested that water may be 
a catalyst, this is not believed by Williams. Hydrobromic acid was found to 
increase the reaction velocity appreciably. 

Ethylene dibromide may also be prepared by the catalytic combination of 
hydrogen bromide with either acetylene or vinyl bromide. According to Bauer, 
the production of ethylene dibromide by the combination of two molecules of 
gaseous hydrogen bromide and acetylene proceeds quantitatively under the influ¬ 
ence of strong sunlight or light from a quartz lamp; the same reaction can be 
carried out also in the vapor phase in the presence of oxidizing gases, such as 
air, oxygen, nitrogen peroxide, and ozone.^® Reboul made the remarkable dis¬ 
covery, to some extent substantiated by Wibaut, that when vinyl bromide is 
treated with very concentrated aqueous hydrobromic acid 1,2-dibromoethane is 
formed but with less concentrated acid 1,1-dibromoethane is formed. Wibaut®^ 


Heath and Keller (U. S. Patent 1,921,157, Aug. 8, 1933; assigned to Dow Chemical Co.; 
Chem. Abs., 1933, 27. 5086) purified ethylene dibromide by steam distillation and fractionation. 
1932. 1747, 1758. 

1932, 2911. 

1928, 80, 2769. 

” llauer, U. S. Patent 1.540.748, June 9, 1925; assigned to Rohm and Haas. Also German 
Patent 368,467. 1922. and French Patent 546,163. 

» German Patent 394,194, 1929. 
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has shown that the direct combination of gaseous hydrogen bromide with vinyl 
bromide at 100® C. in the presence of glass wool and asbestos as catalysts pro¬ 
duces mainly 1,2-dibromoethane; but silica gel and bismuth bromide and ferric 
bromiae—if us^ without a support—direct the reaction to the formation of the 
1,1-isomer. It was also shown that 1,2-dibromoethane can be obtained in reason¬ 
able yields from acetylene and gaseous hydrogen bromide in the presence of 
ferric bromide or mercuric bromide on asbestos at 100® C. The addition of 
hydrogen bromide to vinyl bromide in solutions of hydrobromic acid was found 
to lead to the formation of l,][-dibromoethane exclusively when acid of specific 
gravity 1.60 was used, although with stronger acid (of specific gravity 1.86) a 
mixture of isomers containing about 35 per cent of the 1,2-isomer was formed. 
In glacial acetic acid solution, 1,1-dibromoethane was always the main product of 
the reaction. 

Ethylene dibromide is a colorless, sweet-smelling liquid of melting point 
10.0° C, boiling point 131.6° C. at 760 mm., and d®J 2.1816. It burns only with 
difficulty. 

Ethylene dibromide has been uspd considerably in the past for various organic 
syntheses but it will probably be replaced for this purpose by the cheaper dichlo¬ 
ride. The greatest application of the compound nowadays is in a mixture with 
tetraethyl lead as an anti-knock agent in motor fuels.®® The lead is eliminated 
from the engine, after the explosion, in the form of its dibromide, the bromine 
being derived from ethylene dibromide. It is reported*® that about 300,000 
pounds of ethylene dibromide per month were exported in 1930 from Germany 
to the United States for use in connection with the production of anti-knocking 
agents. This bromide is probably made from ethylene extracted from coke-oven 
gas. 

It is interesting to note that ethylene dibromide and olefin dibromides gen¬ 
erally may be quantitatively reduced to the parent olefin by the aid of the zinc- 
copper couple of Gladstone and Tribe.*®* Thi.s process is useful in the preparation 
and purification of olefins and has also been employed with success in the quanti¬ 
tative examination of olefin mixtures.*^ In some instances hydrogen in the pres¬ 
ence of colloidal palladium will remove halogens from olefin halides without 
saturating the unsaturated linkages,*® 


Ethylene Di-iodide 

Only brief mention need be made of this substance as it has not yet been 
used industrially to any large extent. In the laboratory, however, it is often 
used in the synthesis of organic compounds. 

The reaction between iodine and ethylene to yield ethylene di-iodide has long 
been known. Semenow** observed the formation of this iodide when ethylene 
was passed into a paste of iodine and absolute alcohol; Faraday*^ reported its 
formation from iodine and ethylene in the presence of sunlight, while Regnault ** 
showed the reaction took place in the dark when the reactants were warmed. 


** Calcott and Parmelee, U. S. Patents 1.835,140 and 1,835,141, Dec. 8, 1931; both assigned to 
£. I. duPont de Nemours and Co., Inc. Wilson, U. S. Patent 1,815,753, July 21, 1931: assign^ 
to Standard Oil Co. of Indiana; Brit, Chtm, Abs. B, 1932, 492. 

Chem. Trade J., 1930, 87, 405. 

^Proc. Roy. Soe. {Lottdon), 1872, 20, 218: Chem. Soc. Abs^ 1872, 25. 461. 

** Manning, King and Sinnatt, Dept. Scientific & Industrial Research, Tech. Paper 19, 1928. 

** Rosenmund and Zttxtcht, Ber., 1918. SI, 578. 

^ Jahresber., 1864, 483. 

^Annals of Philosophy, 1820, 18, 118; Gmelin, *'Handbook of Chemistry,’* translated by Watts, 
Cavendish Society. London, 1853, 8 , 362. 

"Ann., 1835, IS, 67. 
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The reaction between ethylene and iodine appears to differ from those be¬ 
tween ethylene and chlorine or bromine since it is reversible under ordinary con¬ 
ditions, and at equilibrium appreciable quantities of both ethylene and iodine are 
found. This equilibrium has been investigated by Mooney and Ludlam,®® who 
were interested in the reaction in the gaseous phase and over a temperature 
range of 11® to 65® C. The same reaction has been studied in carbon tetra¬ 
chloride solutions at temperatures varying from 120® to 150® C. by Polissar.®® 
Mooney and Reid®^ have pointed out that at 30® C. combination between 
iodine and ethylene is a surface reaction taking place almost entirely on the 
surface of the solid iodine. Glass surfaces were found to be unimportant as 
catalysts, and the rate of the reaction was found to be proportional to the square 
of the pressure of the ethylene. 

Ethylene also reacts with cyanogen iodide to yield ethylene di-iodide; anal¬ 
ogous reactions do not take ‘ place between cyanogen chloride or bromide and 
this olefin. The reaction was considered to take place in two steps: first the 
dissociation of cyanogen iodide into cyanogen and iodine, followed by the reac¬ 
tion of the iodine formed with the ethylene. This can be represented by the 
following equations: 

2CNI (CN). +1, 

C:,H4 + I. —CH,ICH.I 


Ethylene di-iodide is a crystalline solid, melting at 81®-82® C., and having 
a specific gravity of 2.07. It is soluble in alcohol, and only slightly soluble in 
water. 

Propylene Dichloride (1,2-Dichloropropane) 


As already indicated, the addition of halogens to propylene proceeds much 
more rapidly than in the case of ethylene. In the chlorination of propylene it 
is very difficult to prevent simultaneous substitution reactions which result in 
the formation of some higher chlorinated products. For example, Goudet and 
Schenker,®® by passing an equimolecular mixture of propylene and chlorine slowly 
through a cooled illuminated tube, and immediately washing the product with 
sodium carbonate solution, obtained an 80 per cent yield of propylene dichloride, 
together with small amounts of 1,2,2-trichloro- and 1,1,2,2-tetrachloro-propanes. 

Propylene dichloride may be prepared also by the action of liquid chlorine on 
gaseous or liquid propylene, particularly in the presence of an inert solvent such 
as carbon tetrachloride or of propylene dichloride itself. Using an excess of 
liquid propylene, the product is pure dichloride, but if an excess of chlorine is 
employed the dichloride is obtained mixed with trichloropropane, and other 
higher chlorinated propanes.®* 

Propylene dichloride is a colorless liquid of boiling point 96.8® C. at 760 mm., 

1.66, n®g 1.4388, and possessing chemical and physical properties very similar 
to those of ethylene dichloride. It has been prepared in comparatively large 
quantities and will probably find important applications in chemical industnes, 
possibly as a solvent or as a raw material for chemical synthesis. For example, 
it may be condensed with ammonia to give a diamine; or with sodium cyanide 


•^Proc. Roy. Soc. Edin., 1929, 49, 160. 

1930, S2, 9S6. 

1931, 2597. 

Chim. Acta. 1927, 10, 132; Brit. Ckem. Abi. JL. 1927. 440; Chem. Abs., 1927. 21. 2657. 
“Union Carbide Co.; British Patent 137.247. 1919; Ckem. Abs., 1920. 14. 1341. Cf. Brittah 
Patent 136.489. 1919; Chem. Abs., 1920, 14. 1122, for the preparation of ethylene dichloride. Also 
Cur me. U. S. Patent 1,315,547. S^. 9, 1919j assigned to Union Carbide Co.; J.S.C.L, 1919, 
Mg 848Ae 
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to yield a dinitrile, hydrolyzable to a methylsuccinic acid; or the dichloride may 
be hydrolyzed with aqueous sodium carbonate to give propylene glycol. It has 
also been suggested for the dehydration of acetic and other aliphatic acids.®®* 
On treatment with alcoholic potassium hydroxide it gives a mixture (yield 95 
per cent) of two isomeric chloropropylenes. 


CH,CHClCH.a 



CH.CH=CH,C1 

1- chloropropylene 

CH,Ca=CH, 

2- chloro propylene 


Fractional distillation of this mixture of isomers yields 25 to 30 per cent of the 
2-isomer (n» ® 1.404) the remainder being a mixture of constant boiling point 
(boiling point 30® to 32® C.) consisting mainly of the 1-isomer.®* Although the 
elimination of hydrogen chloride, either catalytically or under the influence of 
alkalies, from propylene dichloride does not normally yield allyl chloride, a 
mixture of chloropropylenes being usually obtained, the production of allyl chlo¬ 
ride from propylene by passing this substance in the vapor state over a calcium 
chloride catalyst at 300® to 350® C. has been described by Essex and Ward.®® 
Similarly allyl bromide is said to be formed from propylene dibromide, the reac¬ 
tion being represented as follows: 


CH.CHXCH,X —CHr=CHCH,X + HX 


CHaCHClCHjBr was prepared by Friedel and Silva ®® by boiling propylene 
dibromide with mercuric chloride under a reflux apparatus. It is a limpid, color¬ 
less liquid of boiling point 120® C., d® 1.585 and d^J 1.475, which has been used 
in chemical synthesis. 


Propylene Dibromide (1,2-Dibromopropane) 


This substance can be readily prepared by passing propylene into cooled 
bromine or bromine water.®^ It was obtained by Prunier ®® by passing the 
gaseous products of pyrolysis (at a “red'' heat) of light petroleum oils, through 
a series of bottles containing bromine. Armstrong and Miller,®® in their clas¬ 
sical researches on tlie products of bromination of “oil gas", isolated propylene 
dibromide as well as ethylene dibromide and butadiene tetrabromide. 

Propylene dibromide may also be obtained, often mixed with 1,3-dibroniopro- 
pane, by the direct combination of hydrogen bromide and allyl bromide. The 
composition of the product depends to a large extent upon the conditions but 
propylene dibromide is formed almost exclusively when allyl bromide is allowed 
to react with anhydrous hydrogen bromide in glacial acetic acid solution at 100® 


Hartman, U. S. Patent 1,908,239, May 9, 1933; Ckcm. Ahs., 1933, 27, 3723; Canadian 
Patent 330,190, 1933; Chem. Abs., 1933, 27, 3224; U. S. Patent 1,908,240, May 9, 1933; Chem Abs 
1933, 27, 3723; all aasigned to Eastman Kodak Co.; British Patent 383,148, 1932: assigned to 
Kodak, Ltd.; Hrit, Chem. Abs. B, 1933, 139; Kodak-Path^, French Patent 733,860, 1932; Chem. Abs 
1933, 27, 1007. 

** CH}udet and Schenker, loc. eit. 

•»U. S. Patent 1,477,047, Dec. 11, 1923; assigned to E. I. duPont de Nemours and Co., Inc.; 
Chem. Abs., 1924, 18, 537. 

••Bull. sac. chim., 1872, (2) 17, 532. 

•» Reynolds, Ann., 1851, 77, 120; Wurt*, Ann., 1857, 104. 244; Gladstone and Tribe, J.C.S., 1874, 
27, 409. 

••Bull. soc. chim., 1873, (2) 19, 109. 

•• J.C.S., 1886, 49, 74. Scbutx, Buschmann and Wissebach (Bet., 1923, S6, 869) also obtained 
the bromides of ethylene, propylene, butene-1, butene-2, pentene-1, and butadiene by brominating 
low temperature carbonisation coal gas. 

Gcromontp 1871p 158f 3/Oj Rcbotilg /ftiii# clittvi* 1878. C5)p 14« 470i Rrlcnnicy^r 

Ann., 1879, 197, 169; Holleman and ifatthes, Verslag Akad. Wetcns. Amsterdam, 1918, 27, 3.^ * 



REACTION OF OLEFINS WITH HALOGENS 


481 


C. in the dark or when allyl bromide is heated in the dark at 100® C. with 
only moderately concentrated hydrobromic acid.^°^ The use of hydrobromic acid 
of specific gravity 1.650 leads mainly to the formation of the 1,2-dibromopropanc 
(propylene dibromide) while more concentrated acid favors the production of 
the 1,3-isomer. The reactions may be written: 

^ CH.CHBrCH.Br 

tHr=CHCH.Br + HBr v 1^-dibromopropane 

^ CH.BrCH,CH.Br 
1^-dibromopropane 

Propylene dibromide is a colorless heavy liquid of boiling point 141.6® C. at 
760 mm.,^®* melting point —55® C.'®* and d*® 1.9333.^®* So far as is known, 
it has never been produced on a large scale for industrial purposes. Its possible 
applications are as a solvent and raw material for organic synthesis. 

On treatment with alcoholic potash, propylene dibromide gives rise to a mix¬ 
ture of two isomeric bromopropylenes and on continued treatment a mixture of 
methylacetylene and allene is produced.^®* Various halogenated propylenes have 
been described but they have not yet achieved industrial importance.^®* 

It has been shown by Favorsky and Sokovnin*®® that propylene dibromidej 
when subjected to pyrolysis, undergoes transformation into its various isomers, 
probably by elimination and addition of hydrogen bromide. 

It is interesting to note that propylene di-iodide may be prepared by treating 
allyl iodide, cooled to —18® C., with a current of dry hydrogen iodide,^®^ the 
reaction being analogous to that of the bromide previously discussed. 

The Dihalides of the Butenes 

The action of chlorine on butene-1 and butene-2 leads to the production of 
the dichlorides of these two olefins in the normal way. The chlorination of a 
mixture of isomeric butenes, produced by the catalytic dehydration of n-butanol 
over alumina at 480® G. has been described by Briner, Hausser and de Luserna.'®* 
The reaction between chlorine and this butene mixture was inexplosive in char¬ 
acter (the heat of reaction, C 4 H 8 -f-2C1QH^Clg vapor, being 33.4 cal.), and 
the combination was best effected by a carefully regulated mixing of the reactants 
in a cooled tube. The properties of the dichlorobutane, so produced, were: 
boiling point 114.6®-114,8° C. at 760 mm.; freezing point, indefinite; n-J 1.4325; 
d® 1.44; d®®j® 1.032; flame point, 62® C. According to Briner and his collabora¬ 
tors, this dichlorobutane, in solvent power for oils and fats, is equal to carbon 
disulphide and ethylene dichloride. 

The dihalides of butene-1 can exist in optically active forms while the di¬ 
halides of butene -2 contain two asymmetric carbon atoms in their molecule and 
are therefdre capable of existing in four stereoisomeric forms, a dl, d, I, and 
meso (internally compensated). The d/-butene-l dichloride boils at 124® C. and 


Wibaut, Rcc. irav. chim., 1931, 50, 313. 

Kahlbaum, X. physik, Chem., 1898, 26, 626. 646; Chem. Soc. Abs., 1898, 74 (2), 5S6. 
Timmerman., Bull. soc. chim. Bclg., 1919, 28, 392. 

^®*Taplcy and Oicsy, /. Amcr. Pharm. Assoc., 1926, 15, 115; Chem. Abs., 1926, 20, 3685. 
"»Friedel and Silva,.Cornet, rend.. 1872, 75, 81; Chem. Soc. Abs., 1872, 25, 805; Markovnikov. 
Ber., 1876, 8, 1318; Compt. rend., 1875, 81, 668, 728, 776; Chem. Soc. Abs., 1876, 29, 338; Prins, 
German Patent 261,689, 1912; Chem. Abs., 1913, 7, 3641; Kirrroann and Grard, Compt. rend., 1930, 
190, 876; Chem. Abs., 1930. 24, 3750. 

1907, 354, 325, 358. 

Malbot, Compt. rend., 1888, 107, 113. 

Chim. Acta, 1924, 7. 374; Chem. Abs., 1924, 18. 1977. 
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d/-butene-2 dichloride at 119® to 120® On treatment with alkalies they 

both yield chlorobutenes. 

The chlorination of isobutylene illustrates a rather general rule which was 
enunciated by Kondakoff“® from a study of the chlorination of the amylenes, 
that olefins which combine very readily with mineral acids yield monochloro- 
olefins while those which do not readily combine with mineral acids give rise to 
the normal addition products on treatment with chlorine. In the case of iso¬ 
butylene, Chechoukoff found that treatment with chlorine resulted in the 
formation, not of the expected isobutylene dichloride, but of two isomeric chloro- 
butenes having the configurations: 


CH. 

\=CHa and 



The isobutylene dichloride, initially formed in this reaction, undergoes immediate 
decomposition with elimination of hydrogen chloride to yield chlorobutenes. 

The bromine derivatives of the butylenes have been the subject of a number 
•of important studies. Butene-1 dibromide, which is capable of optical activity, 
was prepared by Wurtz by passing butene-1 into cooled bromine. It was 
similarly isolated by Lepingle,^^® together with other isomeric dibromides, by 
passing the gas produced by decomposing n-butanol (in the presence of alumina) 
into bromine. According to Lepingle it has the following physical properties: 
boiling point 166.3® C at 760 mm., 50.8® C. at 13 mm. and d^* 1.8021. It solidi¬ 
fies at —65.4® On treatment with alkalies it gives rise to a mixture of 

monobromobutenes having the following formulas and physical properties: 


(1) CH,CH*CBr==CH. 

(2) cw-CH,CH,CH=CHBr 


b.p. 81.0® C. at 760 mm. 
m.p. -133.4® C. 
d*? 1.3209 

b.p. 86.2® C. at 760 mm. 
df 1.3265 


(3) /rawj-CH,CH,CH=CHBr b.p. 94.7® C. at 760 mm. 


m.p. -100.3® C. 
d*J 1.3275 




Butene-2 dibromide, existing in several stereoisomeric forms, was first pro¬ 
duced by Wurtz.Lepingle isolated two forms of this dibromide from the 
products of bromination of the gases resulting from the dehydration of n-butanol 
and assigned the following formulas to those compounds: 

Mw-CH,CHBrCHBrCH, b.p. 157.3® C. at 760 mm. 

b.p. 51.4® C. at 19 mm. 
m.p. —34.5® C. 
df 1.7913 

b.p. 160.5® C. at 760 mm. 

d/-CHaCHBrCHBrCH, b.p. 51-2® C. at 16 mm. 

1.7891 

Timmermans, BulL soc. ehim. Belg., 1919, 28, 392. 

*^Ber., 1891, 24, 929. 

1883. 16, 1869; Bull, soc, chim., 1884, (2> 41, 253; 1885, (2) 43. 127. 

^'*Ann,, 1869, 152, 23. 

'^BuU. soc. chint., 1926, 39, 741; Chem. Abs., 1926, 20, 2974. 

Tintmermans, loc. dt. 

*** L6ping1e, toe. eii, 

* 1867, 144. 236. 
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Later Young, Dillon and Lucas obtained the stereoisomeric forms of bu¬ 
tene-2 in a pure condition. On brominating the cu-isonier at 0^ C., a dibromide 
of boiling point 75.6^ to 75.8^ C. at 50.0 mm., tentatively assumed to be the 
racemic compound, was obtained while the /ranj-hydrocarbon yielded a dibromide 
of boiling point 72.7® to 72.9® C. at 50 mm., which was probably the meso- 
isomer. 

The halogenation of butane is said to be aided by simultaneously halogenating 
in the presence of 10 per cent by volume of butylene. The reaction is carried 
out in the dark at 0® to 30® On the other hand, when a mixture of butane 

and butylene is chlorinated in the presence of oxygen, the substitution reaction is 
stated to be suppressed.'^^** ‘ 

On treatment with alcoholic potassium hydroxide, butene-2 dibromide was 
found by Holz'^® to yield a monobromobutene, boiling point 87® to 88® C. at 
760 mm., and having the structure CHjCBr—CHCHg. When this substance was 
treated with sodium ethoxide at 130® C. it was slowly converted into crotonylene, 
a further molecule of hydrogen bromide being eliminated. This reaction is typi¬ 
cal of the olefin dihalides as a class. 

Isobutylene dibromide, unlike the dichloride, may be obtained by the direct 
bromination of isobutylene.'^® However, some substitution also takes place and 
the isobutylene dibromide is always accompanied by higher brominated products. 
The approximate compositions by weight of the products of bromination of iso¬ 
butylene at 45® to 50® C. and at 0® to 5® C. are given by Mereshkowsky and 
by Hurd and Spence,'^! respectively, as follows: 

At 45® to 50* C. At0®to5®C. 

( Mereshkowsky) (Hurd and Spence) 

Isobutylene dibromide . 45 65.5 

Tribromoisobutane . 44 25.5 

Tetrabromoisobutanes . 7 6.0 

Penta- and hexa-bromoisobutane . 1 3.0 

Isobutylene dibromide is a colorless liquid, boiling point 150® C. at 760 mm.; 
melting point —70®C.; d^J 1.783; n« 1.51406; n®®, 1.51186.'®* 

The Dihai-ides of the Amylenes 

The chlorination of the various isomeric amylene» illustrates the rule of 
Kondakoff, already mentioned in the case of isobutylene, that the olefins which 
react very readily with mineral acids do not readily form the normal olefin di¬ 
chlorides but tend to yield chloro-olefins instead. Thus Kondakoff'®* found 
that when pure trimethylethylene was treated with chlorine at 16® C. and —^20® C., 
considerable quantities of hydrogen chloride were evolved and the products of 
chlorination consisted chiefly of chloroamylene and tertiary amyl chloride, with 
some amylene dichloride, the mechanism of formation of which may be .sum¬ 
marized in the following manner: 

J.A.C.S., 1929, 51, 2528. 

Ufa Bataafsche Petroleum Maatschappij, French Patent 745,543, 1933; Chem. Abs., 1933, 27, 4240; 
see also Chapter .30. 

Bataafsche Petroleum Maatschappij, French Patent 745,544, 1933; Chem, Abs„ 1933, 27, 4240. 

>»/4nn.. 1889, 250, 230; Chem, Soc, Abe,, 1889, 50, 575. 

**** Linnemann, Ann., 1872, 162, 36; Wurts, Ann., 1857, 104, 249; Hell and Rothberg, Ber., 1889. 
22. 1737. 

»>•/Inn.. 1923, 431, 113. 

^/.A.C.S,, 1929. 51^ 3561. 

Linnemann, he. at.; Krestinsky, Ber,, 1922, 55B, 2754; Timmermans, loe, eU, 

Rnss. Phys.-Chem. See., 1885, 17, 144 and 290; 1887, 10, 337; Chem. See. Abs., 188S, 
48. 736; 1886. SO, 1.36; 1888, 54. 123. ' * 
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Cilii 9 4" Cl» . CsHwCla {amylene dichloridc) 

CaHttCU — HQ — '■' > ■ C»Hi,Cl (chloroamylctte) 

CftHu + HQ CiHiiCl (tertiary ai\fyl chloride) 

It was observed that the evolution of hydrogen chloride commenced only 
after a certain amount of chlorine had been absorbed, but once started this pro¬ 
duction of hydrogen chloride continued until the end of the operation. Besides 
the products enumerated above, others of higher boiling point (and consisting of 
QH^Qj, CgHaQ*, with traces of CgHoQ and CgHjiCl) are obtained 
if excess of chlorine is used or if the trimethylethylene is cooled with calcium 
chloride and snow. 

When symmetrical methylethylethylene was treated with chlorine the cliief 
product was the dichloride, CH3CHCICHCICH2CH2, but a small quantity of the 
monochloropentene, CHaCHClCH==CHCHg was also formed.^-* 

On the^ other hand, Kondakoff found that isopropylethylene, which is also 
known to be less reactive toward mineral acids than methylethylethylene, gave 
the dichloride almost Exclusively. Gilorine was passed into isopropylethylene 
maintained at temperatures from —20° C. to 16° C. but in all cases the products 
were the same, i.e., mainly isopropylethylene dichloride, 


CH« 


CH 


^CHCHC1CH,C1 

/ 


together with only a small amount of a monochloride. 

It is interesting to note that tetramethylethylene, one of the more reactive 
of the isomeric hexenes, on treatment with chlorine at ordinary temperature, 
yields mainly a chlorotetramethylethylene,^^® probably 


CH, CH, 

\h. 


Trimethylethylene Dichloride 


CH, 

Trimethylethylene dichloride, CCICHCICH,, is a heavy oil, boiling point 

CH^ 


133“ to 135“ C. at 760 mm. 

According to the Badische Co.,**^ amylenes and hexenes readily yield dichlo¬ 
rides on treatment with sulphuryl chloride at temperatures below 30° C. The 
preparation of trimethylethylene dichloride can be conducted as follows: 
Sulphuryl chloride is gradually introduced with continuous stirring into an excess 
of trimethylethylene at —^2° to 0° C. After a further period of agitation the sul¬ 
phur dioxide and excess amylene are distilled ofif and the residue fractionated 


Kondakoff, Bet., 1891, 24, 929 ; Ckem. Soc. Abs., 1891. 60, 809. 

**• /. Russ. Phys.-Chem. Soc., 1888, 20. 141; Chem. Soc. Abs., 1889, 56. 113. 

*** Choupotsky and Mariutza, /. Russ. Phys.-Chem. Soc., 1890. 21, 431; Chem. Soe. Abs., 1890. 
S8, 727. 

French Patent 433.309, 1911; J.S.C.I., 1912, 31, 151. 
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under reduced pressure. A good yield of trimcthylcthylene dichloride, boiling 
point 48° to 52° C at 40 mm., is obtained. 

Isopropylethylene dichloride boils at 143° to 144.5° C. at 760 mm. and has 
d® 1.1106, while symmetrical methylethylethylene dichloride has boiling point 
138° to 139.5° C. at 760 mm. 

Most of the industrial work so far reported on the chlorination of pentenes 
has as its primary object the production of monochloro compounds from which 
the monohydric alcohols can be obtained by hydrolysis. This is particularly so 
in the case of the amylenes and pentanes, as pointed out in Chapters 29 and 33. 
As indicated above the dihalides are substances of quite remarkable chemical 
activity which might be used for the synthesis* of numerous new organic com¬ 
pounds. The higher homologues of allene may be synthesized from some of the 
olefin dihalides by treatment with caustic alkalies. In this way Favorskii 
was able to prepare tertiary butylallene in 90 per cent yield by treating the 
dibromide of symmetrical methyl tertiary butylethylene with excess of caustic 
potash, the reaction proceeding according to the scheme: 


CH, 

CH,CHBrCHBrC-CH. (+ KOH) 

\ 

CH. 


CH. 

ch,=c=chC^-ch. 

'^CH, 


Higher Olefin Diualides 


The general properties of the higher olefin dihalides are similar to those 
of the dihalides just described (such as those of tetramethylethylene and methyl¬ 
ethylethylene). As yet they have not been employed industrially though they 
have been utilized in the chemical synthesis of organic substances. 

A number of processes have been proposed for producing chlorinated hydro¬ 
carbons, or mixtures of such substances, by the interaction of chlorine with 
cracking gas or cracked gasoline. Thus, for example, Ellis and Wells pro¬ 
duced halogenated hydrocarbons by subjecting **acid extract'^ to the action of a 
lialogenating agent. The term “acid extract” is here applied to an alkylsul- 
phuric acid liquor obtained by absorption of olefins, from cracking operations, 
in sulphuric acid. Payne and Montgomery suggest chlorinating the gaseous 
products of pressure distillation (i.e., cracking gas) in the presence of a catalyst 
made by treating a high-boiling paraffin oil with chlorine at 300° F. until a 
porous solid, having the appearance of coal, is obtained. In the presence of 
this porous catalyst chlorination is effected at about 300° F. and the most satis¬ 
factory yield of liquid chlorinated products is said to be obtained when using 
three volumes of chlorine per volume of gas. The process of Payne and 
Montgomery evidently includes not .only the chlorination of the olefins present 
in the gas but also the substitutive chlorination of saturated hydrocarbons. 


“*y. Russ. Phys.-Chem. Soc., 1920, 50, 557; Ckem. Ahs., 1924, 18, 1466. 

“•For the dibromides of the higher olefins see Kirrmann, Bull. soc. chim., 1926, 39, 988; 
3-methyl-3-pentene dibromide is described by Pariselle and Simon. Compt. rend,, 1921, 173, 86; for 
hexene dibromtdes see Timmermans, Bull. soc. chim. Belg., 1919, 28, 392. 

S. Patent 1,440,976, Jan. 2, 1923; J.S.C.I., 1923, 42, 202A. 

*«U. S. Patent 1,520,506, Dec. 23, 1924; J.S.C.I.. 1925. I89B. U. S. Patent 1,453,766, May 1, 
1923; J.S.C.I., 1923, 42, 801A. Both patents assigned to Standard Oil Co. of Indiana. 



Chapter 21 

Production, Properties and Uses of Halphydrins 
Derived from Simple Olefins 

The halohydrins are compounds containing in their molecule both a halogen 
atom and a hydroxyl group, or in other words, are halogenated alcohols. The 
halohydrins derived from the simple monolefins belong exclusively to the class 
of 1,2- (or a) derivatives, in which the halogen atom and hydroxyl group are 
linked to adjacent carbon atoms and possess the following general structure: 

Vc^ 

Uh 

where X represents a halogen atom. From an industrial point of view only the 
a-chlorohydrins exemplified by the simplest member, ethylene chlorohydrin, are 
of importance though the corresponding bromohydrins and iodohydrins are also 
known. Halohydrins in which the halogen atom and hydroxyl group are not 
attached to continuous carbon atoms also exist, but as they cannot be pro¬ 
duced directly from olefins and are of little industrial interest they are not 
considered in the following account. 

Numerous methods are available for the synthesis of the a-halohydrins, but 
most of them are of academic interest only. The interaction of the simple 
monolefins with hypochlorous acid, or chlorine water, is the only method of 
technical significance. 

Although ethylene chlorohydrin was discovered as early as 1859 by Wurtz,* 
and its remarkable chemical reactivity clearly demonstrated, this substance con¬ 
tinued to possess merely an academic importance until the beginning of the pres¬ 
ent century when attempts were made to use it in the synthesis of indigo. Dur¬ 
ing the World War it assumed a great importance in Germany as an intermediate 
in the manufacture of mustard gas, but it was not until afterwards that ethylene 
chlorohydrin was used in comparatively large amounts for the preparation of 
other chemical materials. The most important factors which have contributed 
to a revival of interest in the olefin chlorohydrins are; first, the increasing pro¬ 
duction of large amounts of the lower olefins in commercial cracking operations 
(and especially in vapor-phase high-temperature cracking) and, second, the con¬ 
tinued growth of the liquid chlorine industry with its economy of production 
and perfection of methods of bulk transport. Although most of the actual chem¬ 
istry of the chlorohydrins has been known for half a century, changed manu¬ 
facturing conditions and the development of the oil-cracking industry have 
combined to direct attention to the synthetic possibilities of the 1,2-chlorohydrins. 

The importance of the a-chlorohydrins is due entirely to the extraordinary 

^ Ann., 1859, 110, 125; prepared by the action of hydrogen chloride on glycol. Cariut (Ann., 
J863, 126, 197) used ethylene and hypochlorous acid. 
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reactivity of the chlorine atom in these compounds, which renders possible the 
synthesis of a large number of organic substances, for example, solvents and 
drugs, from these halogcnated alcohols. Possibly the greatest application of 
a-chlorohydrins is in the manufacture of glycols, olefin oxides, and their deriva¬ 
tives, which may be utilized as solvents or fumigants. In brief, the chlorohydrins 
derived from the simple monolefins are to be regarded as chemical intermediates 
in industrial syntheses possessing great potentialities. 

The reactions of ethylene chlorohydrin are a good example of the a-halo- 
hydrins as a class. Attention should be drawn to the reactivity of the halogen 
atom in the halohydrins as compared with the halogen atoms in the olefin 
dihalides. Whereas ethylene dichloride reacts only slowly in sodium carbonate 
solution at 100® C., ethylene chlorohydrin is hydrolyzed by water alone (about 
15 per cent at 97® C. in 12 hours) and is quantitatively converted into ethylene 
glycol in one hour by sodium carbonate solution at 105® C.^ Many other illus¬ 
trations might be advanced.' For example, ethylene chlorohydrin reacts with 
sodium sulphide to yield a thiodiglycol, with amines or caustic alkalies to form 
ethylene oxide, and with alkali cyanides to give the corresponding nitrile. 
Further, the reactivity of the chlorine atom is not greatly affected by esterifying 
the hydroxyl group and esters of the glycols may be prepared by the action of 
the s^ium salts of organic acids on the chlorohydrin. 

Ethylene Chlorohydrin (a-CnLOROETHYL Alcohol, CHaClCH^OH) 

The earlier methods of preparation consisted in passing dry hydrogen chloride 
gas through ethylene glycol at about 150® C., the chlorohydrin distilling over 
as formed.® This rather troublesome method has been entirely superseded by 
the direct combination of hypochlorous acid with ethylene, a reaction discovered 
by Carius.^ The earlier workers were apparently misled by the idea that fairly 
strong solutions of hypochlorous acid were necessary. It has since been demon¬ 
strated that the formation of chlorohydrins proceeds smoothly when olefins are 
passed into dilute aqueous solutions of hypochlorous acid at atmospheric tem¬ 
perature. Conditions which promote the solution of the gas in the aqueous 
solution (e.g., agitation or increased pressures) accelerate the formation of 
chlorohydrin.® 

Formerly, hypochlorous acid was made by the action of chlorine water on 
mercuric oxide, or through the medium of chlorine oxide.® Lauch ^ and Bam¬ 
berger® added a weak acid, such as boric acid, to a dilute aqueous solution of 
a hypochlorite. A better method is that of Wohl and Schweitzer,® which consists 
in passing chlorine into a cooled solution of sodium carbonate or bicarbonate. 
A variation of the latter is the adding of an excess of sodium bicarbonate to an 
alkaline solution of sodium hypochlorite.^® 

Before the World War the Badische Anilin- und Soda-Fabrik worked on 
the production of ethylene chlorohydrin with the object of synthesizing indigo, 
the source of hypochlorous acid being calcium hypochlorite.^^ The method for 

* Brooks, Chem. Met, Eng., 1920, 22, 631. 

* Ladenburg, Ber., 18S3, 16, 1408. Wurts, Ann., 1859, 110, 125. 

*Ann., 1863, 126, 197; Butlerow, Ann., 1866, 144, 40. 

* Brooks, Chem. Met. Eng., 1920, 22, 631. 

* Reformatsky, J. pr. Chem., 1889, 40, 396. 

^ Ber., 1885, 18, 2287. 

•Ann., 1895, 288, 81. 

•Ber.. 1907, 40, 94. 

‘•Walker. U. S. Patents 972,952, Oct. II, 1910, and 972,954, Oct. 18, 1910; assigned to Maas 
and Waldstein Co.; Chem. Abs., 1911, S. 150, 160. 

“ German Patent 163.043, 1904; Chem. Zemtr., 190S, 2, 1062. 



488 


CHEMISTRY OF PETROLEUM DERIVATIVES 


large scale preparation of ethylene chlorohydrin, developed in Germany during 
the World War, consisted essentially in the liberation of hypochlorous acid from 
bleaching powder by gaseous carbon dioxide in the presence of ethylene gas. 
This process has been described by Norris^* as follows; 

The reaction was carried out in a cylindrical tank resting on its side, furnished with 
stirrers and well insulated. Enough chloride of lime was introduced to furnish 500 
kilograms of available chlorine, together with 5 cubic meters of water. At first about 
20 cubic meters of carbon dioxide alone were passed in and later, carbon dioxide and 
ethylene simultaneously. The reaction should be carried out at as low a temperature 
as possible and in practice the temperature could be maintained at 5" to 10® C. bjj con¬ 
tinuously pumping the liquid through a coil cooled by brine. The rate of absorption of 
the ethylene was carefully noted and more carbon dioxide was introduced as soon as 
ethylene absorption slackened. When ethylene was no longer absorbed, i.e., in about 
2 to 3 hours, the contents of the apparatus were filtered to remove calcium carbonate 
whereupon the residual liquor, containing 10 to 12 per cent of chlorohydrin, was distilled 
with steam to yield a condensate contaira’ng 18 to 20 per cent of chlorohydrin. The 
yield of chlorohydrin calculated on the ethylene used was 60 to 80 per cent of the 
theoretical. 

According to Brooks,'® the gradual liberation of hypochlorous acid from 
sodium hypochlorite in the presence of ethylene or propylene by weak acids 
(boric acid or carbon dioxide) gives yields of only 25 to 30 per cent based on 
the original quantity of hypochlorite. Somewhat better results are obtainable 
by using bleaching powder and carbon dioxide. This is probably due to the case 
of decomposition of sodium hypochlorite solutions the instant free hypochlorous 
acid is formed by the neutralization of the excess alkali. In the presence of 
excess free alkali, concentrated sodium hypochlorite solutions are quite stable.** 

The principal methods which have been preposed for obtaining aqueous solu¬ 
tions of hypochlorous acid are as follows: passage of carbon dioxide into aqueous 
solutions of calcium or sodium hypochlorite; passage of chlorine into sodium 
carbonate solutions; introduction of chlorine and caustic alkali simultaneously; 
introduction of aqueous sodium bicarbonate into aqueous sodium hypochlorite. 
Other procedures are the introduction of chlorine into water either alone or in 
the presence of certain metallic salts, e.g., copper chloride or oxychloride,*® or 
salts such as disodium hydrogen phosphate capable of neutralizing the hydrogen 
chloride simultaneously formed.*® 

The important fact that ethylene chlorohydrin may be produced by passing 
chlorine and ethylene simultaneously into water was established by Gomberg.** 
Previously, Read and Williams *® had shown an analogous reaction takes place 
between bromine water and ethylene. Although it is well known that in the 
system, 

Cl, 4- H,0 HOG -f HCl 

the proportions of hypochlorous and hydrochloric acids actually present under 
normal conditions are very small, the velocity of the reaction between the hypo¬ 
chlorous acid and ethylene is so much greater than that between free chlorine 
and ethylene that it was possible to obtain good yields of chlorohydrin and to sup¬ 
press the competitive reaction of direct chlorination. According to Gomberg, when 

«/n<f. Eng. Chew., 1919, ll. 817. 

**Chcm. Met. Ena., 1920, 22, 631. 

^AluHoratt and Smith, J.S.C.I., 1898, 17, 1096; 1899, 18, 210. 

**Kcrfoot, Kerfoot, Irvine and Haworth, British Patent 128,635, 1917; J.S.C.I., 1919, 38. 
657A; U. S. Patent 1,227,049, May 22, 1917; JS.C.L, 1917, 36, 712; British Patent 12,912, 
1915; J.S.C.l., 1916, 35. 1059. 

MEldred and Brooks, U. S. Patent 1,465,601, Aug. 21, 1923; Chew. Abs., 1923, 17, 3880. 

”J A.C.S.. 1919, 41, 1414. 

1917, 111, 240. 
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ethylene and chlorine are passed into water, keeping the ethylene in slight excess, 
a concentration of chlorohydrin of 6 to 8 per cent is reached before an appre* 
ciable amount of dichloride is formed. Up to this point the gases are absorbed 
rapidly at 10® to 12® C., but thereafter the reaction Hornes sluggish. The influ¬ 
ence of dissolved chlorohydrin, hydrogen chloride or metallic chlorides on the 
course of the reaction was roughly determined. Chlorohydrin itself is rather 
helpful at the beginning, and hydrochloric acid up to concentrations of 2 moles 
per liter does not hinder the almost exclusive formation of chlorohydrin. The 
combined effect is, however, more important since, when both ^re present in 
concentrations of 1 mole per liter production of di,chloride is favored. Any attempt 
to shift the equilibrium H^O + Clj 5=^ HOQ + HQ by removing the hydro¬ 
chloric acid from the sphere of the reaction by the addition of metallic salts is 
not beneficial as these promote dichloride formation. Efficient stirring is neces¬ 
sary for good yields. Gomberg considered more than 8 per cent concentration 
of ethylene chlorohydrin in the reaction mixture inadvisable. 

An interesting extension of Gomberg^s method for the preparation of chloro- 
hydrins is described by Ernst,who effects the synthesis of chlorohydrin-ethcrs 
by causing a mixture of an olefin and chlorine to react with an alcohol, with or 
without the addition of water. Thus, ethylene and chlorine are passed into 
ethanol to furnish an 85 per cent yield of )8-chlorocthyl ether. CaHaOCHgCHsCl. 

Brooks 20 has given some details of the operation of a plant for the produc¬ 
tion of ethylene and propylene chlorohydrins by the use of chlorine water. The 
apparatus was of the liquid-circulating type. To minimize the corrosion diffi¬ 
culties the free hydrochloric acid was neutralized with soda ash. It was shown 
that the formation of chlorohydrins was fairly rapid until the solution contained 
about 5 per cent of chlorohydrins. According to Curme,*^ temperature has only 
a slight influence on the yield of ethylene chlorohydrin by this process and a 
little dichloride is always formed as a by-product. 

An examination of the synthesis of ethylene chlorohydrin from hypochlorous 
acid and ethylene was made by Bozza and Mamoli.** They observed that the 
direct attack of ethylene by chlorine and also the action of chlorine on chloro¬ 
hydrin became appreciable only when the concentration of the latter was about 
1 molar. In the presence of solutions of pure hypochlorous acid the velocity 
of the chlorohydrin-forming reaction was independent of the concentration of 
the acid within wide limits but did depend upon the surface area of the ethylene 
bubbles. The velocity of this reaction is not altered by adding benzene or carbon 
tetrachloride or by starting with solutions already acid. It is diminished by the 
presence of sodium chloride, so that it is disadvantageous to neutralize the acid 
with alkali. The presence of copper salts induces considerable formation of 
secondary products while neutralization with lead oxide is valueless. The action 
of chlorine on chlorohydrin solutions of medium concentration yields highly 
chlorinated products very difficult to separate by distillation. Bozza and Mamoli 
concluded that, to avoid losses due to secondary reactions, the practical limit of 
chlorohydrin concentration was 8 to 10 per cent. 

Shilov 22 recorded some experiments directed toward the development of 
an industrial method of manufacturing ethylene chlorohydrin. Hypochlorous 
acid was made by adding alkali or alkaline hypochlorite to a solution of chlorine 

** German Patent 537,696, 1928; assigned to Alexander Wacker Ges. fur Elektrochemische Ind. 
G.m.b.H.; Chem. Abs,, 1932, 26, 1297. 

Chem, Met, Emx, 1920, 22. 631. U. S. Patent 1,446,874, Feb. 27, 1923; assigned to Chadeloid 
Chemical Co.; J,S.C.l., 1923, 42, 377A. 

« Chem, Met. Ena., 1921, 25. 999. 

"Giarn. CMm. Ind. Appi., 1930, 12, 283; Brit, Chem. Abs., A, 1930, 1269. 

Chem, Ind. {Moecow), 1928, 5, 1273; Chem. Abe., 1929, 23, 2937. 
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in water rather than by passing chlorine into an alkaline solution. This opera¬ 
tion was effected by first passing chlorine into a flask cooled by ice and con¬ 
taining a little water; after the formation of a chlorine hydrate precipitotc, 
a solution of sodium hydroxide, or better, of sodium hypochlorite, was added 
(with good stirring) at such a rate that chlorine always remained in excess. 
When the reaction was completed, excess chlorine was removed by air-blowing 
or by adding a small quantity of calcium carbonate. By this method about 5.25 
per cent solutions of hypochlorous acid, sufficiently stable for the chlorohydrin 
synthesis, were prepared. The reactions taking place were considered to be 

CU 4“ 2NaOH —NaOCI + NaCl + H,0 

Clt -h NaOCl + H,0 —2HOC1 -f NaQ 

Experiments indicated that the velocity of ethylene absorption in hypochlorous 
acid increased with the rate of stirring, and the formation of chlorohydrin was 
catalyzed by hydrogen ions. When the hydrogen-ion concentration (and conse¬ 
quently the hypochlorous acid concentration) drops below the neutral reaction 
point, ethylene absorption becomes very slow. The yield of chlorohydrin, calcu¬ 
lated from the hypochlorous acid present, was 80 per cent when using dilute 
solutions. It was found also that the chlorohydrin is only slightly oxidized by 
the free hypochlorous acid. 

Conditions for the preparation of ethylene chlorohydrin by the action of 
chlorine and water on ethylene have been investigated by Zapadinskii.^^ He 
carried out this reaction in the following manner: Chlorine and ethylene are 
passed simultaneously (through tubes termiiiating in narrow outlets) into the 
bottom of a 1.5 liter fla.sk containing 500 cc. of water, maintained at ±2° C. and 
vigorously stirred. Tlie pressure was 150 to 200 mm. of water. Experiments 
with ethylene dichloride (to increase the solubility of chlorine) and with alcohol 
(to increase the solubility of ethylene) resulted in considerably decreased yields 
since the ethylene dichloride suppresses the hydrolysis of the chlorine, and the 
alcohol undergoes oxidation at the expense of the chlorine. Brooks’ suggestion 
to employ gasoline as a solvent is considered by Zapadinskii to be of doubtful 
value. In order to separate the chlorohydrin produced, three operations are pro¬ 
posed. The reaction mixture is distilled, and the first 10 to 12 per cent of dis¬ 
tillate contains 80 to 85 per cent of the chlorohydrin; the next 10 to 15 per cent 
contains most of the remainder and only 2 to 3 per cent is found in the residue. 
The second distillate fraction is added to fresh crude material while the first 
distillate is extracted with ethylene dichloride, which is itself a by-product of 
the process. It is advisable to extract twice with this dichloride, containing 
some chlorohydrin, then twice with pure dichloride, taking each time a volume 
of solvent equal to 20 per cent of the solution. The third and final operation 
consists in separating the chlorohydrin from the dichloride by distillation, either 
at ordinary or reduced pressures. 

The synthesis of ethylene chlorohydrin by Gomberg’s method has been sys¬ 
tematically studied by Tropsch and Kassler.** Their results are in substantial 
agreement with those of other investigators. Measured volumes of ethylene and 
chlorine were conducted into a water-filled bottle, mechanically shaken, and 
analyses were made of the gases escaping at the outlet. The occurrence of the 
two competitive reactions yielding ethylene chlorohydrin and ethylene dichloride, 


Chgm, Ind, (Moscow), 1928, 5, 1426; Chem, Abs., 1929, 23, 3208. 

_ Koklenforschnngsinst, Prag,, 1931, No. 1, 16; Chem. Abs„ 1932, 26. 1242: French Patent 

W32i CAwfc At,., 1933. 13, 732i .ho BriUib Patent 377,^95, iw" Bra. Ch^ Abt^X 
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respectively, was noted and the influence of various factors on the relative yields 
of these two products investigated. Conditions found to favor the production of 
ethylene chlorohydrin were (1) the use of excess ethylene in the entering gases, 
and (2) the maintenance of a low concentration of ethylene chlorohydrin in 
the reaction mixture. On the other hand, the yield of ethylene dichloride rose 
linearly with increasing concentration of ethylene chlorohydrin. 

The following empirical formula was developed to express the relationship 
between the ratio, y, of the extent to which the competitive reactions, yielding 
chlorohydrin and dichloride respectively, proceed at a chlorohydrin concentration, 
X, and at definite partial pressures of chlorine and ethylene: 

y *= - 1.312 ;r + QA 92 P *+ 8.66, 

where P ~ , and 

^C*H4 “h Pc\» 

PctH^ and peu are the partial pressures of ethylene and chlorine, respectively. 
Thus, in an experiment at 20® C, the reaction producing ethylene dichloride 
occurred to the extent of 20 per cent (based on the ethylene reacting) when the 
concentration of ethylene chlorohydrin was 7 per cent. For economical produc¬ 
tion of ethylene chlorohydrin, therefore, a limited concentration of it in the reac¬ 
tion mixture should be maintained by continuous dilution. Ilie introduction of 
ethylene dichloride into the reaction mixture increased the formation of dichlo¬ 
ride, probably by solution and direct combination of ethylene and chlorine in 
the oily phase. In agreement with other investigators, Tropsch and Kassler 
observed that the reaction rate of hypochlorous acid and ethylene was very rapid 
up to 10 per cent concentration. Temperature variations from 4® C. to 30® C. 
had little influence on the reaction, but the yield of dichloride at 40® to 60® C. 
was distinctly reduced. 

According to Frahm,*® the rate of formation of ethylene chlorohydrin is 
increased, and that of the dichloride diminished, if ethylene and chlorine are 
allowed to react in dilute aqueous solutions of various catalysts, e.g., in 0.1 to 
1.0 per cent copper chloride or ferric chloride solutions. Since these substances 
facilitate the decomposition of hypochlorous acid into hydrochloric acid and 
oxygen, Frahm suggested that ethylene and chlorine in aqueous media give 
ethylene oxide, which subsequently reacts with hydrogen chloride. 

Technical Production of Chlorohydrins 

The majority of the methods dealing with the manufacture of chlorohydrins 
refer to the treatment of cracking gas or oil gas as a source of olefinic hydro¬ 
carbons. The products, therefore, consist not only of ethylene but also of 
propylene chlorohydrin and possibly chlorohydrins of the immediately higher 
homologues of propylene. For this reason the procedures are discussed as a 
whole. 

Walker prepared chlorohydrins of the higher olefins (boiling point 35® to 
125® C.) containing 5 to 8 carbon atoms per molecule by the following method. 
Hypochlorous acid is made by adding sodium bicarbonate (75 parts of NaHCOj 
to 75 parts of NaOCl) either in solid form or in aqueous solution to an aqueous 
15 to 25 per cent solution of sodium hypochlorite. The hypochlorite solution 
is then added to the olefinic hydrocarbon with agitation and cooling. The reac- 

^ Rec. irav. ckim., 1931, SO, 261; Btii. Ckem. Abs, A, 1931, 598. 

^ U. S. Patents 972,952 and 972,953, Oct. 18, 1910. 
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tion should continue for about four hours at a temperature of 15® C. or below. 
•The mixture separates into two layers, an aqueous layer which is withdrawn 
and an oily layer (consisting of chlorohydrins and hydrocarbons). The latter 
is washed with water, dehydrated, and the chlorohydrins (boiling point about 
170® C.) separated from lower-boiling hydrocarbons by distillation. 

Kerfoot and his co-workers ** prepared chlorohydrins, particularly ethylene 
chlorohydrin, by alternately passing chlorine and ethylene into an aqueous solu¬ 
tion of a copper salt, either chloride or oxychloride. The mixture is vigorously 
agitated to secure good contact. A modification consists in allowing the aqueous 
solution to flow down a packed tower divided into a number of horizontal zones 
alternately filled with chlorine and ethylene. The chlorohydrins are separated 
» from the aqueous solution by extraction with ether, or in the case of ethylene 
chlorohydrin, a constant-boiling mixture (43 per cent chlorohydrin and 57 per cent 
water, boiling point 97° C.) is obtained by fractional distillation. 

McElroy described the production of chlorohydrins by interaction of olefins 
(either pure individuals or mixtures) with aqueous solutions of chlorine or hypo- 
chlorous acid, generated electrolytically. Olefin dichlorides are formed simul¬ 
taneously and it is largely a question of the relative concentrations of the chlorine, 
water, and olefin which determines the course of the reaction. In the presence 
of a large excess of water the chlorohydrin-forming reaction predominates. The 
aqueous bath is saturated with an excess of olefin by agitation, this being advan¬ 
tageous since it increases the rate of formation of chlorohydrin and also shields 
the latter substance from further chlorination. 

It is also proposed to make chlorohydrins by allowing olefin gases to react 
with chlorine in the presence of excess steam and water at a temperature of 
about 100° C.®® The following conditions appear to be necessary: (1) The 
concentrations of steam and ethylene should always be very much greater than 
that of the chlorine; (2) olefin dichlorides are formed unless steam is in con¬ 
siderable excess; (3) chlorine should always be in relatively low concentrations; 
(4) the reaction develops much heat which is ab.sorbed by the steam; (5)' the 
continued condensation (and evaporation) of water carries the hydrogen chloride 
formed into the liquid phase so that it may be continuously removed from the 
reaction zone. 


McElroy suggested carrying out the same reaction in a tower at the bottom 
of which the mixed olefin gases are introduced. The gases pass upwards against 
a downflowing current of hot water which furnishes the water vapor necessary 
for dilution and reaction and also serves as a scrubbing means to remove hydro¬ 
gen chloride. Chlorine is added at various points in the tower and the tempera¬ 
ture IS so maintained that the desired products together with water vapor pass 
from the top of the tower and are condensed. Hydrochloric acid is removed 
continuously at the bottom. 

In connection with these processes o£ McElroy, Brooks” has recorded that 
large-scale operation leads to the formation of large proportions of highly 
chlorinated oily products. ^ ^ 

Another prwess for making chlorohydrins depends essentially on the emplov- 
ment of me^tc cWorides. such as cupric or ferric chlorides, for supplyinir the 
chorine." reduced chloride (cuprous or ferrous chlorides) is S^n recon¬ 
verted into the initial materials by oxidation with air followed by treatment with 

2PT”*i***J****"‘ 128,635. 1917; J.S.C.L, 1919. 38. 657A. 

•McElroj-, U. S. 1,315,229, Sept. 9. I919j dum. Ah,.. 1919. U. 2880. 
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hydrochloric acid. Thus, a mixture of olefins and steam is conducted over cupric 
chloride (or ferric chloride) suspended on a carrier, at temperatures of over 
100® C., best at about 160® C. 

The process of Moness*^ cdnsists in passing a mixture of gaseous olefins 
(cracking gas), chlorine, and steam, into a reaction chamber at 97® to 100® C. 
packed with materials, such as manganese dioxide, which are capable of reacting 
with the hydrochloric acid produced to yield more chlorine. Various other sub¬ 
stances may be employed to combine with the hydrochloric acid, e.g., magnesium 
oxide or zinc oxide, or oxidizing compounds such as chromates or ferric oride. 
The products consist of an aqueous solution of chlorohydrins together with a 
separate oily layer containing olefin dichlorides/ 

Brooks described a treatment of ethylene or cracking gas which consists in 
passing these olefins, under-5 to 10 atmospheres pressure, into chlorine water 
at 10® to 20® C., with violent agitation and in the presence of an immiscible 
solvent for chlorohydrins, e.g., chloroform, carbon tetrachloride, tetrachloroethane. 
dichloroethane, benzol, and toluol. The presence of the immiscible solvent tends 
to remove the chlorohydrin from the aqueous solution and thus prevents its being 
further acted upon by chlorine. 

In another procedure,®® unsaturated hydrocarbons are mixed with an aqueous 
solution of an alkali carbonate or bicarbonate, and chlorine is then introduced into 
the aqueous (i.e., bottom) layer. Reaction between the dilute hypochlorous acid 
solution and the unsaturated hydrocarbons is facilitated by vigorous agitation 
or by circulating or atomizing one liquid through the other. The maximum 
strength of hypochlorous acid is about 3 per cent. The chlorohydrins produced 
are said to be substantially free from dichlorides. 

As a method of isolating chlorohydrins. Brooks suggested adding a neutral 
salt (sodium or magnesium chloride or sulphate) to the aqueous solution, sepa¬ 
rating the oily layer which forms, and then extracting the latter with a solvent 
immiscible with water, such as benzol or carbon tetrachloride. The use of benzol 
as a dehydrating agent has been suggested also by Kirst.®® 

In the process of Eldred,®® chlorohydrins are obtained by adding succe.ssive 
portions of chlorine and olefin-containing gases, such as oil gas, to a flowing 
stream of steam, while permitting time for reactions between successive additions. 

Curme and Young*® employ a solution of a hypochlorite containing free 
hypochlorous acid, and Eldred and Brooks*^ use solutions of an alkali salt of 
a weak acid (e.g., sodium carbonate, bicarbonate, borate or phosphate) which has 
previously been treated with chlorine and therefore contains free hypochlorous 
acid. 

The following procedure was described by Long, Willson and Wheeler.*® 
Water is circulated through a number of reaction vessels, in some of which it is 
treated with halogen while in others (alternately spaced) the halogenated liquid, 
containing free hydrochloric and hypochlorous acid, is treated with an olefin 

U. S. Patent 1,308,763, July 8, 1919; Chem, Abs„ 1919, 13, 2218. 

»U. S. Patent 1,394.664, Oct. 25, 1921; Canadian Patent 221,754, 1922; Chem. Ab$,, 1922, 16. 
3316; assigned to Chadeloid Chemical Co. For the use of kerosene as a solvent for olefins in the 
manufacture of chlorohydrins, see Brooks, U. S. Patents 1,498,781 and 1,498,782, June 24, 1924; 
Chem, Ahs,, 1924, 18, 2600. 

** Brooks, U. S. Patent 1,446,873, Feb. 27, 1923; assigned to Chadeloid Chemical Co.; Chem. 
Ahs„ 1923, 17, 1481. 

” U. S. Patent 1,446.874, Feb. 27, 1923; assigned to Chadeloid Chemical Co.; Chem. Ahs., 
1923, 17, 1481. 

**U. S. Patent 1,386,118, Aug. 2, 1921; Chem. Ahs., 1921, 15, 3851. 

»U. S. Patent 1,456,590, May 29. 1923; Chem. Abs., 1923, 17, 2428. 

^•U. S. Patents 1,456,916 and 1,456,959, May 29, 1923; Chem. Abs., 1923, 17, 2428; British Patent 
235.044. 1924; Brit, Chem. Ahs. B. 1925. 652. 

« U. S. Patent 1.465,601, Aug. 21. 1923; assigned to Carbide and Carbon Chemicals Corp. 

^British Patent 265,259, 1925; Chem. Abs., 1928, 22. 244. 



494 CHEMISTRY OF PETROLEUM DERIVATIVES 

at b* to 20° C. These steps are repeated until the concentration of halohj^rin 
reaches a value above which tbe formation of hypochlorous acid is depressed y 
the accumulated hydrochloric acid. The concentration of the latter should not 
exceed 1 molar and is maintained by addition of water and withdrawal of treated 
liquid. Anhydrous halohydrins are obtained by conversion into olefin oxide fol¬ 
lowed by treatment with dry hydrogen halide. 

Olefin chlorohydrins are obtained as intermediate products in the manufacture 
of 1,2-glycols prior to hydrolysis.^* For example, in the production of ethylene 
glycol, 482 cubic feet of ethylene and 241 cubic feet of carbon dioxide are passed 
into a cold 5 per cent hypochlorite solution, containing 100 pounds of sodium 
hypochlorite. The ethylene is admitted in the form of fine bubbles while the 
carbon dioxide is introduced sufficiently slowly into the cooled liquid to maintain 
a low concentration of hypochlorous acid. The solution of ethylene chlorohydrin 
is then boiled for several hours to effect hydrolysis to the glycol. Polyhydroxy- 
compounds, e.g., glycerol from allyl alcohol, are made in a similar manner.^* 

In the process of Youtz,^® ethylene is dissolved in an aqueous medium at a 
pressure of 100 to 200 atmospheres and the resulting solution, free from undis¬ 
solved gaseous olefin, is allowed to react with hypochlorous acid. The application 
of pressure is also advocated by the T. Goldschmidt A.-G.** 

Isham and Spring^®* prepared chlorohydrins by treating an alkylene dichlo¬ 
ride (ethylene dichloride) with sulphur trioxide at 35° to 45° C. and subsequently 
hydrolyzing the chloroethylsulphuric chloride. The chlorohydrin may be separated 
from the mixture by fractional distillation. 

Another suggestion for preparing chlorohydrins consists in reacting esters 
of hypochlorous acid and tertiary alcohols with organic compounds containing 
one or more double bonds, such as olefins, diolefins, or oleic acid.^®** 

Recovery of Ethylene Chlorohydrin 

Various methods have been proposed for recovering ethylene chlorohydrin 
from the comparatively dilute solutions obtained in its preparation. A constant¬ 
boiling mixture of ethylene chlorohydrin and water, containing 42.5 per cent 
chlorohydrin and 57.5 per cent water, boiling point 95.8° C. (735 mm.), is 
known.*^ When dilute aqueous solutions are distilled, it is a comparatively easy 
matter to obtain a distillate containing 20 to 25 per cent of chlorohydrin. Satu¬ 
ration of a 35 per cent solution of chlorohydrin with salt causes a separation 
into two layers, the oil layer containing about 70 per cent chlorohydrin. When 
this 70 per cent solution of chlorohydrin is distilled the azeotropic mixture first 
comes over, and finally anhydrous chlorohydrin, boiling point 128° to 128.5° C.** 
Other methods of obtaining, pure chlorohydrin are distillation with benzene,^* 

« Essex and Ward, U. S. Patent 1,594,608. Aug. 3, 1926; assigned to E. I. duPont de Nemours 
& Co.. Inc. 

^ Essex and Ward, U. S. Patent 1,626,398, Apr. 26, 1927; assigned to E. I. duPont de Nemours 
& Co., Inc. 

** U. S. Patent 1,875.309, Aug. 30, 1932; assigned to Standard Oil Co. of Indiana; Chem. Ahs,, 
1932. 26. 5971. The use of lower pressures, 75 to 90 pounds per square inch, has been recommended 
by McEIroy, U. S. Patent 1,510,790, Oct. 7, 1924; assigned to Carbide and Carbon Chemicals Corp., 
J.StC.I. 1925 27 B. 

’^British l^atent 293,754, 1928; Chem. Abs., 1929, 23, 1651. German Patent 538.915. 1927; 
Chem. Abs., 1932, 26, 2198. . 

2 ^815 ^ 1,918,967, July 18, 1933; assigned to Doherty Research Co.; Chem. Abs., 1933, 

Bataafsche Petroleum Maatschappij, French Patent 740,350, 1932; Chem. Abs., 1933, 27, 2160. 

^ Gomberg, J.A.C.S., 1919, 41, 1414. Bancelin and Rivat (Buil. soc. chim., 1919, 25, 552) dve 
the boiling point of the 42% constant boiling mixture as 97.85'*C./760 mm. 

** Bro^s, Chem. Met. Eng., 1920, 22, 631. 

^ Kirst, U. S. Patent 1,386,118, Aug. 2, 1921; Chem. Abs., 1921, IS, 3851. 
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and extraction with organic solvents such as ether.*® Another procedure which 
has been advanced is to convert the dilute chlorohydrin into ethylene oxide and 
then treat this compound with dry hydrogen chloride.*^ 


Properties of Ethylene Chlorohydrin 

Ethylene chlorohydrin is a colorless liquid of d*S 1.1980, boiling at 132® C. at 
761 mm and 51® to 52® C. at 22 mm. It forms a constant-boiling mixture with 
water (42.5 per cent chlorohydrin and 57.5 per cent water) which boils at 95.8® C. 
at 735 mm.** 

Some of the physical constants of solutions of ethylene chlorohydrin in water 
and in saturated brine have been determined by Bozza and Gallarati.** The re¬ 
fractive index of aqueous solutions varies practically linearly with the compo¬ 
sition by weight, the value (N*^) for pure. chlorohydrin being 1.4421. Table 
102 shows the boiling points of azeotropic mixtures in pure water and in satu¬ 
rated sodium chloride at various pressures. 


Table 102 .—Boiling Point of Ethylene Chloroh^rin Aseotropes. 


Solvent 760 mm. 504 mm. 400 mm. 

* C ® ^ * C 

Water ..... 97.8 86.4 80.55 

Saturated sodium chloride solution 
in water . 101.4 90.7 85.4* 


The azeotropic mixture from pure water solutions at 400 mm. pressure con¬ 
tains 40.5 per cent by weight of ethylene chlorohydrin, while that obtained from 
saturated brine at the same pressure contains 57.8 per cent. This displacement 
of composition of the azeotrope in the presence of sodium chloride makes pos¬ 
sible the concentration of chlorohydrin solutions by alternate distillation from 
aqueous and sodium chloride solutions. 

Anhydrous ethylene chlorohydrin possesses marked solvent properties but 
the ease with which it hydrolyzes with the formation of corrosive hydrochloric. 
acid greatly restricts its usefulness.** Ethylene chlorohydrin is a solvent for 
cellulose acetate and the solutions have a high tolerance for water, while cellulose 
acetates containing over 50 per cent of combined acetic acid dissolve in equal 
parts of chlorohydrin and water.*® Tliis chlorohydrin is miscible with benzene, 
water and alcohol. It possesses marked toxic properties,®* due probably to its 
hydrolysis in the tissues with the production of hydrochloric acid. It has been 
noted ®^ that ethylene chlorohydrin possesses the power of shortening the dormant 
period of potato tubers and of inducing early sprouting and budding. Juice from 
potato tubers which were treated with 1.6 per cent of ethylene chlorohydrin, 


“•Irvine and Haworth, U. S. Patent 1,496,675, June 3, 1924; assigned to Carbide and. Carbon 
Chemicals Coro.; 1924, 43, 693B. 

“Long, Willson and Wheeler, Britisli Patent 265,259, 1925; Brit. Ckem. Ahs. B, 1927, 347. 
“Gomberg, J.A.C.S., 1914, 41. 1414. 

••Giorn. chim. ind. applicata, 1931, 13. 163; Chem. Abs., 1931, 2S. 3962. 

“For the rates of hydrolysis of ethylene and propylene chlorobydrins see Brooks, Chem. Met. 
Eng., 1920, 22, 631. 

““Durrans, *‘Solvents,” Chapman and Hall, London, 1930. Lindsay, U. S. Patent 1.226.340. 
May IS, 1917; assigned to The Celluloid Co.; 1917, 36. 707. Webb, U. S. Patent 1,444,406. 

Feb. 6. 1923; assigned to Eastman Kodak Co.; Ckem. Abs., 1923, 17, 1329. 

“ Durrans, Chem. Age (London), 1931, 24, 575. 

“Denny. Amcr. J. Sot., 1926, 13, 386; Chem. Abs„ 1927, 21. 1137. Denny and Stanton. Amer. 

Science, 1932, 75, 193; Bri. Chem. Abs. 
Miller, Contr. Boyce Inst., 1931, 3, 321; Bril. Chem. Abs. A, 1931, 1466. Gttth^ 
and Miller, Contr. Boyce Inst., 1932, 4, 131; Chem. Abs., 1932, 26, 6058. ^ 
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kept in a closed container for 24 hours and then planted in moist soil for 5 days, 
was found to contain glutathione,which cannot be found in untreated potatoes. 
This chlorohydrin increases the rate of hydrolysis of starch by the enzyme, 
amylase.®® 

The chemical properties of ethylene chlorohydrin are typical of those of the 
a-halohydrins as a class. All these substances possess a chemical reactivity which 
can be traced to the lability of the halogen atom in these compounds. The reac¬ 
tivity of the chlorine atom is not greatly affected by ester if ying the hydroxyl 
group, a fact which is utilized in the manufacture of novocain by the action of 
diethylamine on the p-aminobenzoic ester. When the hydroxyl group and chlo¬ 
rine atom in chlorohydrins are separated by one or more CHj groups, the 
chemical reactivity of the halogen atom is reduced to approximately that of the 
alkyl chlorides. 

Ethylene chlorohydrin is finding application as a chemical intermediate in the 
preparation of a number of synthetic products, particularly ethylene glycol,®® 
ethylene oxide®® and their derivatives. The glycol and the oxide result from the 
action of alkalies on ethylene chlorohydrin. Weak alkalies (e.g., sodium bicar¬ 
bonate solutions) yield ethylene glycol, solid soda or potash furnish ethylene 
oxide, whilb dilute solutions of strong alkalies yield gummy condensation products 
of unknown nature. When hydrolyzed by water at 100® C., ethylene chloro¬ 
hydrin yields acetaldehyde in addition to glycol.®^ Steimmig and Wittwer®’® 
obtained an 80 per cent yield of ethylene glycol carbonate, a solid melting at 
38.5® jto 39® C®^® and boiling at 236® C., on heating equimolecular proportions 
of ethylene chlorohydrin and sodium bicarbonate for several hours. 

The activity of the halogen atom in ethylene chlorohydrin is demonstrated 
by the following reactions, which may be regarded as typical of a-chlorohydrins: 

(a) With sodium sulphide to give thiodiglycol,®® a substance which was used in 
the preparation of mustard gas. A 79 to 86 per cent yield of ^-thiodiglycol is 
obtained by treating 1500 grams of a 20 per cent aqueous solution of ethylene 
chlorohydrin with 750 grams of water containing 493 grams of sodium sulphide 
(Na2S.9H20), with stirring, at 30® to 35® C. and then heating for 45 minutes 
at 90® to 95® C.®» 


CHaOH HOHaC CHaOH 

2 ] + Na.S —>- i i + 2Naa 

CHaCl H,(>-S-CH, 

(b) With sodium iodide to furnish the corresponding iodohydrins.®® 

(c) With alkali cyanides to yield cyanohydrins. Thus, Jacobs and Heidelberger ®® 
by refluxing ethylene chlorohydrin with potassium cyanide in alcoholic solution 
for 8 hours, obtained ethylene cyanohydrin which, on treatment with concen¬ 
trated hydrochloric acid, gave a-chloropropionic acid. 


CHaOH 

I +KCN 
CH,a 


CHaOH 

^j,..,(+HCl + HaO) 


:h,cn 


CHaCl 

CHaCOOH 


"•Guthrie, J.A.C.S.. 1932, S4, 2566. 

^CUrk, Fowler and Black, 2'rans, Roy, Soe. Canada, 1931, (3) 25, 99; Brit, Chem. Abs. A, 

" See Chapter 22. 

• See Chafer 23. 

" Krassuslu, /. Russ. Pkys.^Ckem. Soc,, 1902, 34, 287: Chem. Zentr., 1902 2 19 
1933*27* fzzf***”* 1.907,891, May 9, 1933; assigned to 1. G. Farbenindustrie aI-G.;’ Chem. Abs., 

•»^Se*e NemirovskL /, prakf. Chem., 1883, (2) 28, 439; Chem. Soc. Abs., 1884. 46. 419 
-Victor Meyer, Ber., 1887, 19, 3259. ' ’ 

•Faber and Miller, *‘Orguic Synthese*," 1932, 12, 68; Chem. Abs., 1932, 26, 3484. 

• ilennr, Ber., 1885, 18, 519. Bntlerow, Ann,, 1867, 144, 42. 

•J.A.CS,, 1917. 89, 1465. 
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(d) With primary and secondary amines to give amino-alcohols, a reaction which 
has bden employed for the manufacture of novocain. On reacting equimolecular 
proportions of aromatic di- or poly-amines with ethylene chlorohydrin in the 
presence of a solvent and an acid-binding agent, the mono-hydroxyalkyl deriva¬ 
tives are formed.®®* Kamm, Adams and Volwiler,®® by condensing ethylene 
chlorohydrin with dibutylamine and esterifying the product with p-aminobenzoic 
acid, have prepared a novocain-like substance containing a dibutylamino group 
instead of diethylamino. The reaction is also exemplified by the combination of 
ethylene chlorohydrin with aniline to yield ^-anilinoethanol, which may be repre¬ 
sented as: ®’' 


CHaOH 

CH.C1 


+ H.NC.H, 


CH.OH 


+ Ha 


(e) With alkali phenolates to form ethers of the type CeHgOCHjCHaOH. A 
somewhat similar reaction is that with p-hydrdxyacetanilide to form p-j8-hydroxy- 
ethoxyacetanilide.®® 

OH 

C.h/ + CH.aCH.OH 

\ 

NHOCCH, 

(f) With sodium azide to replace the chlorine atom by the triazo group.®® The 
resulting triazoethyl alcohol has been made the starting point for the synthesis 
of triazoethylene, boiling point 26° C. 

CHaOH CH, 

I —>• II 

CHaN, CHN. 

triasoethyl triasoethylene 

alcohol * 

(g) With concentrated sulphuric acid at 90° to 100° C. to result in a 75 per cent 
yield of )8j8'-dichlorodiethyl ether,an industrial solvent. 

CHaOH HOCH, CHr-O—CH, 

I 4- 1 —>• T T +H.0 

CHaQ CHaCl CHaCl CHaCl 

(h) The chlorohydrins may be esterified in some cases by the action of acid chlo¬ 
rides such as acetyl chloride. Ethers may also be produced by the substitution 
of the hydrogen atom of the hydroxyl group by alkyl groups. Thus by the action 
of dimethyl and diethyl sulphates on l-chloro-2-hydroxypropane (propylene 
o-chlorohydrin) Dewael has prepared the methyl and ethyl ethers, having the 
formulas CH2C1CH(0CH8)CH8 and CH8ClCH(OC2H8)CH„ respectively. 


CHaOH 

I -f-NaN, — 
CHaCl 


\ 


OCH,CH.OH 


NHOCCH, 


Utilization of Ethylene Chlorohydrin 

The main use of ethylene chlorohydrin is as an intermediate in the produc¬ 
tion of ethylene glycol and its derivatives. To a much less extent it has been iised 

l. G. Farbenindustrie A.-G., British Patent 386,254. 1932; Brit, Ckem, Abs, B. 1933, 220. 
•• U. S. Patent 1,358,750, Nov. 16, 1920; Chem, Abt., 1931, 15, 412. 

** Knorr, Ber., 1889, 22, 2092. Otto, /. prakt. Chem., 1891, (2; 44, 17. 

**Tcherniac, Canadian Patent 195,615, 1919; Chtm, Abs., 1920, 14, 596; British Patent 120.081. 
1917; Chem. Abs., 1919, 13, 362. 

** Forster and Newman. l.CS,, 1910, 07, 2570. 

**Kamm and Waldo, J.AX.S., 1921, 43, 2223. 

^Butt. toe. ehim. Bela., 1930, SOi 395; Chem. Abs., 1931. 25. 2416. 
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ill the manufacture of local anesthetics such as novocain. It reacts with 
aniline to form anilinoethanol (as previously mentioned), which in turn is con¬ 
verted into indoxyl (an intermediate in the synthesis of indigo) by alkali 
fusion."^® On condensing ethylene chlorohydrin with a primary or secondary 
aliphatic amine containing at least one alkyl group with more than eight carbon 
atoms, products are formed which can be used as wetting, washing, and dispers¬ 
ing agents.^*^ 

Another possible application is in the refining of oil fractions, such as brown- 
coal tar distillates. According to Steinbrecher,’® paraffins and naphthenes may be 
separated from unsaturated and aromatic hydrocarbons, phenols, and sulphur 
and nitrogen compounds by this solvent. 

Chlorohydrins are employed in.the manufacture of hardenable resins by inter¬ 
action with phenol alcohols, such as diphenylolpropanetetracarbinol.^^ Ellis and 
Weber obtained a light-colored resin of low acid number by esterification of rosin 
with a mixture of ethylene and propylene chlorohydrins. On heating dimethylol 
urea in ethylene chlorohydrin to 90® C. in the presence of a small proportion of 
urea nitrate, neutralizing and treating the solution with ethyl alcohol, a pre¬ 
cipitate separates. When heated in a solution of sodium linoleate to 120° C., this 
precipitate forms a resin resembling linoxyn which can be used in the manufac¬ 
ture of lacquers and plastics.^®* 

Dichlorodiethyl ether, ClCHaCHaOCHjCHoCl, is a colorless liquid of boiling 
point 178° C, which on account of its stability and resistance to hydrolysis may 
be used as a high-boiling solvent It is not a solvent for the cellulose esters but 
in conjunction with 10 to 30 per cent of alcohol it becomes an active solvent, 
and has been suggested as a high-boiling diluent in lacquers.^® This ether has 
also been incorporated in scouring soaps and in wetting-out agents and penetrants, 
especially in the treatment of cotton fabrics. Dichlorodiethyl ether has been used 
as a selective solvent in the refining of lubricating oils (Qilorex process),^®* and 
has been proposed for the extraction of tar from pyroligneous liquids.^®** 

The chemical reactions of j8,j3'-dichlorodiethyl ether are similar to those of 
ethylene dichloride. Thus, on treatment with ammonia and amines, it yields 
amino-ethers and substituted amino-ethers. With sodium alcoholates or pheno- 
lates, chloralkyl or chloraryl ethers, as well as diafkyl or diaryl ethers of 
diethylene glycol, are formed. 

Ethylene formochlorohydrin, CHaClGH^OOCH, a colorless mobile liquid, 
boiling point 94° C. (760 mm.) and d*;1.17, has been proposed as an intermediate 
in the production of pure ethylene chlorohydrin.^’ The chloroformate is prepared 
by saturating ethylene diformate with hydrogen chloride and fractionally distilling 
the mixture. Hydrolysis of the chloroformate with methyl alcohol (containing 
1 per cent of hydrogen chloride) yields ethylene chlorohydrin. 


CHiOOCH CH,OH 

iw +CH.COOCH 

Badische Anilin- utid Soda-Fabrik. German Patent 171,172, 1904; Chem Zentr lonn 9 
n*I. G. Farbenindustrie A.-G., Brit/ih Patent 358,114, 1930; 1932 

^ Braunkoklenarek,. 1930. No. 31. Ij Cktm, Abs„ 1932, 36, 2848: ' ’ 

*«Chemi8che Fabriken Kurt Albert G.m.b.H., French Patent 719,172, 1931; Chem. Ahs. 1932 
26, 3392. *' * 

»»U. S. Patent 1,381.863, June 14, 1921; Chtm, Abs., 1921, 15, 3560. 
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Ethylene bromohydrin, CH^OHCHjBr, is a substance which was formerly pre¬ 
pared by the action of hydrogen bromide^* or of phosphorus tribromideon 
ethylene glycol. Mokievski^^ showed that the direct combination of aqueous 
hypobromous acid and ethylene occurred more rapidly and gave better yields of 
halohydrin (up to 60 per cent of the theoretical) than in the case of the com¬ 
bination of hypochlorous acid and ethylene. He prepared the hypobromous 
acid with the aid of mercuric oxide but it was subsequently found that the treat¬ 
ment of ethylene with cold bromine water gave good yields of bromohydrin. 
This latter method was afterwards investigated by Read and Williams,*^ who 
were able to obtain as high as 54 per cent yields of ethylene bromohydrin. Later 
Read and Hook ** found that the reaction velocity is greater as the products ac¬ 
cumulate for the reaction in which dibromide is formed than for the reaction 
yielding bromohydrin. This result is probably related to the great difference in 
solubility of the dibromide and bromohydrin and to the separation of the dibro¬ 
mide as a distinct phase. In spite of this, ‘ however, the molecular ratio of 
bromohydrin to dibromide, which in the initial stages of the reaction is as 
high as 20:1, remained greater than unity throughout the range of concen¬ 
tration investigated. When the concentration of bromohydrin had reached 0.2W, 
the molecular ratio of bromohydrin to dibromide was ateut 10:1. The reaction 
is best carried out at 0° C., as raising the temperature decreases the reaction 
rate and at the same time the ratio of bromohydrin to dibromide formed is 
materially reduced. Reaction is accelerated by exposure to sunlight, which does 
not, however, affect the relative proportions of the products. 

Ethylene bromohydrin is a colorless, mobile liquid, miscible with water in all 
proportions. It boils with slight decomposition at 146® to 150® C. at normal 

pressure, at 53.5® C. at 14 mm. and 4B.5® C. at 13 mm. It has d® 1.7902, 

d*® 1.7629, n*^ 1.4915 and forms a constant-boiling mixture with water, boiling 

point 99.1® C. (762.4 mm.), containing 35.0 per cent of bromohydrin. It may be 

partly salted out by saturating its aqueous solution with sodium sulphate or other 
salts. Bromohydrin dissolves in most of the common organic solvents but not in 
light petroleum. The vapors of the pure substance and also of its aqueous solu¬ 
tions exert a painful irritant action on the eyes and nostrils shortly after inhala¬ 
tion. Ethylene bromohydrin is hydrolyzed by water more readily than the 
chlorohydrin. The hydrolysis is perceptible, though very slow, in the cold and is 
accelerated by warming and by the presence of acids and alkalies.®® 

Ethylene iodohydrin, CH2OHCH2I, results from the action of potassium 
iodide on the chlorohydrin.®* It is an oil of boiling point 85® C. (25 mm.), and 
d-^ 2.905. Sand®® prepared this compound by treating a mercury-ethanol com¬ 
pound with iodine. 

Propylene Chlorohyorins 

Propylene combines with hypochlorous acid solutions much more readily than 
ethylene to yield a mixture of two isomeric chlorohydrins, namely, 1-hydroxy- 
2-chloropropane and l-chloro-2-hydroxypropane, the latter being the predominat¬ 
ing product.®® 


Henry. Jahrgsberichtt, 1872, 304. 

**Deinole, Bgr., 1876, 0, 48. 

••7. Russ. Phys.-Ckem. Soc., 1898, 30, 900; Chgm. Soc. Abs., 1899, 76 (1), 729. 

“7.C.5., 1917, lU, 240. 

“/.C.5., 1920. 117, 1214. 

** Read and Hook, loc. cit. 

** Butlerow and Oasokin, Ann., 1867, 144, 42. 

••Brr., 1901. 34, 1385. 

Michael. 7. praki. Cktm., 1899, 60. 423; Ber,. 1906. 39. 2786; Henry, BnU. ucud. my. Bela,, 
1906, 323; Ckem, Abs,» 1907, 1, 2079; tempi, rend., 190i, 134, 1070; Ckaw. Zenlr., 1902, 1, 1316. 
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-CH«CH0HCH,C1. («-isomer, main product) 
CH,CH=CH. -h HOCK 

"^CH.CHQCH.OH (iS-isomer) 

These chlorohydrins may be prepared in several other ways, for example from 
propylene glycol or oxide by treatment with hydrochloric acid. Smith from 
measurements of rates of hydrolysis of these products, has shown that most of 
them consist of a mixture of both isomers though the propylene chlorohydrin 
prepared from allyl bromide consists almost entirely of the a-isomer. Smith 
gives the figures in Table 103 for the proportions of the two isomers in propylene 
chlorohydrins prepared in various ways: 

Table 103 .—Proportions of Isomers in Propylene Chlorohydrins. 

Per Cent Composition 

Mode of Preparation a-isomer ^-isomer 

From propylene glycol and SaCla . 80 20 

From propylene glycol and HC1 at 140® C . 70 30 

From propylene oxide. 90 10 

From propylene and HOQ . 90 10 


No systematic study is apparently available on the action of hypochlorous 
acid on propylene though methods have been developed for the production of 
mixtures of ethylene and propylene chlorohydrins from cracking gas by interac¬ 
tion with dilute solutions of hypochlorous acid. 

Of the two propylene chlorohydrins, l-hydroxy-2-chloropropane, d-J 1.103, 
boils at 133® to 134® C., and 2-hydroxy-l-chloropropane, d^]f 1.111, boils at 126® 
to 127® C. The latter, which is the main product of the action of hypochlorous 
acid on propylene, may also be obtained by hydrating allyl chloride with the aid 
of sulphuric acid at 0® C.®® 

CHr=CHCH,Cl -f H,0 —^ CH,CHOHCHaCl 


In chemical and physical properties the propylene chlorohydrins closely re¬ 
semble ethylene chlorohydrin. TTius, heating with aqueous s^ium bicarbonate 
converts both chlorohydrins into propylene glycol,®® while heating with anhydrous 
caustic alkalies furnishes propylene oxide, the best results being obtained with 
little or no water in the reaction mixture. When l-chloro-2-hydroxypropane is 
heated with water at 140® to 160° C. or with zinc or lead oxides ®‘ a mixture 
of acetone and propionaldehyde is produced. 

The propylene chlorohydrins are excellent solvents for certain grades of cellu¬ 
lose acetate, and for many copals and resins, but the ease of hydrolysis and the 
consequent formation of free hydrochloric acid militates against their extensive 
use as solvents. These substances are hydrolyzed by water to a slightly greater 
extent than ethylene chlorohydrin.®® 

The methods employed for making chlorohydrins (which have been previously 
reviewed) are in most instances applicable to propylene chlorohydrin. Apparently 
the use of dilute aqueous solutions of hypochlorous acid (e.g., from sodium hypo¬ 
chlorite and carbon dioxide) gives good results, especially if the olefin is absorbed 
under pressure. 


^ Z. physik. Chem., 1918, 93, 59; Chem. Abs., 1919, 13, 1461. 
“Bancroft, 1919, 41. 424. 

“Brooks, Chem. Met. Eng., 1920, 22, 631. 


*KrMSttski, J. Russ. Phys.>Chem. Soc., 1902, 34, 287; Chem. Zentr.. 1902 2 

^Eltckov. /. Rues. Phye.^Chem. Soe., 1878, 10, 211; Bee., 1878, 11, Chem. Zentr., 1878, : 
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A number of potentially valuable materials may be synthesized from propylene 
chlorohydrins by reactions similar to those undergone by ethylene chlorohydrin. 
Thus, for example, propylene chlorohydrin may be converted into a thiodiglycol, 
which is said to be valuable in dyestuff-printing. According to Kranzlein and 
Corell,^'^ this thiodiglycol, or thiohydrin, which possesses the constitution: 

CH.CHOHCH. 

\ 

CH,CHOHCHi^ 

may be prepared by introducing 189 parts of propylene chlorohydrin into 1000 
parts of a normal solution of sodium sulphide. The mixture is heated to boiling 
for a short time, evaporated in vacuo, the sodium chloride separated out, and 
the thiohydrin distilled in vacuo. At 4 mm. the boiling point of propylene thio¬ 
hydrin is 120° C. 

By processes analogous to those already mentioned in the discussion of ethyl¬ 
ene chlorohydrin, the propylene chlorohydrins may be converted into numerous 
other organic chemicals, e.g., into cyanohydrin by treatment with sodium cyanide 
or into amino-derivatives by condensation with amines. 


Butylene Halohydrins 

The halohydrins of the butylenes, amylenes and other olefins are not nearly 
so well known as the ethylene and propylene derivatives. As the series of hydro¬ 
carbons is ascended the number of possible isomers increases considerably. The 
chlorohydrins of the butylene series have been prepared mainly by the combina¬ 
tion of olefin with dilute hypochlorous acid in the cold. Apparently there is an 
increasing tendency for dichlorohydrocarbons to be produced in the case of the 
higher olefins in the presence of hypochlorous acid. 

When butene-1 is treated with cold aqueous hypochlorous acid, some 
1,2-dichlorobutane and trichlorobutane are formed. The main product is 1-chloro- 
butanol-2, 

CH,CH,CHOHCH,Cl 

a colorless liquid of boiling point 141° C. On oxidation with chromic acid, this 
chlorohydrin yields chloromethyl ethyl ketone, a pungent liquid of boiling point 
135° to 137° C. In the same way l-bromobutanol-2 may be prepared from 
butene-1 and hypobromous acid. The bromohydrin is a colorless liquid, boiling 
at 56° to 58° C. (11 mm.), which also undergoes oxidation by chromic acid to a 
bromomethyl ethyl ketone.®* 

Ordinary butene, which consists mainly of butene-2, on treatment with a 1 
per cent hypochlorous acid solution yields the chlorohydrin, 2-chlorobutanol-3, 
a liquid of boiling point 138° to 139° C, d® 1.0868.®* This substance when heated 
alone to 180° C., or with water at 120° C., is converted into methyl ethyl ketone 
and hydrochloric acid, 

CH,CHClCHOHCH, —^ CH,CH,COCH, + HCl 

•* U. S. Patent 1,570,262, Jan. 19, 1926; assinied to Farbwerke vorm Meister, Lucius und 
Briining; Brit. Ckcm. Abs. B, 1926, 218. British Patent 185,403, 1922; 1923, 42. 1H8A. 

Muckermann, J. prakt. Chem., 1911, 83, 513. 

** deMontinollin and Matile, Helv. Chtm. Acta, 1924, 

Krassuski, J. Russ. Phys.-Chitm, Soe., 1901, 33, 1; 
rend,, 1907, 145, 498, 763; Chein. Zentr., 1907, 2, 1489; 

(4) 31, 424; Chem. Abs., 1922, 18. 2495. 


7. 106. 

Chem. Zentr., 1901, I, 995; HenrT. Compt. 
Fourneau and Puyal, Buli. sae. chtm., 1922, 
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According to Krassuski, isobutylene on treatment with hypochlorous ^acid 
yields mainly the chlorohydrin," l-chloro-2-methylpropanol-2, boiling point 128® C., 
dj 1.0878. This substance yields )8-hydroxy-isovaleronitrile on treatment with 
potassium cyanide in alcohol. When isobutylene oxide reacts with hydrochloric 
acid this chlorohydrin is formed together with an isomer, namely 2-chloro- 
2-methylpropanoM, boiling point 132® to 133® C. The relationship between 
these chlorohydrins is shown by the following scheme: 


CH,CH,CH-=CH,-f HOCl —CH,CHaCHOHCH,Cl 
CH,CH=-CHCH, + HOCl - ^ CH.CHClCHOHCH, 


CH, 

\ 


C=CHa -f HOCl 


/ 


CH, 


CH, 

\ 

►- 

/ 

CH, 


C(OH)CH,Cl (-f-KCN) 


CH, 

\(01l)CH,CN 

/ 

CH, 


CH, 

\-CH, + HCl 


^(CH,).CaCH.OH 

'^(CH.),COHCH.a 


Halohydrins of the Higher Olefins 

Very little is definitely known about the higher alkylene chloroliydrins but 
combination between the higher olefins and hypochlorous acid appears to take 
place very readily with a tendency for chlorohydrocarbons to be produced. 
According to Krassuski *** trimethylethylene combines with hypochlorous acid to 
yield two isomeric chlorohydrins, one of which is decomposed by refluxing with 
water to give isopropyl methyl ketone: 


CH, 

\ * (CH,) ,C (OH) CHClCH, 

C=CHCH, + HOCl C 

/ ^(CH,),CC1CH0HCH, 

CH, 

(CH,),CClCHOHCH, —(CH,),CCHCOCH, + HCl 


The chlorohydrins of commercial amylene have been prepared by Walker,®’^ who 
separated them from the accompanying hydrocarbons by fractional distillation 
and then converted them into a mixture of oxides by the action of alkalies. 
Kiss prepared aldehydes and ketones from olefins containing more than four 
carbon atoms by the action of hypochlorous acid on olefinic gasolines, the 
chlorohydrins thus formed being subsequently heated with water. 

An interesting process for making chlorohydrins has been worked out by 
Detoeuf,®* who used N-chlorourea as a source of hypochlorous acid. A solution 
of this compound in water, containing IQ per cent of urea hydrochloride or 5 
per cent acetic acid, was shaken with the unsaturated hydrocarbon. A neutral 


••7. Russ, Phys.-Chetn, Soe„ 1901, 33, 1; ibid,, 1902. 34, 287; Ckem, Zentr,, 1901, 1, 995: 
%bid^ 1902, 2, 19. 

^ S. Patent 972,952, Oct. 18, 1910; assigned to Maas and Waldstein Co.; Chem. Abs., 1911, 

A”* HiSa® assigned to Standard Oil Development Co.; Chcm, 

19o0f 24p 438o* 

•• Bull, 
action of cL.. 
the mixture 

133, 681; Chtm. Abs., 1912, 6, 82. 


1930 , 24 , 4380 . , _ - 

B««. m. ckim.. 1922. 31. 102; Chetn. Abs^ 1922, 1«, 1395. N-chlorourea ia prepared by the 
of chlorine on urM in a little water at 0* C. The cry,ulline product ia iaolatd by cmlinK 
u^ure with mrthyl chloride and filtering. See alao Bdhal and Detoeuf, Campt. reSSl., 1911, 
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solution of N-chlorourea reacts too slowly, and too acid solutions evolve chlorine. 
With this reagent Detoeuf was able to prepare the chlorohydrins of a number 
of olefins.®® For example, from trimethylethylene a 70 per cent yield of the 
CH, CH. 

chlorohydrin CHr-C—C-—H was obtained. This chlorohydrin reacted with 

HO^ \l 

potassium hydroxide to furnish the oxide, and with barium carbonate solution 
to produce the glycol. With aniline, a ketone was formed and this reaction is 
general in the case of the higher chlorohydrins:^ 


CH, CH, 

CHr^—C^H ( + C.H.NH,) 

HO'^ \l 


CH. 

\ 


:h^ 


CHCOCH, + HCl 


It has been proposed to make amylene bromohydrins, which are said to be 
useful in the preparation of pharmaceutical products, by the action of hypo- 
bromites on amylene in the presence of weak acids such as boric acid.^®® 

Two chlorohydrins of the hexene series have been described by Henry. 
One of these is obtained (accompanied by some dichloride) by the action of 
hypochlorous acid on hexene-2 (from mannite), and probably has the consti¬ 
tution, 

CH,CHOHCHaCH,CH,CH,. 


This is a liquid of boiling point 170® C. and d“ 1.018 and is converted by the 
action of acetyl chloride into hexylene acetochlorohydrin. An isomeric halo- 
hydrin, prepared by the action of hydrochloric acid on hexylene oxide, probably 
fX)ssesses the formula, 

CH,CH,CH.CH0HCHC1CH.. 


This chlorohydrin is a colorless liquid, insoluble in water, and of d^ 1.0143. The 
corresponding bromohydrin is a colorless liquid of penetrating odor, insoluble 
in water, and of boiling point 188® to 190® C. (769 mm.) and d“ 1.2959. The 
corresponding iodohydrin was also prepared by Henry. 

According to Detoeuf the action of N-chlorourea in aqueous solution on 
hexene-2 furnishes a chlorohydrin having'the formula. 


CH,CH,CH,CHOHCHClCH,. 

The product is obtainable in a 60 per cent yield although the reaction is very 
slow. On treatment with potassium hydroxide the oxide is formed, and in the 
presence of barium carbonate it is hydrolyzed to the glycol. In the same manner 
the chlorohydrin of tetramethylethylene has been prepared by Detoeuf in 67 
per cent yield. This chlorohydrin possesses the structure: 


CH, CH, 

H(^C-C-C1 

cr{ \h. 


•Bn/;. SQC, cWm., 1922, 31, 169, 176; Ckem, Abt., 1922, 16, 2113. 

Rath, German Patent 301,905, 1918; Ckem. Abs,, 1919, 13, 363. 
^Compt. rend.. 1883. 97. 260: Ckem. Xoc. Abs., 1884, 46, 33. 
^BuiL toe. ekim., 1922, 31, 169, 176; Ckem. Abs., 1922, 16, 2113. 
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and, in the presence of alcoholic potassium hydroxide, yields 90 per cent of the 
corresponding oxide. 

Detoeuf has succeeded in preparing a number of the higher chlorohydrins, 
of which the following may be mentioned: 

Isohcptylcm chlorohydrin, 

CH, 

\hch.ch,chohch.ci, 

CYi{ 

was obtained in an 85 per cent yield from isoheptene-1. It is a liquid of boiling 
point 97° to 98° C. (23 mm.), d° 1.044, n^, 1-45662 and on oxidation yields a 
ketone of the formula, 

CH, 

\HCH.CH.COCH,a. 

/ 

CH. 

Octene-2 chloroltydrin. (CHaCHjCHjCHjCHXHOHCHClCHj), is obtain- 
able in 50 per cent yield from octene-2 and aqueous N-chlorourea. It is a liquid 
of boiling point 99° to 110° C. (14 mm.), d® 1.001, n^jJ 1.45232 and, on 
oxidation furnishes a-chloromethyl hexyl ketone. 

Styrene chloroltydrin, (C 0 H 5 CHOHCH 2 CI), can be made from styrene in 
a similar way, and has a boiling point of 128° C. (17 mm.), d® 1.225, 0^7 1.55405. 
On oxidation it is converted into a chloroketone, 


CtiH.COCHtCl. 

Potassium hydroxide converts it into the oxide, while sodium ethylate reacts with 
it to yield an ether. 

Cyclohexene chlorohydrin is the result of the reaction between cyclohexene 
and N-chlorourea. It is a liquid, boiling point 84° to 85° C. (16 mm.), d® 1.138, 
and n‘-{5 1.44097. Treatment with potassium hydroxide furnishes the oxide, while 
oxidation gives 2 -chlorocyclohexanone. 

Detoeuf has laid down the following rules which, he believes, govern the 
addition of hypochlorous acid to the higher olefins: (1) When the carbon atoms 
of the double bond are unequally substituted, the hydroxyl group becomes attached 
to the more substituted carbon atom. (2) When these carbon atoms are equally 
substituted, the hydroxyl group becomes attached to the carbon atom farthest 
from the end of the chain. 

In regard to the elimination of hydrogen chloride from the higher chloro¬ 
hydrins, Detoeuf enumerates the following rules: (1) If the medium is alkaline 
and the temperature low, oxides are formed. (2) If the medium is alkaline and 
the temperature high, conversion to a ketone takes place, often with intramolecular 
change. (3) If the medium tends to become acid (e.g., by dissociation of aniline 
hydrochloride when aniline is employed), a ketone is formed. (4) In neutral 
solution hydrolysis to the glycol occurs. 

For the action of chlorous anhydride on heptylene, see Grissom, Amcr. Chem. J., 1888, 10, 225. 



Chapter 22 

Production, Properties and Uses 
of Simple Glycols 

The glycols, or dihydric alcohols, derived from the olefins contain two 
hydroxyl groups attached to adjoining carbon atoms in the chain and are referred 
to as a- or 1,2-glycols. Although ethylene glycol, the simplest and most important 
member of the series, was discovered as early as 1857 by Wurtz,^ this material 
was merely a laboratory product until about 1925. There has been an extraor¬ 
dinary revival of interest in the glycols and their derivatives and these substances 
are finding numerous and important applications in chemical and other industries. 
The commercial development and large-scale production of the glycols, and 
especially of ethylene glycol, is undoubtedly due, in large measure, to the availa¬ 
bility of large supplies of cheap ethylene (and its immediate homologues) as 
by-products in the cracking of higher petroleum fractions. 

The conversion of olefins into glycols, which is exemplified by ethylene as 
follows: 

CH, CHaOH 

II +H,0 + 0 —^ T 
CH, CH,OH 

is an oxidation process. Although the earlier workers in this field of synthesis 
(as well as the later commercial processes) employed intermediate compounds, 
such as the dihalides or chlorohydrins, to effect this conversion, attempts have 
been made to convert olefins directly into glycols by the action of oxidizing agents 
(Chapter 39). The direct methods of adding two hydroxyl groups to the double 
bond involve the use of such oxidizing agents as dilute potassium permanganate 
and concentrated persulphuric acid (or Caro's acid, HoSOj) or of such catalysts 
as osmium tetroxide. The earliest direct oxidation of unsaturated compounds to 
glycols was accomplished by Tanatar,- who prepared a tartaric acid from fumaric 
acid by the use of dilute aqueous potassium permanganate. Somewhat later 
Saytzeff * showed that the same reagent could be used to convert oleic and elaidic 
acids to dihydroxystearic acid. The hydroxylation of crotonic and cinnamic acids 
(also with potassium permanganate) was effected by Fittig.^ That this reagent 
might be employed to convert unsaturated hydrocarbons into glycols waa first 
demonstrated by Wagner,® who prepared in this way the glycols of ethylene, iso- 
propylethylene, isobutylene and trimethylethylene as well as glycerol from allyl 
alcohol and ethylglycerol from ethylvinylcarbinol. A number of other investi- 

Mnn.. 1857. 104, 174; ibid., 1858, 108. 84; Compt. rend., 1857, 45, 228: im. 1858. 47. 346; 
Ann. chim. phys., 1859, (3) 55, 400; Bull. soc. chim., 1859 1, 79; see Gmelin, “Handbook of 
Chemistry,** translated by Watts, Cavendish Society, London, 1859, IS, 422. 

• Bet., 1879, 12, 2293. 

•/. Russ. Phys.-Ckem. Soc., 1885, 17, 417; Chem. Soc. Abs., 1886, SO, 140; J. pr. Chem., 1886, 
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gators® have shown that dilute potassium permanganate converts mesityl oxide, 
unsaturated acids/and terpene hydrocarbons into glycols. 

A reagent mentioned above which has been used with success to add two 
hydroxyls to the double bond is persulphuric acid or its primary decomposition 
product, Caro’s acid. With this latter reagent Albitzsky ^ prepared dihydroxy- 
stearic acid from oleic and elaidic acids. Swann ® converted allyl alcohol into 
glycerol and cyclohexene into trans-l,2-cyclohexanediol by the action of dilute 
aqueous solutions of persulphuric acid. 

Another method of hydroxylating double bonds was discovered by Hofmann, 
Ehrhart and Schneider,® who succeeded in oxidizing ethylene to glycol and allyl 
alcohol to glycerol by the action of osmium tetroxide in the presence of an oxi¬ 
dizing agent (potassium chlorate). The method was improved for the oxidation 
of fumaric or maleic acids to tartaric acid by Milas and Terry.^® 

Production of Ethylene Glycol 

Ethylene glycol was first prepared by Wurtz from ethylene dibromide by 
reaction with anhydrous sodium acetate. The glycol diacetate thus formed was 
subsequently hydrolyzed to glycol. For .the large-scale production of ethylene 
glycol two principal processes have been used industrially, namely, (1) the 
hydrolysis of ethylene dichloride, and (2) the hydrolysis of ethylene chlorohydrin. 
Another procedure involves the production of ethylene oxide from chlorohydrin, 
followed by hydration of the oxide to the glycol. These processes are discussed 
separately in this chapter. 

The hydrolysis of ethylene dichloride takes place in the presence of alkalies, 
such as sodium carbonate, with the production of glycol but, unless conditions 
are .carefully adjusted, the formation of other products, such as vinyl chloride, 
also occurs. With strong alkalies, vinyl chloride and acetylene result, and heating 
with water and lead oxide leads to the formation of glycol and aldehyde.^® 

Brooks and Humphrey showed that conversion of the dichloride to glycol 
proceeds readily when the dichloride is heated under pressure with an alkali 
formate, ethylene di formate being an intermediate product. The process is car¬ 
ried out** by heating the dichloride with 1.25 to 2 times the theoretical amount 
of sodium formate in 3 to 5 volumes of methyl alcohol to 180® C. in an autoclave 
under a pressure of 260 pounds per square inch. At the end of the reaction, 
the liquid mixture is filtered to remove salt and then distilled first under ordinary 
pressure to remove methyl alcohol and methyl formate and then in vacuo to 
recover glycol. 

Matter*® proposed to hydrolyze ethylene dichloride by heating it in a closed 
vessel with an aqueous alkali bicarbonate solution in the presence of sheet copper 
as a catalyst. For example, 100 parts by weight of ethylene dichloride are 
heated witli a solujjon of 180 parts of sodium bicarbonate in 1900 parts of water 
in a closed vessel during 6 hours at 130® to 140° C., the liquid being stirred 
continuously and a sheet of copper being used as catalyst. After cooling, the 

* Fittig, Ann., 1892, 268, 3, 33; Harries and Pappos, Bit., 1901, 34, 2979; Wagner, Ber., 1894, 
27, 1644. 

»/. Russ. Pkys.-Chem. Soc., 1902, 34, 810; Chsm. Soe. Ahs., 1903. 84 (1). 228. 

*Univ. Illinois Bulletin 204. 1930, 27 (31); Chem. Ahs., 1930, 24. 2988. 

*Ber., 1913, 46, 1657. 

^J.A.C.S., 1925, 47, 1412. 

'^Loc. cit. 

“Kltekoff, Ber., 1878, U, 989; Chem. Soe. Ahs., 1879, 36. 34. 

**Ind. Eng. Chem., 1917, 9, 750. 

Brooks and Humphrey, U. S. Patent 1,215,903, Feb. 13, 1917; assigned to Gulf Refining Co.; 
Chem. Ahs., 1917, 11, 1259. 

"U. S. Patent 1,237,076, Aug. 14, 1917; Chem. Ahs., 1917, 11, 2904. 
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liquid is neutralized (e.g., with hydrochloric acid), concentrated, and fractionally 
distilled. In this way about 50 to 55 parts by weight of glycol are obtained. 

According to Engelhardt^* ethylene glycol is produced by heating ethylene 
dihalides with concentrated aqueous solutions of salts having a feebly aMline 
reaction, such as sodium, potassium, or calcium acetate, potassium oxalate, sodium 
phosphate oi^ potassium benzenesulphonate. Neutralizing agents (sodium or 
potassium carbonate) can be added continuously or intermittently to maintain 
the solution slightly alkaline. Hibbert proposed to make glycols by heating the 
olehn dichloride with an aqueous solution of sodium carbonate at 150^ to 200^ C. 
in an apparatus capable of withstanding considerable pressure. 

Hydrolysis of dichlorides with aqueous solutions of the calcium salt of a weak 
acid under pressure at temperatures of 100® to 150® C. in a closed vessel has also 
been suggested. The use of calcium carbonate for this purpose has been recom-* 
mended by McElroy.^* When the calcium salts of acetic, lactic, butyric, formic 
and tartaric acids are employed, the corresponding glycol esters are produced. 

The production of mixed glycols from mixed olefin dichlorides by this process 
can be carried out as follows: The dichlorides are mixed with an equal amount 
of finely powdered calcium carbonate and enough water to render the mass pasty. 
The mixture is heated to 115® to 130® C. for 2 to 3 hours in a closed container 
fitted with agitators. The glycols are recovered from the reaction product by 
steaming out in a manner analogous to that used for the recovery of glycerol. 
By heating 100 parts of dichloride with 180 to 190 parts of commercial calcium 
acetate and 350 to 500 parts of water to 120® to 150® C. for 3 to 4 hours, glycol 
diacetate is obtained. With 90 parts of calcium acetate, 50 parts of calcium car¬ 
bonate and 100 parts of dichloride, the monoacetate of the glycol results. 

In the process of Rodebush,^* ethylene glycol is produced by heating 10 parts 
of ethylene dichloride, 10 parts of sodium carbonate, 2 parts of sodium acetate, 
and 15 parts of ethyl alcohol at 150® C. under 175 pounds per square inch pres¬ 
sure in the presence of excess of water, Britton used ethylene chlorobromide 
as an intermediate in the production of the glycol. Approximately 2 parts by 
weight of ethylene chlorobromide and 3 parts of sodium carbonate were heated 
in a closed container with 29 parts of water at 145® C. for 4 hours. An almost 
theoretical yield of the glycol, based on the chlorobromide decomposed, was said 
to result. 

Maier made ethylene glycol by saponification of the dichloride with water 
at temperatures above 120® C. under pressure, the hydrochloric acid formed being 
neutralized by the continuous addition of an alkali or an appropriate metallic 
oxide. At the end of the reaction, most of the water was distill^ off, and the 
glycol was extracted from the residue with alcohol. In another procedure 
Maier converted the olefin dihalide into an organic ester (the diacetate), which 
is subsequently hydrolyzed by excess water under pressure at temperatures above 
its boiling point. 

The production of glycol-glycerol mixtures was effected by Schlegel, Arnold, 
Arnold and Arnold by reaction of ethylene dichloride with spent lyes from the 

**German Patent 410.857, 1917; assigned to Farbenfabriken vorm. F. Bayer und Co.; J,S,CJ., 
1925. 44, 568B. 

” U. S. Patent 1,270,759, June 25, 19M; J.S.CJ., 1918, 37, 531A. 

»U. S. Patents 1,259,757 and 1,259,758, March 19, 1918; Ckem, Abs., 1918, 12, 1469; Canadian 
Patent 186,633, 1918; Chem, Abs., 1918, 12, 2325. 

» U. S. Patent 1,402,317, Jan. 3, 1922; Abs„ 1922, 16, 934. 

S. Patent 1,709,605, April 16, 1929; assigned to Dow ^emical Co.; Chem. Abs., 1929, 

13, 2724. 

^ “French Patent 656,651, 1928; Chem. Abs., 1929, 23. 4231; German Patent 537,448, 1927; 
Chem. Abe.. 1932. 26, 993. 

“French Patent 697,171, 1930; Chem, Abe., 1931. 23, 2739. 

“German Patent 487,103. 1925; Chem. Abs., 1930, 24. 3140. 
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manufacture of soap, the alkali content of the lye having been first convert^ 
into carbonate or bicarbonate by carbon dioxide evolved in a previous hydrolysis. 

It has been known since 1873 that the olefin dihalides can be slowly hydrolyzed 
by water alone, but the reaction requires temperatures of the order of 170® C., 
or long periods of time at lower temperatures.-* Bahr and Zieler studied the 
hydrolysis of ethylene dichloride by water alone at various temperatures. Titra¬ 
tion of the samples after heating for 1 hour gave the following conversions into 
glycol: at 160® C, 8 per cent; at 170® C, 18 i^r cent; and at 180° C., 34 per 
cent. The conversions obtained at various time intervals at 170° C. and 180° C., 
respectively, are given in Table 104. 


Table 104 .—Hydrolysis of Ethylene Dibromide to Glycol, 


Time in Hours 

At 170“ C. 

At 180“ C. 


-Per Cent- 


0.5 

8 

— 

0.75 

— 

31 

1.0 

18 

34 

1.5 

— 

41 

2.0 

28 

— 

2.5 

— 

61 


It was shown that aldehydes began to be formed in quantity if the hydro¬ 
chloric acid content of the liquid exceeded 1 per cent. A method of autoclave 
treatment was therefore adopted, which included addition of alkali at intervals 
to neutralize the. excess hydrochloric acid. At 150° to 170° C., yields of 70 per 
cent were obtained with only small amounts of aldehyde or vinyl chloride. A 
loss of 20 to 25 per cent was attributed to volatilization or resinification of alde¬ 
hyde. On a larger scale a yield of 1.5 to 2.0 kilograms of glycol per hour per 
100 liters of reacting liquid resulted with a mixture containing 4 to 5 per cent 
of ethylene dichloride. 

A number of processes use ethylene chlorohydrin as the starting material 
for the manufacture of glycol. The hydrolysis of ethylene chlorohydrin is 
effected, for the most part, with aqueous solutions of weak alkalies, such as 
sodium bicarbonate, according to the reaction: 


CH,OH 

CH,Cl 


+ NaHCO, 


CHaOH 

CH,OH 


+ NaQ + CO. 


The use of anhydrous caustic alkalies results in the formation of olefin oxides, 
whereas more dilute caustic alkalies promote the formation of tarry non-distillable 
materials. Brooks stated that when aqueous solutions of ethylene or propylene 
chlorohydrins are heated with aqueous sodium bicarbonate solutions, marked evo¬ 
lution of carbon dioxide ensues at about 65° C. By refluxing with sodium car¬ 
bonate or bicarbonate solutions, yields of glycol are 44 to 48 per cent of the 
theoretical, the remainder being converted into olefin oxides which, on account 
of their volatility, are lost. By carrying out the reaction in a closed autoclave 
at 105® to 110® C. for 2 hours, yields of glycpl of 90 per cent may be obtained. 
The remaining 10 per cent is converted into tarry material which cannot .be 
distilled without decomposition, even under 10 mm. pressure. Calcium or mag- 

*«£itekow, Ber., 1873, 8, 158; Chem, Soc. Abs.. 1873. 26. 1016. 

•*Z, angew. Chem., 1930, 43, 286; Chem. Abs., 1930, 24, 3213. 

^Chem, Met. Eng., 1920, 22, 631. 



PRODUCTION, PROPERTIES AND USES OF SIMPLE GLYCOLS 509 

nesiuin hydroxides are not satisfactory for the hydrolysis as they firmly retain 
the glycol. 

The hydrolysis of ethylene chlorohydrin to produce glycol was described by 
Curnie and Young.^^ A solution of caustic soda (about 20 per cent NaOH) is 
introduced into a kettle, and carbon dioxide is admitted in the cold, thus producing 
a solution of sodium bicarbonate. When the sodium hydroxide has been con¬ 
verted into bicarbonate, a charge of chlorohydrin solution (containing the precise 
amount of chlorohydrin necessary for complete reaction with the bicarbonate) is 
added to the bicarbonate solution in the kettle. The temperature of the reacting 
liquid is raised to 70® to 80® C., stirring meanwhile, and the hydrolysis is com¬ 
pleted in about 4 to 6 hours. A further quantity, of sodium hydroxide equivalent 
to a second charge of chlorohydrin, is treated in a second kettle with carbon 
dioxide derived from the reaction in the first. The carbon dioxide liberated 
entrains a considerable quantity of chlorohydrin which is thus wholly recovered 
by the absorption of gas in the caustic solution for the next operation. The 
reaction mixture is heated until evolution of carbon dioxide ceases and the charge 
is then withdrawn and a further quantity of caustic soda solution introduced 
while a new charge of chlorohydrin solution is added to the bicarbonate in the 
second kettle, and the process proceeds as before. It is stated that it is best 
to employ a 40 per cent chlorohydrin solution and to regulate the concentration 
of the alkali so that the actual chlorohydrin concentration in the reaction liquid 
at the beginning of the hydrolysis approximates 20 per cent. 

Later, Curme ** proposed to hydrolyze chlorohydrins with a solution of caustic 
alkali under such conditions that any appreciable escape of the intermediate olefin 
oxide is prevented, e.g., by using a vessel completely filled with liquid. The process 
may be made continuous. Calcium carbonate or a solution of calcium bicarbonate 
has Ixjen suggested by Oehme for the hydrolysis of ethylene chlorohydrin. 

Saunders and Wignall described a continuous process for the vapor-phase 
hydrolysis of ethylene chlorohydrin to glycol or ethylene oxide by a solution of 
.sodium carbonate or sodium hydroxide. At the bottom of a scrubber tower, 
lagged and filled with packing, a steady stream of steam enters and ascends 
against a descending flow of crude weak chlorohydrin solution. The amount 
of steam is adjusted so that it is exactly sufficient to volatilize and carry upwards 
the ethylene chlorohydrin contained in the solution. The current of steam laden 
with chlorohydrin traverses a fractionating column and passes away at the top, 
carrying 95 per cent of the chlorohydrin contained in the crude solution. The, 
vapor then passes down a well-lagged pipe to the bottom of a second packed 
tower, which it enters by bubbling through hot liquid at the bottom. The ad¬ 
mixed ethylene chlorohydrin vapors and steam ascending this tower meet a 
down-flowing solution of sodium carbonate (if ethylene glycol as such is to 
be obtained) or of caustic soda (if ethylene oxide is desired) admitted in the 
correct proportion. The ethylene chlorohydrin is hydrolyzed to the glycol with 
concomitant production of salt (NaCl), while steam, carbon dioxide, and volatile 
unhydrolyzable impurities pass away to a first condenser. The etliylene glycol 
dissolves in the salt solution and is carried down to the bottom of the tower 

” U. S. Patent 1,442,386, Jan. 16, 1923; assigned to Union Carbide Co.; Chem. Abs., 1923, 
17, J029. 

S. Patent 1,695,250, Dec. 11, 1928; Chem. Abs., 1929, 23, 610; llritish Patent 264.124, 
1926; Chem. Abs., 1928, 22, 92; German Patent 540,513, 1926; Chem. Abs., 1932, 26, 2202;^ 
Canadian Patent 268,570, 1927; Chem. Abs., 1927, 21, 2274; all patents assigned to Carbide and 
CVrlion Chemicals Corp. 

^French Patent 612,825, 1926; assigned to Chem. Fabrik Kalk G.m.b.H.; Brit. Chem. Abs. B, 
1928. 886. , 

»«U. S. Patent 1,737,545, Nov. •26, 1929; British Patent 286,850, 1927; Chem. Abs., 1929, 23, 
397; both patents assigned to British Dyestuffs Corp., Ltd. 
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and then flows from the trap direct to a desalter. The water and oily impuri¬ 
ties are collected in a catch-pot where they form two layers. The oil is drawn 
off at the bottom and the water overflows at the top into the gas-separator. 
When ethylene oxide is formed it passes away at the top of the tower and can 
be dried and collected. 

Another method for the production of glycols direct from olefins such as 
ethylene, propylene, or aryl-substituted alkylenes (e.g., styrene) is described^ by 
Essex and Ward.*^ The olefin is introduced, together with carbon dioxide, into 
a cold 5 per cent sodium hypochlorite solution. The resulting chlorohydrin 
solution is then heated under a reflux condenser for several hour^ to obtain the 
glycol. In this manner ethylene glycol can be obtained from ethylene; phenyl- 
glycol, from styrene; and glycerol, from allyl alcohol. The production of gly¬ 
cols with sodium hypochlorite has also been described by Blanchet.®® 

Dunstan and Birch proposed a process for the manufacture of ethylene 
glycol in which an aqueous solution of ethylene chlorohydrin is mixed continu¬ 
ously with an aqueous solution of a non-caustic alkali (e.g., sodium carbonate) 
and heated to 105® to 150® C. under pressure. The hot reaction mixture is 
allowed to flow, under pressure at reaction temperature, through a series of 
heated “U” tubes, the rear limbs of which are packed and the forward limbs 
prbvided with downward-sloping baffles. 

A method for the extraction of ethylene glycol or its homologues from aque¬ 
ous solutions containing calcium or magnesium chlorides (such as are obtained 
in the hydrolysis of chlorohydrins by aqueous solutions or suspensions of lime 
or magnesia) is described by Oehme.®* The mixture is distilldfl in vacuo at 
250® to 400® C. with continuous stirring,.or the liquid may be passed, after pre¬ 
liminary evaporation, through a tubular vacuum evaporator with a final tempera¬ 
ture of 280® to 320® C. Anhydrous calcium (or magnesium) chloride is recovered 
and the distillate, containing 25 to 35 per cent of glycol, is further rectified. 

Closely allied with the above processes are those which involve the hydra¬ 
tion of ethylene oxide, previously prepared from ethylene chlorohydrin, e.g., by 
treatment with anhydrous (or concentrated aqueous) alkali. The conversion 
of ethylene oxide into glycol by hydrolysis with water is easily carried out by 
heating in a closed vessel.®* The reaction is accelerated by the addition of 
mineral acids, especially sulphuric acid.*® In large-scale practice, the consid¬ 
erable heat evolution (about 25 kg. cals, per mole) must be considered. It has 
been proposed to effect the hydration of ethylene oxide according to the reaction 


CH, 
\ 




O + H,0 


CH,OH 

I 

CH,OH 


in the presence of dilute sulphuric acid as a catalyst.*^ 


«U. S. Patent 1,594,608, Aug. 3, 1926; Chem. Abs., 1926. 20, 3170; U. S. Patent 1,626,398, 
April 26, 1927; Chem. Abs., 1927, 21, 2136; both patents assigned to £. 1. duPont de Nemours 
and Co., Inc. 

“French Patent 61(K434, 1925; Brit. Chem. Abs. B, 1929, 10; see also British Patent 251,652, 
1925; Chem. Abs., 1927, 21, 1546; both patents assigned to Soc. anon, d’explosifs et de produits 
chimiques. 

"British Patent 365,589, 1930; assigned to Anglo-Persian Oil Co., Ltd.; Brit. Chem. Abs. B. 
1932, 494; also French Patent 725,150, 1931: Chem. Abs., 1932, 26, 4827. 

0 "British Patent 352,651, 1930; assigns to Chem. Fabrik Kalk G.m.b.H.; Chem. Abs., 1932, 
26, 5314. 
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According to Youtz,®® glycols may be obtained by mixing olefin oxides with 
excess of water (20 molar proportions of the latter to one of olefin oxide) and 
a hydrolyzing catalyst and then heating above the boiling point of the olefin 
oxide. The use of a large excess of water is said to suppress the simultaneous 
formation of polyglycols. 

Attention has already been directed to the possibility of directly oxidizing 
ethylene in the presence of water to yield ethylene glycol (see also Chapter 39). 
Skarblom®® proposed to manufacture ethylene glycol from ethylene by intro¬ 
ducing a mixture of ethylene and oxygen into water containing iodine (or a 
compound of iodine in which the iodine is combined sufficiently loosely to react 
with the ethylene in the presence of oxygen, for example, hydr<^en iodide, 
ethylene diiodide, potassium triiodide or ferric triiodide). The reaction is car¬ 
ried out in the presence of a salt of iron or manganese or other oxidation catalyst. 
A similar method®®* for preparing ethylene glycol consists in reacting air and 
water with ethylene at 150® to 300® C. tmder pressure, using antimony, lead, 
bismuth, silver, nickel, tin or arsenic as catalysts. 

Electrolysis of an alkali metal hydroxide solution of an olefin under pressures 
of about 20 to 200 atmospheres has been proposed by Youtz for the production 
of glycol. Hydrogenation of lactones also yields glycols.®®* 


Chemical and Physical Phoperties of Ethylene Glycol 


Ethylene glycol is a colorless, odorless liquid with a sweet taste. It melts 
between —17.4° C. and —11.5® C. (indefinite because of tendency to super¬ 
cool^^), boils at 197.5® C. at 760 mm., and has a density of 1.115 at 20° C. 
It is miscible in all proportions with water, alcohol and many organic solvents, 
and 100 parts of ethyl ether dissolve 1.1 parts of glycol. Although in its gen¬ 
eral physical properties it bears a striking resemblance to glycerol on one hand 
and ethyl alcohol on the other, it differs from them in several particulars. Thus, 
for example, it is less viscous than glycerol and can be distilled without decompo¬ 
sition at atmospheric pressure.®® In the anhydrous state it is exceedingly hygro¬ 
scopic. There is some evidence for the existence of a dihydrate.®® 

The chemical properties of this glycol are those expected of a dihydric alco¬ 
hol. Thus, it forms both mono- and di-esters which may be conveniently pre¬ 
pared from ethylene dichloride or chlorohydrin. A large number of ethers and 
ether-esters are also known, some of which are discussed more fully later. The 
ethers are conveniently produced by condensation of alcohols or phenols witli 
ethylene oxide. Both mono- and di-metallic derivatives of glycol are known.®* 


^ U. S. Patent 1,875,312, Aug. 30, 1932; assigned to Standard Oil Co, of Indiana: Chen. Abs,. 
1932. 26, 5962. 

“British Patent 369,141, 1931; Brit. Ckem, Abs, B, 1932, 670: French Patent 722,000, 1931;. 
Ckem. Abs., 1932, 26, 4067. German Patent 561,049, 1930; Ckem. Abs., 1933. 27. 1012; cf. Dreyfus. 
French Patent 737,612, 1932; Chem, Abs., 193^ 27. 1638. 

... Soc. frangaise de catalyse g6n6ralis6c, French Patent 41,255, 1931; Chem. Abs., 1933, 27, 
2163; addition to French Patent 729,952, 1931; Chem. Abs., 1933, 27, 312. 

1.875,310, Aug. 30, 1932; assigned to Standard Oil Co. of Indiana; Chem. Abs., 

1932, 26, 5856. 

6 1 ? 8 ^** Wurta, “Dictionnaire de chimie,*' Libraire Hachette et Cie., Paris, 2nd Supplement, 1907, 

CritiMl Tables’’ National Research Council, McGraw-Hill Book Co., New York, 
^ ®^®® Lawrie. ^'Glycerol and the Glycols,’* Chemical Catalog Co.. Inc., New York, 

3wo* 

“ Taylor and Rinkenbach, Ind. Eng. Chem., 1926, 18, 676. 

“Curme and Young, Chem. Met. Eng., 1923, 28, 169. 

Hi® Forcrand. Cempt. rend., 1901, 132, 688; Chem. Soc. Abs., 1901, 80 (1). 307. 

1890. 20. 442; Cempt. rend., 1891. 113, 1048; ibid., 1892, 114, 125, 
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On dehydration, ethylene glycol yields ethylene oxide to some extent: 


CH.OH 

iaoH 


CH, 

\) + H,0 

cn{ 


In this reaction, however, polyglycols are also produced depending upon the con¬ 
ditions. The formation of diethylene and triethylene glycols from ethylene 
glycol by elimination of water may be represented as follows: 

HOCH.CHgOH + HOCH.CHgOH —HOCH,CH,-0-CH,CH,OH + H.O 

diethylene glycol 

HOCH.CHg-0-CHgCH,OH 4- HOCH.CH.OH 

—>- H0CH,CH,~0-CH,CH,-~0-CH.CHg0JI + H,0 
triethylene glycol 

In the presence of dilute mineral acids at fairly high temperatures (200° 
to 210° C) ethylene glycol undergoes dehydration with the production of acetal¬ 
dehyde, as well as other substances.** In this reaction Baeyer and Erlenmeyer 
both assumed the intermediate formation of an unsaturated alcohol which was 
isomerized to acetaldehyde. Krassuski ** believed that ethylene oxide was the 
intermediate compound thus: 

CH, 

CH.OH -n/) \ CH, 

I —^ O —I 

CH,OH / CHO 

CH, 


On the other hand, Favorsky,*® by distilling glycol with 4 per cent concentrated 
sulphuric acid, obtained mainly dioxan with acetaldehyde and glycol acetal. Dis¬ 
tillation of dioxan with dilute sulphuric acid was found to yield some acetaldehyde 
and acetal and, therefore, Favorsky assumed that the reaction proceeded through 
the intermediate formation of dioxan, thus: 


CH,OH CH,—O—CH, 

2 1 —^ I I —2CH,.CHO 

CH,OH CH,—O—CK, 


In a similar way, propylene glycol when heated to 220° C. with very small 
amounts of hydrochloric acid, yielded propionaldehyde mainly.®* 

A considerable number of cyclic acetals (or cyclic diethefs) of ethylene 
glycol are known. A methylal of ethylene glycol was prepared by Trillat and 
Cambier®^ by gently heating equimolecular quantities of trioxymethylcne and 
ethylene glycol with 2 per cent ferric chloride. This substance, which was sub¬ 
sequently shown by Henry *- to have the structure: 


Cli{ 

\ 


0-CH. 


O—CH, 


<*C/. Nevole, Bull. soc. cMm., 1876, (2) 2S, 289; Chem. Soc. Abs., 1877, 31, 58. 

See Favorsky, loc. cit. 

^J. Russ. Phys. Chcm» Soc., 1902, 34, 537; Chem. Zentr., 1902, 2, 1095; Chem. Soc. Abs. 
1903, 84 (1), 8. 

«•/. Russ. Phys. Chem. Soc., 1906, 38, 741; Chem. Zentr., 1907, I, 15; Chem. Soc. Abs.. 1907 
92 (I). 274. 

*• Linnemann, 1878, 192, 61; Chem. Soc. Abs., 1878, 34, 776. 

Compt. rend., 1894, 118, 1279; Chem. .W. .4bs.. 1894, 66 (1), 487. 

**Compt. rend., 1895, 120, 107; Chem. Soc. Abs., 1895, 68 (1), 266. 
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is a liquid boiling at 74®-75® C. It can also be prepared by heating together 
100 grams of glycol, 50 grams of 40 per cent formaldehyde solution, and 50 
grams of syrupy phosphoric acid. In the same way, acetaldehyde and glycol 
yield an acetal boiling at 82® C. and isobutyraldehyde forms an ac^al which 
boils at 122® C.®* Cyclic diethers can be obtained by the reaction of glycols 
with an aqueous solution containing equimolecular quantities of water and an 
aldehyde or ketone in the presence of sulphuric acid at 140® C., according to 
Dreyfus.®®* 

Cyclic acetals are also obtainable by condensing glycol with butyraldehyde 
and crotonaldehyde,®® and also by condensing acetylene with glycol in the pres¬ 
ence of mercuric sulphate.®® In the latter, acetaldehyde is apparently the inter¬ 
mediate compound which immediately condenses with the glycol. 

A method of producing cyclic ethers of glycols consists in the reaction of 
halogenated ethers with metallic oxides. Thus, the cyclic acetal, 


CH.-0 

\ 


CH. 


CHr-0 


/ 


may be prepared from chloromethyl-/8-chloroethyl ether and copper oxide.®^ Va¬ 
rious cyclic acetals obtained by condensing phenylated aliphatic aldehydes with 
1,2-glycols are said to be usable in the preparation of perfumes. Among these 
may be mentioned the cyclic acetal from phenylacetaldehyde and ethylene glycol, 
which has a rose-like odor.®® 

The decomposition of ethylene glycol in the presence of vanadium pentoxide 
has been studied by Drake and Smith.®® At 250® to 400® C. the main decom¬ 
position products are acetaldehyde and ethylene but small amounts of oxides of 
carbon and acetic acid are also formed. At temperatures up to about 320® C, 
ethylene is the major product. The minimum amount of ethylene results at about 
360® C., at which temperature aldehyde formation is at a maximum. ' 

Ethylene glycol, containing two hydroxyl groups, reacts with phosphorus 
pentachloride yielding ethylene dichloride.®® With organic acid chlorides the 
1,2-glycols react with the formation of acyl derivatives of the corresponding 
chlorohydrins.®^ In the case of ethylene glycol and acetyl chloride this reaction 
can be represented as: 

CH.OH CHtO.CO.CH, 

I 4-2CH,COCl —Si- I -f-CH,.COOH + H,0 

CH.OH CH,a 


On treatment with concentrated hydrochloric acid at 148® to 160® C. ethylene 
glycol is partly converted into the chlorohydrin,®® but at 200® C. (or at lower 

“ Verley, Bull. soc. chim., 1899, (3) 21, 275; Chem. Soc, Abs., 1899, 76 (1), 665. 

“• French Patents 745,973 and 745,974, 1933; Chem. Abs., 1933, 27, 4243; cf. British Patent 
393,608, 1931; Brit. Chem. Abs. B, 1933. 822. . . 

^Leopold and.Michael, German Patent 419,223, 1924; assigned to Farbenfabrik vorm. Meister. 
Lucius and Bruning; Brtt. them. Abs. B. 1926, 248. 

“1. G. Farbenindustrie A.-G., German Patent 434,989, 1926. 

1,669,384. May 8, 1928; British Patent 288,707, 1927; Brit. Chem. 
Abs. B, 1928. 440; both patents assigned to Verem fur Chem. Ind. A.-G. 

*’32, a32; French Patent 729,416, 

1932; Chem. Abs., 1932, 26, 5964. 

“ I- G. Farbenindustrie A.-G., British Patent 346,115, 1930; Brit. Chem. Abs. B, 1931, 710. 
1930t 52^ 45S8« 

••Wurta, Ann. chim., 1859, (3) 55, 419. 

•» Lourenco, Ann. chim., 1863, (3> 67, 254. 

« Ladenburg, Ber., 1883, 16, 1407. 
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temperatures in the presence of hydrogen chloride), ethylene dichloride is 
formed.®® 

On oxidation (with nitric acid or alkaline lead peroxide) ethylene glycol is 
converted into one or more products,®® the various steps being represented as 
follows: 


CH,OH 

hutOH 


CHO 

COOH 

COOH 

CH,OH 


^ ([ho 

glycolaldehyde 

glycolic 

glyoxylic 

\ 

acid 

CHO 

CHO • 

1 


glyoxal 

COOH 

(!:ooh 

oxalic acid 


Because of its solvent action, which approximates that of etliyl alcohol for 
certain substances, ethylene glycol has found some application in the preparation 
of flavoring extracts. The toxicity of ethylene glycol toward dogs, rabbits, and 
rats was studied by Page®® who compared its effects with those of glucose and 
glycerol. Injected intravenously, it quickly lowered the blood pressure. Tests 
on rabbits by Fuller ®® showed that 5 to 10 cc. doses administered daily in 50 per 
cent aqueous solution produced no pathological symptoms. Daily doses of 15 tc 
20 cc. in 50 per cent aqueous solution were attended with no outward symptoms 
but autopsies revealed evidence of chronic gastritis. Since these doses are, how¬ 
ever, far in excess of what would be absorbed by a human being in a food prod¬ 
uct, Fuller concluded that ethylene glycol could be safely used in such materials. 

Experiments on its inhibitory and disinfectant action toward Bacillus typhosus 
(Rawlings), a wine yeast and a mixed mold culture indicated that its value in 
this respect lies between that of glycerol and ethyl alcohol and does not fall far 
short of the latter. In direct opposition to Fuller’s conclusions, Hunt®^ stated 
that ethylene glycol is as poisonous as methanol and that its toxicity is to be 
attributed to oxalic acid which is formed by oxidation in the body. Hunt’s state¬ 
ments have been contested by Hanzlik®® but, in reply. Hunt®® cited additional 
evidence in support of his contention. The use of ethylene glycol in food prod¬ 
ucts, according to Hunt, is to be deprecated, although there is no objection to 
its application in certain medicinal preparations. Two serious cases of ethylene 
glycol poisoning were reported by Brekke,^® the initial symptoms being similar 
to alcohol intoxication, followed later by paralysis of some of the cerebral nerves 
and hemorrhagic nephritis. The irritant and toxic properties of ethylene glycol 
have been investigated by Hanzlik, Seidenfeld and Johnson,’^ and the relation 
between the pharmacological action and the chemical constitution of ethylene gly¬ 
col derivatives have been discussed by von Oettingen and Jirouch.^* 


«■ Schorlemmer. JX.S., 1881, 39, 143. 

Ann, chi^, 18S9. (3) 55, 414, 417; Debus, Ann., 1859, 110, 319; Glaser and Morawski. 
hionaUh., 1889, 10, 582; Net, Ann., 1907, 357, 292; Tnllat, Bull. see. chintz, 1903, (3) 29, 35; 
Ckem. Zentr., 1903, 1, 438. 

*7. Pharmacol., 1927, 30, 313: Cham. Aba., 1927, 21, 1150. 

^ Ind, Eng. Cham., 1924, 16, 624. 

«lnd. Eng. Cham., 1932, 24, 361. 

*/iid. Eng. Cham., 1932, 24, 836. 

^ Ind, Ena. Cham., 1932, 24, 836. 


^ Norsk. Mag. Laagab, 1930, 91, 381: Cham. Aba., 1932, 26, 772. 
Phorm. Exp. fker., 1931, 41, 387; Cham. Aba., 1931, 25, 4938. 
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Applications of Ethylene Glycol 

Ethylene glycol has found use in the preparation of glycol dinitrate, as an 
anti-freeze for automobile radiators, and as a solvent and preservative in food 
products and medicines. The properties and applications of glycol dinitrate are 
described later. 

The use of ethylene glycol as an anti-freeze in automobile radiators is largely 
the result of efforts of the Carbide and Carbon Chemicals Corporation,^® who 
marketed this material under the trade name of “Prestone”. The specifications 
of an ideal anti-freeze solution, as drawn up by the U. S. Bureau ol Standards,’* 
are as follows: > , 

The material shall prevent freezing of the radiator liquid without injuring 
engine or radiator. The non-freezing properties of the solution should, more¬ 
over, be permanent and not reduced on continued use. Furthermore, the material 
should not materially change the boiling point of water when dissolved in it. 

To the above specifications, might advantageously be added: The material 
should be odorless, non-infiammable, non-corrosive, and should not attack automo¬ 
bile finishes and its aqueous solutions should possess a high heat capacity and 
a low vicosity.’® 

Of the other materials which have been proposed for anti-freeze solutions, 
ethyl alcohol and glycerol have found extensive application. Ethylene glycol 
fulfills the requirements of an anti-freeze. In aqueous solution it depresses the 
freezing point in proportion to the concentration present, down to about 60 per 
cent by volume, which solution freezes at —49® C. (—56® F.). For higher 
concentrations of glycol, the freezing point increases again to —11.6® C. (11.3® 
F.), that of pure glycol. The use of 1,2-glycols, particularly ethylene glycol, 
in aqueous solution as anti-freeze liquids in automobile cooling systems was de¬ 
scribed by Hibbert.’® Mixtures containing 60 to 65 parts of water and 35 to 
40 parts of 1,2-glycols are particularly satisfactory for this purpose. 

As a solvent,’®* ethylene glycol has many of the characteristics of ethyl alcohol. 
It dissolves esters, medicaments, resins, flavors, and dyes. The use of ethylene 
glycol as a solvent in the manufacture of concentrated fruit flavors, flavoring 
extracts and similar commodities has been discussed by Fuller” and Smith and 
Eoff.’® 

The combined preservative and hygroscopic nature of ethylene glycol recom¬ 
mend it for a wide variety of applications, especially in the manufacture of 
cosmetics, in the preparation of anatomical and biological specimens, in the 
treatment of skin and furs, in the moistening of tobacco, as a means of preserv¬ 
ing the suppleness and flexibility of leather during processing, and in the tex¬ 
tile industry as an aid to the finishing and dyeing of fabrics.’® According to 
McElroy ®® a good hygroscopic composition for incorporation in medicinal prod¬ 
ucts consists of ethylene glycol, water, and a water-soluble substance such as 
cane sugar, invert sugar, lactose, calcium chloride or boric acid. 


** See Curme and Young, Ckem. Met. Eng., 1923, 28, 169. 

Standards, Letter Circular, 28 (Dec., 1921). 

Curme and Young, Ind. Eng. Chem., 1925, 17, 1117. 

** U. S. Patent l,2i3,368, Jan. 23, 1917; Chem. Abs., 1917, II, 877. See also Curme and 

Young, Chem. Met. Eng., 1923, 28, 169; Chem. Abs., 1923, 17. 1427: Jnd. Eng. Chem., 1925, 17. 

ni7; Killeffcr, tnd. Eng. Chem., 1926, 18, 1043; Keyes, Ind. kng. dhem., 1927, 19, 1119; Anon., 

5«eiic^Nov. 19, 1926, Suppl., 14. . » » , 

The production and uses of solvents were reviewed by Reid, Ind. Eng. Chem., 1934, 26 21 
Ind. Eng. Chem., 1924, 16, 624. 

WU. S. Patent 1,384,681, July 12, 1921; Chem. Abs., 1921, 15, 3696. 

** Curme and Young, Chem. Met. Eng., 1923, 28, 169. 

•JU. S. Patent 1,268,135, June 4, 1918; assigned to Chemical Development Co.; Chem. Abe., 1918, 
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The use of ethylene glycol as a substitute for glycerol in some of its applica¬ 
tions has been described by Braun and its employment in the grading of 
collodion membranes has beenjnvestigated by Field and Thomas.®® 

Numerous derivatives of ethylene glycol, such as esters and ethers, are finding 
important applications in the chemical industry. With the exception of the 
dinitrate, most of these materials are being manufactured from either the olefin 
dichloride or the chlorohydrin. Synthetic resins have been produced, for ex¬ 
ample, by condensation of ethylene glycol with phthalic anhydride.®® Ethylene 
glycol has been used in liquid media for heat-transfer ®* and as an absorption 
liquid for methylamine in refrigeration.®® In the manufacture of beeswax can¬ 
dles,®® sticking to the molds is said to be preventeil by the incorporation of 5 per 
cent of the glycol. A selective solvent prepared by mixing a glycol with phenol 
has been proposed by Stratford ®®® for removing impurities from kerosene or 
lubricating oils. Thomas and Hochwalt®®*^ usetl a solution of sodium potassium 
carbonate in ethylene glycol and water as an anti-freeze charge for carbonate- 
sulphuric acid fire extinguishers. Reddish blue dyestuffs have been obtained by 
condensing ethylene glycol with halogenated dibenzanthrones, containing at least 
two halogen atoms.®^ 

Ethylene Glycol Di nitrate 

Henry ®® was the first to prepare and identify glycol dinitrate. This com¬ 
pound was made by dropping small portions of the glycol into a mixture of sul¬ 
phuric and nitric acids cooled to 0° C. Previously, however, Kekule®® had ob¬ 
tained a mixture of the glycol dinitrate and the nitric ester of /S-nitroethanol 
(CH 2 ( 0 . N02)Cll2N02) by the nitration of ethylene. Champion prepared the 
dinitrate by solution of 42 grams of glycol in a mixture of 100 grams of fuming 
nitric acid and 200 grams of 66° Be sulphuric acid, and Nef used 10 cc. of 
the glycol with a mixture of 20 cc. of nitric acid (specific gravity, 1.52) and 
40 cc. of sulphuric acid (specific gravity, 1.8), cooled to —10° to —15° C. 
The method employed by Rinkenbach ®® consisted in slowly adding 20 grams of 
purified glycol®^ to a mixture of 70 grams of nitric acid (specific gravity, 1.42) 
and 130 grams of sulphuric acid (specific gravity, 1.84) at a temperature of 


■*/fm. Perfumer, 1928, 23, 513; Chem. /lbs., 1929, 23, 1613. 

•^Proc. Soc. Exptl. Biol. Med., 1928, 25, 679; Chem. .lbs., 1928. 22, 4553. 

•* E.g., Callahan, U. S. Patent 1,108,329, Aug. 25, 1914; assigned to General Electric Co.; CItem. 
/lbs., 1914, 8, 3506; EIli.% U. S. Patents 1,843,870, Feb, 2, 1932; Chem. Abs.. 1932, 26. 1812: 
1,876,886, Sept. 13, 1932; 1,886,242, Nov, 1, 1932; 1,897,977, Feb. 17, 1933; Bradley. U. S. Patents 
1,923,704 and 1^23,715, Aug. 22, 1933; Ellis, U. S. Patent 1,923,714, Aug. 22, 1933; all assigned 
to Ellis-Foster Company. Kienle and Hovey, J.A.C.S., 1930, 52, 3636. See also Ellis, “Synthetic 
Kesins and Their Plasttcs,’’ Chemical Catalog Co., Inc., New York. 

•♦Sherman, U. S. Patent 1,805,500, May 19, 1931; assigned to Gen. Frigheatone Co., Inc.; 
Brit. Chem. Abs. B, 1932, 84; Moormann, U. S. Patent 1,820,085, Aug. 25, 1931; assigned to 
Shaler Co.; Brit. Chem. Abs. B, 1932, 485. ’ ' * 

“ Platen-Munters Refrigerating ^stera Aktiebolag, German Patent 531.218, 1929; Chem. Abs 
1931, 25, 5481. Tandberg (British Patent 329,790, 1929; assigned to Electrolux, Ltd.; Chem. Abs.', 

1930, 24, 5899) gives some further details for the use of ethylene glycol as an absorbent in refrig¬ 
erating systems. 

••Geller, U. S. Patent 1,866,025, July 5, 1932; assigned to Will and Baumer Candle Co.; 
Chem. Abs., 1932, 26, 4494. 

L892,655, Dw. 27, 1932; assigned to Standard Oil Development Co.; Chem. Abs.. 
Clark and, Harding (U. S. Patent 1,776,550, Sept. 23. 1930; Brit. Chem. Abs. B. 

1931, 578) used a polyhydric alcohol to extract unsaturated substances from lubricating or insulating 
oils. 


»«»U. S. Patent 1,777,339, Oct. 7, 1930; Brit. Chem. Abs. B. 1931, 522. 

WThomson and Thomas U. S. Patent 1,818,510, Aug. 11. 1931; assigned to Scottish Dyes, Ltd.; 
Chem. Abs., 1931, 25, 5577. 

“Ber., 1870, 3, 529; Ann. chim. phys., 1872, (4) 27. 243. 

•Ber., 1869. 2, 329. 

••See Wieland and Sakellarios, Ber., 1920, 53. 201. 

1871,3 571; Chem. Zentr., 1871, 611; Z. /iir Chem., 1871, 469. 

^ Ann., 1899, 309, 126. 

^ Ind. Eng. Chem.. 1926, 18, 1195. 

••Purified by method of Taylor and Rinkenbach, Ind. Eng. Chem., 1926, 18. 676. 
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23® C. The crude dinitrate (49 grams) separated and after washing with 300 cc. 
of water in small portions, a yield of 39.6 grams of acid-free material resulted. 
The low yield can be improved by maintaining a lower temperature and by using 
a different nitrating acid mixture. The product obtained possessed a nitrogen 
content of 18.37 per cent (theoretical, 18.43 per cent). 

According to Rinkenbach, pure ethylene glycol dinitrate is a colorless, neutral, 
mobile liquid at ordinary temperatures, with a peculiar sweetish taste and no 
appreciable odor. Its physical properties are as follows: 1.5176; 1.4962; 

DjJ 1.4817; freezing point, —22.3® C.; heat of fusion, 30.0 cal. per g.; heat of 
combustion, 268.22 kg.-cal. (constant volume) or 266.48 kg.-cal. (constant pres¬ 
sure) per mole; n^ 1.4546; n’J 1.4491; 1.4436; heat of formation, 365.5 

cal. per g.; vapor pressure at 0® C., 0.0072 mm. and at 22® C., 0.0565 mm. (Rin¬ 
kenbach) or 0.0465 mm. (Crater®®). 

Various other methods for the preparation of the dinitrate alone or in ad¬ 
mixture for use in explosives have also been devised.®® Among these are pro¬ 
cedures which deal with the production of the dinitrate by nitration of glycol or 
ethylene oxide,®^ of sulphoglycol,®® of mixtures of glycols,®® of ethylene,^®® and 
of the condensation products of glycol with 3,4-dinitrochlorobenzene.^®' Hough ^®- 
proposed to mix the dinitrate with nitroglycerol and Matthews, Strange and 
Bliss ^®® described explosives containing nitrated 1,2-glycols, nitroglycerol and 
infusorial earth. Explosives containing nitroglycerol with nitrocellulose and ni¬ 
trate salts ^®^ are said to have been manufactured industrially in Europe.^®* Sev¬ 
eral explosives containing nitrated 1,2-glycols were suggested by Barab,^®® who has 
also recommended propylene glycol difiitrate ^®^ for this purpose. 

The great value of glycol dinitrates in explosives lies in their low freezing 
point and their capacity to form low freezing mixtures with nitroglycerol. They 
possess lower sensitivity to shock and greater fluidity than nitroglycerol, together 
with perfect oxygen balance and they are practically non-hygroscopic. About 
9 million pounds of ethylene glycol were employed in the manufacture of low- 
freezing dynamites in the ^^ited States in 1927.^®® 

The physiological action of glycol dinitrate is similar to that of nitroglycerol 
but because of its higher vapor pressure (approximately 150 times greater than 
that of glyceryl trinitrate at 22® C.) tlie inhalation of sufficient vapor to cause 
injurious effects is more likely to occur. This high volatility is one objection 
to the use of glycol dinitrates.^®® Because of the toxicity of the volatile dinitrate, 
Schmid “® recommended a continuous nitration process for its manufacture. 
Gelatinization of nitrocotton is effected more quickly by glycol dinitrate than by 
nitroglycerol so that a slow-gelatinizing nitrocotton must be used, or uneven re¬ 
sults are obtained. Homogeneous transparent “gelatins” were prepared by Schfnid 


•>/nd. Eng. Chem., 1929, 31, 674. 

*• Clacsiscn, German Patent 179.789, 1904; Chem. Zentr., 1907, 1, 1475. 

Matthews and Strange, British Patent 12,770, 1912; Chem. Ahs., 1913. 7. 3842. 

‘**jolicard, French Patent 456,456, 1912; Cf^m. Abs., 1914, 8, 1872. 

u. fi: 

Lewis, U. S. Patent 1,560,426, Nov. 3, 1925; Chem. Abs., 1926, 20. 112. 

»«U. S. Patent 1,206.233, Nov. 28. 191^; Chem. Abs., 191^ 11, 211. 

French Patent 458,309, 1913; Chem. Abs., 1914, 8, 2807. 

Jolicard. French Patent 456.456, 1912; he. cit. 

>0° Brooks. Chem. Met. Eng., 1920, 22, 631. 
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“•if. Ces. Schiiess^ u. Sprengstoffw., 1927, 22, 273; Brit. Chem. Abs. B, 1927, 926 
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by gdatinization at 0® to 1.5® C. Compared with the gelatins obtoined from 
nitroglycerol, those from glycol dinitrate are stickier and not so stiff, but this 
disadvantage is overcome by the use of larger amounts of nitrocotton and ab¬ 
sorbent. 

Ethylene Glycol Acetates 

Both mono- and di-esters of the glycols are known, the methods for their 
technical production being: 

(1) Reaction of ethylene dihalide (especially dichlonde) with salts of fatty acids. 

(2) Esterification of glycols with fatty acids or their anhydrides.' 

(3) Condensation of olefin oxides with fatty acids or their anhydrides. 

The reaction of ethylene dihalides with salts of organic acids appears to be 
a fairly general method for the preparation of glycol esters. Depending upon 
the relative proportions of the reactants, either the mono- or di-esters may be 
formed. Thus, Atkinson obtained glycol monoacetate by heating the dibromide 
with potassium acetate in 85 per cent alcohol. Henry heated 570 grams of 
ethylene dibromide and 300 grams of anhydrous potassium acetate with the addi¬ 
tion of a little acetic anhydride for 10 hours and obtained an almost quantitative 
yield of the diacetate: 

CHiBr CH,O.CO.CH, 

1 4-2NaOOC.CH. —^ T 
CH,Br CHiO.CO.CH, 


Drushel and Bancroft boiled 300 grams of the dibromide with 155 grams 
of fused potassium acetate in 300 grams of 85 per cent alcohol for 18 hours and 
obtained 83 grams of diacetate, but no monoacetate. 

From a technical standpoint, it is far too expensive to employ bromides and 
potassium salts for the production of glycol esters. Good results have been 
achieved with ethylene dichloride and the sodium sCts of organic acids. For 
example, glycol diacetate may be readily prepared from ethylene dichloride and 
anhydrous sodium acetate.^^* According to Rodebush,^^* glycol esters are made 
by heating a mixture of ethylene dichloride, fused potassium, sodium, calcium, 
or magnesium acetates, and alcohol to 180® C. under pressure for 1 hour. The 
method is applicable to the preparation of numerous esters of ethylene glycol, 
including the salicylate and stearate.^*^ The commercial preparation of glycol 
diacetate is described as follows by Killeffer.^^* One mole of ethylene dichloride, 
slightly more than two moles of anhydrous sodium acetate (or better, 5 per cent 
in excess of this) and 2 to 3 per cent of glycol diacetate, are mixed, stirred, 
and heated in an autoclave at pressures of 125 to 150 pounds per square inch 
until the pressure drops, indicating that all the volatile dichloride is consumed. 
The product is then distilled off. 

The second general method of preparation of glycol esters was employed by 


1859, 109, 232; Phil. Mag., 1859, 66. 433; see also Demole, Bet., 1874, 7, 70, 641; Chem. 
See. Abs., 1874, 27, 783; Ann., 1874, 173. 117; ibid., 1875, 177. 49. 

trav. chitn., 1901. 20, 243; Chem. Soc. Abs., 1901, 80 (1), 577; Bull. acad. ray. Bela.. 

** ^®***8» German Patent 41,507, 1887; Chem, 

J. Science, 1917, 44, 371; Chem. Abs., 1918, 12, 148. 
a/wi 332,677. 1919; J.S.C.I., 1921, 40,^370A; Engelhardt. German Patent 

404,999. 1919; assigned to Farbenfabnken vorm. F. Bayer and Co.; J.S.C.I., 1925, 44, 42511. 
in y* J-J^*l**J‘ 1»430,324. Sept. 26, 1922; Chem. Abs., 1922, 16. 3903. 

Ill 5* Sphne, German Patent 218,466, 1907; Chem. Zentr., 1910, I, 782. 
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*» tnd. Eng. Chem., 1927, 19, 636. 
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Drushel and Bancroft to make the monoacetate of ethylene glycol by heat¬ 
ing equimolecular quantities of glacial acetic acid and the glycol with anhydrous 
copper sulphate. According to Watson,^*® either the mono- or di-esters of the 
glycols may be obtained, depending upon the proportions of the reactants. To 
obviate the use of catalysts, such as sulphuric acid, which promote undesirable 
side reactions, the water formed in the reaction can be removed by continuous 
distillation during the esterification. In making ethylene glycol monoacetate, for 
example, commercial glycol is refluxed with a little more than the stoichiometric 
quantity of commercial 28 per cent acetic acid, allowing water vapors to escape 
and returning acid and glycol back to the reaction mixture. When the acidity 
has been reduced to the extent required, the residual acid is distilled off and the 
crude ester fractionated. In the prc^uction of the diacetate, the procedure is the 
same except, of course, that twice the quantity of acid is added. The process is 
applicable to the production of di- and mono-formates, valerates, oleates, stearates, 
and other esters. 

The third method for making esters of glycols consists in the condensation 
of an olefin oxide with an anhydrous organic acid, often in the presence of a 
condensing agent. By this method, Wurtz obtained both the mono- and di¬ 
acetates of ethylene glycol according to the reactions: 


CH. 


CH 

CH. 


'^0 + CH,.C00H 

/ 


\ 


./ 


O + 2CH..COOH 


CH. 


CH.O.COCH. 

(!:h.oh 


CH..O.CO.CH, 


CH..O.CO.CH, 


+ H.0 


Condensation of ethylene oxide with glacial acetic acid yields a mixture of 
the mono- and di-acetates, and it has been observed that anhydrous ferric chlo¬ 
ride facilitates the esterification.^** On the other hand, condensation of ethylene 
oxide with acetic anhydride (or other acid anhydrides) yields the di-ester ex¬ 
clusively : 

CHa CHa.CO 

\ \ CHaO.CO.CH, 

0+ O —I 

/ / CHa.O.CO.CH, 

CHa CHa. CO 


Inorganic acids (sulphuric acid) or an acid salt (sodium bisulphate) or a 
salt of a strong base with an organic acid other than that to be esterified, b^^ve 
been suggested for condensing olefin oxides with organic acids.^®* In another 
process^** the reaction between alkylene oxides and carboxylic acids is catalyzed 
by an acidulated aluminum hydrosilicate in which the hydrogen-ion concentration 

«• Loc, cit. 

*** U. S. Patent 1,534,752, Apr. 21, 1925; assigned to CarUde and Carbon Chemicals Corp.; 
Chcm. Abs., 1925, 19, 1710. 

»» Loc. cit. 
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I. CJ. J<'arbenindustrie A.^G., British Patent 292,059, 1927; Chem. Abs.» 1929, 23, 1417. 

^I. G. Farbenindustrie A.-G., French Patent 39,773, 1931; addition to Frendi Patent 610,282, 
1926; Brit. Chcm. Abs. B. 1927, 348; Chcm. Abs., 1932, 26, 4826. 
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produced by suspension of the catalyst in water corresponds to a value of 
less than 3. 

Ethylene glycol monoacetate (boiling point, 181® C.) can be used as a solvent, 
especially for various synthetic resins derived from urea-formaldehyde condensa¬ 
tions.^®* On account of the presence of a free hydroxyl group it is a water- 
soluble solvent Ethylene glycol diacetate (boiling point, 186® C.) is a solvent 
for both cellulose acetate and nitrate as well as for certain resins. It possesses 
a slight odor similar to that of ethyl acetate, but rather less pronounced, and has 
been suggested as a solvent for flavors and as a fixative in perfumery.^®* Glycol 
monoacetate is said to be a satisfactory solvent for the deresination of crude 
montan wax.^®^ Both the mono- and di-acetates can be used for removing free 
fatty acids from oils or fats.^®* 

Many other mono- and di-esters of ethflene glycol are known but they do 
not appear to be of industrial importance. Ethylene glycol monobenzoate is a 
solid melting at 45® C., which can be dissolved in almost any proportions in solu¬ 
tions of the alkali salts of benzoic, toluic, and salicylic acids.*®® The mono- 
chloroacctic ester of ethylene glycol has been proposed as a denaturant for alco¬ 
hol.**® The glycol diester of monochloroacetic acid has been recommended as 
an insecticide, fungicide and disinfectant when diluted with kerosene.^®* 


Glycol Esters of Dicarboxylic Acids 

The esters of the glycols with dibasic acids polymerize readily, very few of 
them being' known in the monomeric condition.**® Monomeric ethylene glycol 
oxalate is a crystalline solid (melting point, 143® C.) which, on standing for a 
few days in a stoppered bottle, is spontaneously transformed into a powder con¬ 
sisting of a mixture of polymers. By extraction with cold solvents this polymer¬ 
ized product can be separated into two fractions, one melting at 159® C. and 
having an apparent molecular weight of about 3000, and another melting at 
173® C., which probably has a much higher molecular weight. These fractions, 
on standing, are still further converted, part of them going to the monomer. 

When ethylene glycol is heated with an equimolecular proportion of suc¬ 
cinic, adipic, phthalic, or other dibasic acid, the products are highly polymerized 
esters. These polymerized esters are non-volatile, dissolve quite readily in cold 
chloroform, and probably consist of a mixture of substances of varying molecular 
weights. Despite their high molecular weights and lack of homogeneity, with 
the exception of the phthalates, they are micro-crystalline solids. The chemical 
constitution of these substances has been elucidated by Carothers and his co¬ 
workers, who have shown that they are open-chain molecules containing alter- 
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nate links of g^lycol and acid radicals. Thus, the neutral glycol succinates pos¬ 
sess the structure: 

HO- [CH,. CH.. O. CO. CH,. CH,. CO. O] jr —CH,. CH,OH 
in which X may be as high as 22. 

Besides the above neutral polyesters, acidic polyesters may also be prepared 
by esterifying the glycol with a» excess of the dibasic acid. A number of acidic 
ethylene glycol succinates, with molecular weights varying from about 1000 to 
3000, have been thus prepared. 

A highly viscous, colorless liquid, soluble in water, is obtained by heating 
equimolecular proportions of ethylene oxide and powdered phthalic acid at 60° 
to 65° The yield is 180 per cent of the weight of phthalic acid. 

Glycol Ethkrs 

Both mono- and di-alkyl ethers of ethylene glycol are known, the former 
being by far the more important industrially. The monoalkyl ethers form esters 
with organic acids. Both the monualkyl ethers and their esters are . solvents. 
The monoalkyl derivatives of ethylene glycol may be produced industrially in 
several ways. 

Monoalkyl derivatives can be prepared by reaction of an olefin oxide with 
an alcohol or a phenol, usually in the presence of a catalyst. For this purpose, 
sulphuric acid has been proposed.^** Thus, by passing ethylene oxide slowly 
into methyl alcohol containing 1 per cent of sulphuric acid at 15° C., a 90 per 
cent yield of the monomethyl ether is produced. The monoethyl ether can be 
prepared similarly. Young ^®® employed higher temperatures and pressures, rather 
than catalysts, to effect this reaction. For example, a mixture of ethylene oxide 
and ethyl alcohol heated in an autoclave at 150° C. for 12 hours (or at 200° C. 
for 3 to 4 hours) gave a 70 per cent yield of the nionoethyl ether. 

Gibson and Payman '®® proposed to manufacture glycol monoalkyl ethers by 
condensing ethylene oxide with an alcohol in the presence of normal sulphates of 
multivalent elements, such as nickel, zinc, or chromium. On heating 82 parts of 
ethylene oxide, 410 parts of methyl alcohol and 2 parts of zinc sulphate in an 
autoclave at 100° to 105° C. for 6 to 8 hours, 102 parts (75 per cent) of the 
monomethyl ether formed. Similarly, by heating 88 parts of ethylene oxide with 
440 parts of ethyl alcohol and 2 parts of nickel sulphate in an autoclave at 100° C., 
126 parts of the monoethyl ether were obtained, a yield of 70 per cent of the 
theoretical. 

Primary, secondary, and tertiary alcohols may be converted into their hydroxy- 
alkyl ethers by reaction with olefin oxides in the presence of catalysts consisting 
of acidulated hydrosilicates, especially those of aluminum.^®^ The hydrosilicates 
are activated by a preliminary acid treatment with an aqueous solution of a strong 
acid sa that the resulting material, when dispersed in water, has a Pn value be¬ 
tween 1.5 and 3.0. A stream of ethylene oxide (98.6 parts), for example, intro- 

*«*Wcbel, German Patent 542,617, 1932; Chem. Ahs., 1932, 26, 3264; German Patent 544,288. 
1928; Chem. Abs., 1932, 26, 3518; both patents assigned to I. G. Farbenindustrie A.-G. 
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The use of this catalyst for the reaction between alkylene oxides and organic acids has been mentioned 
in a preceding section. 
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duced into a mixture of 500 parts of ethyl alcohol and 25 parts of ‘Tonsil AC* 
(with a pn value in water oi 2.3) at 79® to 82® C., produced ethylene glycol 
monoethyl ether in yields of over 80 per cent (calculated on the ethylene oxide 
used). In a similar way, ethylene glycol monomethyl ether (85 per cent yield) 
can be prepared from ethylene oxide and methanol; 1,2-propylene glycol mono¬ 
ethyl ether (85 per cent yield), from 1,2-propylene oxide and ethyl alcohol; and 
butylene glycol monoethyl ether, from butylene oxides and ethyl alcohol. 

A continuous process for the manufacture of glycol monoethers has been pro¬ 
posed,^®* in which a mixture of an olefin oxide and an organic hydroxy com¬ 
pound (in excess) is led continuously through a reaction vessel where the mixture 
is immediately heated to a temperature above 130® C., generally under pressures 
above 10 atmospheres. The advantages of such a process, in which catalysts are 
not employed, include rapid reaction with high production capacity, utilization of 
a considerable part of the heat of reaction to preheat fresh material, and develop¬ 
ment of relatively small pressures as a result of dilution of the volatile oxide by 
larger quantities of the second reactant. In practice, a mixture of 1 mole of 
ethylene oxide and 2 moles of ethyl alcohol is continuously pumped into a tower 
in which the liquid is immediately heated to 180® C., a pressure of 30 atmospheres 
being attained. The resulting solution is continuously fed to an open still, in 
which the solution is freed from excess alcohol. A theoretical yield of ethylene 
glycol monoethyl ether is said to be thus obtained. Similarly, an 85 per cent 
yield of ethylene glycol monophenyl ether may be produced by continuously pump¬ 
ing a mixture of 1 mole of ethylene oxide and 2 moles of phenol through a 
tower in whick the mixture is rapidly heated to 200® C., the pressure developed 
being about 10 atmospheres. 

In the process of Birch and Scott,^®® monoalkyl ethers of 1,2-glycols are pro¬ 
duced by heating olefin oxides with alcohols under pressure in the presence of 
diethyl or dimethyl sulphate. Ethylene glycol monoethyl ether was formed in 
90 to 95 per cent yield by heating ethylene oxide (30 volumes) and ethyl alcohol 
(300 volumes) at 100® C. under a pressure of 50 to 60 pounds per square inch 
with addition of a small amount (1 volume) of diethyl sulphate. 

The condensation of alkylene oxides with hydroxy compounds is not limited 
to the simple monohydric alcohols, but may be applied to polyhydroxy compounds 
such as carbohydrates or polyvinyl alcohol.^*® Combination can be eflfectcil in 
alkaline aqueous media, even at room temperature, and the products are hydroxy- 
alkyl ethers. For example, a polyvinyl alcohol treated with an olefin oxide, under 
pressure and in the presence of a basic catalyst (dimethylaniline or caustic soda, 
for example) yields water-soluble resinous hydroxyalkyl compounds which have 
been recommended for use as plastics, thickeners, and dressing and sizing agents.’ 
Triethanolamine or other tertiary hydroxyalkylamines may also be condensed with 
olefin oxides to furnish more complex hydroxyalkyl ethers.^^® 

A second important method for the production of monoalkyl ethers consists 
in treating either a glycol or a chlorohydrin with a dialkyl sulphate in the 

*>•1. G. Farbenindustrie A.-G., British Patent 342,022, 1929; Brit, Qhcm. Abs, B, 1931, 433. 

** British Patent 367,353, 1932; assigned to Anglo-Persian Oil Co. Ltd.; Brit. Chem. Abs. B, 
1932, 591; also French Patent 725^45, 1931; Chem. Abs., 1932, 26, 4825. 

^^Ha^orn, Ziese, Reyle and Bauer, U. S. Patent 1.876,920, Sept. 13, 1932; Chem. Abs., 1933, 
27, 101; British Patent 368,530, 1931; Brit. Chem, Abs. B, 1932, 591; French Patent 713,427, 1931; 
Chem, Abs., 1932, 26, 1616; patents assigned to I. G. Farbenindustrie A.-G. 

‘^I. G. Farbenindustrie A.-G., British Patent 364,323, 1930; Brit. Chem. Abs. B, 1932, 495. 

G. Farbenindustrie A.-G., British Patents 364,000 and 364,104, 1930; Brit. Chem, Abs. B, 
293^2 49S 

. Davidson, U. S. PiUent 1,614,883, Jan. 18, 1927; assigned to Carbide and Carbon Chemicals 
Coro.; Brtt. Chem. Abs. B, 1927, 237. 

m Davidson, U. S. Patent 1,732,356, Oct. 22, 1929; assigned to Carbide and Car1)on Chemicals 
Corp.; Chem. Abs., 1930, 24, 127. 
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presence of caustic soda. The reactions in the case of ethylene glycol and chloro* 
hydrin, condensed with diethyl sulphate to yield the monoethyl ether, are as 
follows: 


CH*OH 

2 I -f (C,H,).S04 -h 2NaOH — 
CHgOH 

and 

CH,C1 

2 I + (C,H.),S04 -f 3NaOH —>- 
CH,OH 


CHt.O.CsH. 

21 +Na,S04 + H.0 

CH,OH 


CHg.O.GH, 

2 I 4 -f NagSOg + NaCl + 3H,0 
CH.OH 


Another method of making monoalkyl ethers *of the glycols consists in con¬ 
densing an olefin oxide or a chlorohydrin with a sodium alcoholate. The reac¬ 
tion, with ethylene chlorohydrin, may be represented thus: 


CH,C1 CH..O.C.H, 

I + NaOCgH. —>. I + NaCl 

CH,OH CH,OH 


By this method. Cretcher and Pittenger prepared the monoisopropyl, mono-n- 
propyl, monoisobutyl and monoamyl ethers of ethylene glycol. Similarly, ethylene 
glycol monobenzyl ether may be prepared from ethylene chlorohydrin and sodium 
benzylate.^*® 

It is also possible to effect the synthesis by condensing a monopotassium deriv¬ 
ative of a glycol with an alkyl chloride, e.g., the monopotassium salt of glycol 
condenses with benzyl chloride to form tfie monobenzyl ether (b.p., 132®-135® C 
at IS mm.): 


CHgOK 

I + 
CHaOH 


ClCHa.GH, 


CH,.O.CH..C.H» 

I +KC1 

CH,OH 


Properties of Monoalkyl Ethers op Ethylene Glycol 


The monoalkyl ethers of ethylene glycol are colorless, mobile liquids with 
practically no otlor. They are solvents for cellulose nitrate, and the methyl ethers 
of the lower 1,2-glycols are also solvents for cellulose acetate. In general, they 
dissolve resins, oils and gums, the solubility of these materials increasing some¬ 
what with increase in boiling point of the ether. Although the lower ethers are 
soluble in water, the butyl and isobutyl ethers of ethylene glycol have both upper 
and lower consolute temperatures.^^^ The butyl ether of ethylene glycol is com¬ 
pletely miscible with water above about 128° and below about 49° and simi¬ 
larly, the isobutyl ether, above about 150° and below about 25° C. The ethers 
are completely miscible with most organic solvents. The monoethyl ether is a 
powerful solvent for nitrocellulose, and resists dilution with non-solvents better 
than butyl acetate.^** Table 105 summarizes some of the physical properties of 
the lower monoalkyl ethers of ethylene glycol. 


*^J.A.C.S., 1924, 46, 1503. 

>«»Kay8er and Schranx, U. S. Patent 1,651,458, Dec. 6, 1927; assigned to Winthrop Chemical 
Co.; Ckem. Abs^ 1928, 22, 845. 

»«Cox dnd Cretcher. J.A,C,S„ 1926, 48, 451. 

Davidson, Jnd. Bng. Cktm,, 1926, IS, 669. 
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Table lOS.—AfoMoa/iky/ Ethers of Ethylene Glycol. 


Boiling Point, 
* C. at/43 mm. 


Methyl . 124.5 

Ethyl . 134.8 

Isopropyl . 144.0 

n-Propyl . 150.0 

Isobutyl . 158.8 

n-Butyl . 170.6 

Isoamyl . 181.0 


DS 

0.9748 

0.9360 

0.9139 

0.9110 

0.9130 

0.9188 

0.9000 


1.4004 

1.4042 

1.4080 

1.4125 

1.4135 

1.4177 

1.4198 


The inonoalkyl ethers of etliylene glycol have been proposed as solvents for 
cellulose acetate and nitrate in the lacquer industry and also for u.se in anti¬ 
freeze solutions for automobile* cooling systems.^®® 

Ethylene glycol monontcthyl ether is a solvent for cellulose e.sters and is 
specially adapted to the preparation of lacquers.'®^ The carbonates of this and 
other ethers have been prepared by Drake and Carter.^®® The acetic acid ester 
of this monomethyl ether is a solvent for both cellulose acetate and nitrate and 
is miscible with water in all proportions. 

Ethylene glycol monocthyl ether is a solvent for cellulose nitrate and is 
widely used in lacquer formulation.^®® This ether, which is marketed under the 
trade name of "Cellosolve”, is not a good solvent for the resins commonly in¬ 
corporated in cellulose lacquers, however. The addition of other solvents is thus 
often necessary to ensure a clear solution of gums and cellulose ester. It has 
also been suggested as a solvent in the preparation of urea-formaldehyde resins,^®* 
for dispersing direct dyes,^®® for certain pharmaceutical preparations,and as 
a'constituent of liquids for use in hydraulic brake systems.^®^ Davidson'®* rec¬ 
ommended a thinner for pyroxylin lacquers which contains not more than 30 per 
cent of ethyl acetate and ethyl alcohol, nor more than 20 per cent of the mono¬ 
ethyl ether of ethylene glycol and its acetate, together with a hydrocarbon solvent. 
Admixture of this ether with lubricants, such as castor oil, is said to yield a 
lubricating liquid of superior viscosity-temperature characteristics.'®^ The ether 
has also been proposed as a solvent in the preparation of ink for printing on 
photographic plates,'^® An aluminum derivative of this ether, aluminuip ethylene 
glycoloxide monoethyl ether, is a catalyst for the conversion of aldehydes to 
esters by the Cannizzaro reaction.'*' 

Ethylene glycol monoethyl ether acetate (“Cellosolve Acetate*') is a colorless 


‘"Davidson, U. S. Patent 1,644,417, Oct. 4. 1927; Chem. Abs., 1927, 21. 4068; U. S. Patent 
l,834,0S(h Dec. 1, 1931; both patents assigned to Carbide and Carbon Chemicfeils Corp. Finkelstein, 
(ierman Patent 545,172, 1924; Chem, Abs., 1932, 26, 3125; also U. S. Patents 1,801..140 and 1.801,341, 
Apr. 21, 1931; Chem. Abs., 1931,'25, 3502; all patents assigned to I. G. Farbenindustrie A. G. 

‘"Jordan, U. S. Patent 1,780,927, Nov. II, 1930; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1931, 25, 179. 

*** Davidson, U. S. Patent 1.644,419, Oct. 4, 1927; assigned to Carbide and Carbon Chemicals 
Corp.; Chem. Abs., 1927, 21, 4068,. 

1930, 52, 3720. 

‘"Davidson, U. S. Patent 1,644,420, Oct, 4, 1927; assigned to Carbide, and Carlwn Chemicals 
Corp.; Chem. Abs., 1927, 21, 4068; Shipley and Given, U. S. Patent 1,618,481. Feb. 22. 1927; 
assigned to Atlas Powder Co.; Chem. Abs., 1927, 21, 1194. 

‘"I. G. Farbmindustrie A.>G., French Patent 641,420, 1926; Chem. Abs., 1929, 23, 1227. 

‘"H. T. Bdhme A.-G., British Patent 301,824, 1928; Brit. Chem. Abs. B, 1930, 321. 

‘"I. G. Farbenindustrie A.-G., German Patent 446.290, 1925; German Patent 447,161, 1925. 

Bagley, U. S. Patent 1,779,46^ Oct. 28, 1930; assignra to R. M. Hollingshead Co.; Brit. 
Chem. .‘lbs. B, 1931, 522. Cf. I. C. Farbenindustrie A.-G., British Patent 348,642, 1930; Brit. Chem. 
Abs. B. 1931. 795. 

U. S. Patent 1,731,333, Oct. 15, 1929; assigned to Carbide and Carbon Chemicals Corp.; 
Brit. Chem. Abs. B, 1929, 1047. 

‘"I. G. Farbenindustrie A,-G., British Patent 348,642, 1930; Brit. Chem. Abs. B, 1931, 795. 
Middleton, U. S. Patent 1,833,086, Nov. 24, 1931; assigned to duPont Film Manufacturing 
Corn.; Chem. Abs., 1932. 26. 931. 

^ Young, IT. S. Patent 1,630,593, May 31» 1927; assigned to Carbide and Carbon Chemicals 
Corp.; Brit. Chem. Abs. B, 1927, 618. 
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liquid boiling at 153® C., which is a solvent for cellulose nitrate, ester gum, mastic, 
kauri, and shellac. It does not dissolve cellulose acetate. 

Ethylene glycol monoethyl ether stearate, melting at 55® to 60® C., has been 
proposed as a plasticizer.^®* 2-Alkoxyethyl esters of stearic, oleic, or other fatty 
acids have been suggested as softeners for cellulose derivatives.^®* 

Ethylene glycol monopropyl ether has been suggested as a solvent in the prepa¬ 
ration of lacquers, coating compositions and varnishes containing cellulose ni¬ 
trate.^®® One of the advantages of the propyl ether is its lower miscibility with 
water than the corresponding methyl and ethyl ethers. Condensation products of 
naphthalene and the propyl ether have been proposed as wetting, Cleansing, and 
emulsifying agents.*®® 

Ethylene glycol mono~n~hutyl ether is a high*boiling solvent of mild odor, 
known commercially as *^Butylcellosolve’\ It is a solvent for cellulose nitrate and 
also for sandarac, mastic, kauri, cumarone resin, ester gum and elemi. It docs 
not dissolve cellulose acetate or copal. It is especially recommended for brush- 
ing lacquers, for reducing the viscosity of lacquers and also for applying second 
coats over existing cellulose nitrate films.*®® It can be made by condensing etliyl- 
ene oxide with n-butanol under pressure in the presence of sulphuric acid.*®^ The 
solvent properties of various ethers have been discussed by Reid and Hofmann.*®® 
Of the other mono-ethers of ethylene glycol, the monoamyl ethers have been 
proposed as solvents for cellulose nitrate in tlie manufacture of coating compo¬ 
sitions.*®® The monophenyl ether *’^® (boiling point, 237® C. at 760 mm., 165® C. 
at 80 mm.) and the monobenzyl ether *^* (boiling point, 132®-135® C. at 15 mm.) 
have also been prepared.^The esters of various monoalkyl ethers of ethylene 
glycol with certain sulphonated carboxylic acids (e.g., sulphonated ricinoleic acid) 
have been suggested as wetting, foam-producing, and dispersing agents.*** The 
tertiary phosphoric acid esters of monoalkyl or aryl ethers of ethylene, propylene, 
or butylene glycols can be prepared by the action of phosphorus oxychloride on 
the ether. They are said to be plasticizers in nitrocellulose lacquers and to be 
resistant to the action of light and low temperatures.***® 


Dialkyl Ethers of Ethylene Glycol 


Several dialkyl ethers of the lower glycols have been prepared. As solvents, 
however, they are not as satisfactory as the monoalkyl ethers. Ethylene glycol 
diethyl ether, 

CHiO.GH. 


CH,O.GH. 


Kessler and Helfrich, U. S. Patent 1,739,315, Hec. 10. 1929; Brit, Chem, Ahs, B, 1930, 939. 
lluckley, U. S. Patent 1,869,660, Awg. 2, 1932; assigned to K. I. duPont de Nemours and Co., 
Inc.; Brit. Chem. Ahs. B, 1933, 822. 

Shipley and Given, U. S. Patent 1,618,482, Feb. 22, 1927; assigned to Atlas Powder Co.; 
Chem. Abs., 1927, 21, 1194 

I. G. Farlienindustrie A.-G., British Patent 302,258, 1927; Brit. Chem. Abs. B, 1929, 200^^ 
Durrans, “Solvents,” Chapman and Hall, Ltd., London, 1930, 105. 

J. G. Farbenindnstrie A.*G., British Patent 271,169, 1926; Brit. Chem. Abs. B, 1927, 571; 
Shipley and Given, U. S. Patent 1,618,483, Feb. 22, 1927; assigned to Atlas Powder Co.; Chem. Abs.. 
1927, 21, 1194. 

*“/«</. Hnff. Chem.. 1928, 20, 497. 

Shipley and Given, U. S. Patent 1,618,484, Feb. 22, 1927; assigned to Atlas Powder Co.; 
Chem. Abs.. 1927, 21, 1194. 

1. G. Farlienindustrie A.-G., German Patent 459,311\ 1926. 

Kayscr and Schranz, U. S. Patent 1,651,458, 6, 1927; assigned to Winthrop Chemical 

Co.; Chem. Abs.. 1928, 22. 845. 

Conn, Collett and Lazzell {J.A.C.S., 1932, 54, 4370) prepared a nundier of aromatic esters of 
monoalkyl ethers of ethylene and diethylene glycols. It was found that when the reaction was carried 
out in furfural the yields were higher than in benzene. 

H. T. Bdhnie A. G., British Patent 351,456, 1930; Brit. Chem. Abs. B. 1931, 1003. 

*”» I. G. Farbenindnstrie A.-G., German Patent 523.802, 1929; Chem. Abs.. 1931, 25, 3667; 
British Patent 352.988, 1930; Chem. Abs.. 1932, 26, 3391. 
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is a faintly odorous Jiquid (boiling point, 121^ C; D 0.853; and n^^ 1.3914). 
It is considerably less soluble in water than the monoethyl ether and is a* solvent 
for cellulose nitrate and for various gums, but not for cellulose acetate.^*^^ 


Polyglycols Derived from Ethylene Glycol 

Polyglycols are substances derived from the simple 1,2-glycols by elimination 
of the elements of water from two or more molecules. They are produced by 
the action of dehydrating agents on glycols, during the hydration of olefin oxides 
to glycols (depending upon the proportions of olefin oxide and water employed), 
and by the interaction of olefin oxides with glycols. Diethylene glycol, triethyl¬ 
ene glycol and polyethylene glycols as high as decaethylene glycol may be pro¬ 
duced by elimination of water from ethylene glycol according to the reactions: 

CH.OH CH,OH CH,OH 

21 —I i + 

CHtOH CH,-0-CH, 

CH.OH CH,OH CHaOH 

31 —^ I I + 2HaO 

CHaOH CHa-0~CHr~CH,-0-CH, 


It is also possible to obtain mixed glycols. Thus, with ethylene and propyl¬ 
ene glycols, ethylene propylene diglycol results according to the following con¬ 
densation : 


CHaOH 

in,OH 

+ 

CH,OH 

in. 


CH,OH 


CH. 

in, 

I- 

CH.OH 

in. 


+ H.0 


Since the polyglycols are both ethers and alcohols, they are solvents for 
cellulose esters, gums, and resins. The best solvent is apparently obtained when 
the number of ether groups is equal to the number of hydroxyl groups, as in 
trietbylene glycol. Tlie polyglycols are very hygroscopic, ranking with glycerol 
in this respect. This property does not seem to affect their solvent powers 
greatly and is advantageous in some applications, particularly in the production 
of plastics such as motion picture film and celluloid where their incorporation 
gives increased pliability and flexibility even in dry atmospheres. A whole series 
of mono- and di-alkyl ethers, and mono- and di-esters, exists for each polyglycol. 


Diethylene Glycol 


Diethylene glycol, CH 2 OH.CH 2 .O.CH 2 .CH 0 OH, is a colorless almost odor¬ 
less liquid boiling at 244.5® C, at 760 mm. (DJ® 1.1212; n^f, 1.4475) and freezing 
at —10.5® C. Its heat of combustion is 566 kg.-cal. per mole. The viscosity of 
this compound is 0.50 and 0.27 poises at 15® C. and 27® C. respectively. At 
ordinary temperatures, it is fredy miscible with water, lower alcohols, ethylene 
glycol, glacial acetic acid, acetone, furfural, pyridine, glycol diacetate, chloro- 

^ Davidson, Jnd. Eng, Chem., 1926, IS, 669. 
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form, nitrobenzene, and aniline but is immiscible with ether, benzene, toluene, 
carbon disulphide, and carbon tetrachloride. It is a solvent for cellulose nitrate 
and various dyes, but not for ester gum, shellac, cumarone resin, copals, or cel¬ 
lulose acetate. It absorbs more than its own weight of water in 9 days when 
kept in a closed space over water but undergoes no hydrolysis. Its density, 
viscosity, an<} refractive index at various temperatures have been determined by 
Rinkenbach.'^* 

Diethylene glycol can be obtained by the partial dehydration of ethylene glycol 
and by the action of ethylene oxide on glycol, but, according to Schrader,^^* the 
diethylene glycol which is marketed is a by-prpduct of the hydration of ethyl¬ 
ene oxide to glycol. Depending upon the relative amounts of oxide and watef, 
triethylene, tetraethylene, and higher glycols may also be produced in smaller 
amounts. 

Diethylene glycol has proved to be an ideal lubricant for wool spinning.'’^® 
Impregnation of the fiber with this material renders unnecessary the use of oils 
and so obviates the costly process of scouring for oil elimination after spinning. 
Diethylene glycol has been suggested for use also in liquid heat-transfer media,'^® 
adhesives and abrasive materials.^’® 

Of the derivatives of this diglycol, the dinitrate, 

H H 

0,N. 0,HC—C—O—C—CH,0. NOt 
H H 


is one of the more important. This was first prepared by Rinkenbach,*^® by 
nitration at below 10® C. in the presence of a nitrating mixture containing 25 

per cent nitric acid, ^ to 10 per cent water, and the remainder, sulphuric acid. 

Yields of 60 to 70 per cent were obtained. The nitrating conditions were later 
improved to give a yield of about 85 per cent of the theoretical.^*® The pure 

dinitrate is a clear colorless liquid of greater fluidity than nitroglycerol. It is 

completely miscible with most organic solvents except ethyl alcohol, carbon tetra¬ 
chloride and carbon disulphide. Its solubility in water is 4.1 grams per liter at 
24° C. and it is only slightly hygroscopic. It freezes at —11.3° C. and has a 
specific gravity at 15° C. of 1.3908, refractive index of 1.4536, heat of combus¬ 
tion, 2798 gm.-cal. per gram at constant volume of 2792 gm.-cal. per gram 
at constant pressure, and a vapor pressure of 0.007 mm. at 22.4° C. It can be 
ignited only by heating and is less sensitive to shock than nitroglycerol or glycol 
dinitrate. When mixed with these compounds, it can be completely detonated 
and shows an explosive effect only a little less than either of them. It is, how¬ 
ever, definitely toxic, the symptoms being similar to those produced by nitro¬ 
glycerol. 

Diethylene glycol monoacetate is a solvent for cellulose acetate and nitrate, 
rosin and gum camphor. It is miscible with water and aromatic hydrocarbons. 
The polyalkylene glycol esters may be made either by esterifying the polyglycol 
or by heating an olefin oxide with an organic acid in the presence of sulphuric 


Eng. Ckem., 1927, 19, 474. 

angew. Chem., 1929, 42, 541; Chem. Abs., 1929, 23, 4444. 

»*Chem. Met. Ena., 1930, 37, 61. 

^ 1 . 1,805,500, M«y 19, 1931 1 assigned to General Frigheatone Co.; 

LHefn. Abs., 1931, 25, 3746. 

Alexander, U. S. Patent 1,786,417, Dec. 30, 1930; Ckem. Abs., 1931, 25, 786. 

1,822.596, Sept. 8, 1931; assigned to Ua Manufacturing Co.; Chem. 

Abs., 1931, 25, 5965. 

Eng. Chem., 1927, 19, 925. 

>« Rinkentach *nd Aaronm, Ckm, I9J1. 2S, 160; the nilntion he. been dewribed 

also by Hough, Canadian Patent 325,098, 1932; Chem. Abs., 1932, 26, 5578. 
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apid (in the latter process, acetates of monoglycols are also formed).**^ Mix¬ 
tures of the mono- and di-olcic and stearic acid esters of diethylene glycol (the 
oleate having 5.0 and the stearate /»h 6*3) have been prepared. The former 
is a liquid insoluble in water but soluble in ethyl alcohol, esters and hydrocar¬ 
bons. It can be used in weaving silk and rayon, and, in naphtha solution, for dry 
cleaning. Diglycol stearate is a solid, melting at 58®-60® C. Its dispersions in 
^varm water serve to suspend abrasives, graphite, and pigments. Diglycol stearate 
is recommended also for the oiling and washing of wool and ih the weaving of 
silk and rayon.^*® 

Mixed di-esters of diethylene glycol containing aliphatic acid radicals of less 
than 6 carbon atoms and (esterified with the second hydroxyl group) of fiiore 
than 10 carbon atoms, are said to be fixatives for perfumes.'®* A product of 
this type, for example, is dietliylene glycol monoacetate esterified with coconut 
oil acids, or oleic acid. 

Diethylene glycol nionoethyl ether is a liquid boiling at 198® C. at 760 mm. 
( D[* 0.9996, and 1.4240). It has been marketed commercially under the trade 
name of “Carbitol”. It may be manufactured by the condensation of ethylene 
oxide with etliylene glycol monoethyl ether at 70® to 250® C. under pressure.'®' 
It is a solvent for cellulose nitrate, and various gums and dyes and has found 
application in the manufacture of textile soaps, in dye-printing, and as a plasti¬ 
cizer. The monoalkyl ethers of the polyglycols have been proposed as constituents 
of anti-freeze solutions.'*® 

Mono- and di-cthers of diethylene glycol have been proposed as wetting 
agents '** and lubricants in the treatment of cellulose textiles. The acetal of 
dietliylene glycol monoethyl ether is suggested as a component of a cellulose ace¬ 
tate composition.'®® Leaper '*®® suggested using a solution of potassium hydroxide 
in ‘‘Carbitol” for the determination of saponification numoer of fats and waxes. 

Diethylene glycol monobutyl ether (trade name, “Butylcarbitol”) is a liquid 
of mild odor, boiling at 222® C., which dissolves cellulose nitrate and various 
gums but not cellulose acetate. It is miscible with water and hydrocarbons. 

Higher Polyglycols 

Tricthylenc glycol boils at 276° C. at 760 mm. Its monoethyl ether boils at 
248® C. and has a specific gravity of 1.0566 at 15® C. The boiling points of 
tetracthylenc glycol and its monoethyl ether are 230® C. at 25 mm., and 284® C. 
at 760 mm., respectively.'®* Both the polyglycols and their ethers are practically 
odorless. 

The polyalkylene glycol ethers can be produced by the treatment of aliphatic 
alcohols with an excess of an olefin oxide in the presence of either acid or basic 
catalysts, such as strong acids, tertiary amines, and alkali alcoholates. A prod- 

I..oehr, U. S. Patent 1,710,424, Apr. 23, 1929; assigned to 1. G. Farbenindustrie A.*G.; Brit, 
them. Abs. B, 1929, 771. 

Bennett, Ind. Chemist, 1932, 8, 223; Brit, Chem. Abs. B, 1932. 735; Soap, 1932, 8. No. 1. 
71; Chem. Abs.. 1932, 26, 1577. 

Calvert, U. S. Patent 1,807,304, May 26, 1931; assigned to Van Schaack Bros. Chemical 
Works; Chm. Abs., 1931. 25, 4090. 

Davidson, U. S. Patent 1,633,927, June 28, 1927; assigned to Carbide and Carbon Chemicals 
Corn.; them. Abs., 1927, 21, 2704. 

>'^1. G. Farbenindustrie A.-G., Swiss Patent 127,369, 1927. 

Chem. Fabrik vorm. Sandoz, British Patent 359,399, 1930; Brit. Chem. Abs. B, 1932, 99; 
Lier and Rheiner, U. S. Patent 1,851,394, Mar. 29, 1932; Chem. Abs., 1932, 26, 3121. 

M Welch and Roberts, British Patent 365,566, 1930; assigned to British Celanese, Ltd.; Brit. 
Chem. Abs. B, 1932, 418. 

*’*J.awson, Canadian Patent 312,570, 1931; assigned to Canadian Industries, Ltd.; Chem. Abs.. 
1931, 25, 4403. 

Textile Colorist, 1933. 55, 601, 636; Chem. Abs., 1933, 27, 5206. 

Davidson, Ind. tng. Chem., 1926, 18, 669. 
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uct, consisting mainly of ethyl ethers of tetraethylene. glycol, is obtained by 
treating 230 parts of ethanol with 880 parts of ethylene oxide at 80® to 100® C. 
in the presence of 3 parts of sodium as catalyst.^®® Such products are said to 
be valuable assistants in the textile industry.^®^ 

Tetraethylene glycol (boiling point, ISH)® C. at 3 mm.) may be synthesized by 
the condensation of triethylene glycol with ethylene oxide under pressure.^®® 


Higher 1,2-GLycoLS 

Propylene glycol (propane-1,2-diol, CHg.CHOH.CHgOH) is obtained from 
either of the propylene chlorohyd'rins by treatment with sodium bicarbonate solu¬ 
tion under pressure. The production^ of this and other 1,2-glycols can be con¬ 
ducted by the general methods previously discussed in the section on ethylene 
glycol. The other method of preparing glycols, the hydrolysis of olefin dichlo¬ 
rides (or dihalides, generally), does not appear to be as applicable to the prepa¬ 
ration of propylene glycol as to that of ethylene glycol, however. Wurtz ^®* 
prepared propylene glycol by the action of silver acetate on propylene dibromide 
followed by hydrolysis of the diacetate formed, but hydrolysis of propylene di¬ 
halides either with lead oxide and water ^®* or with aqueous potassium car¬ 
bonate '®* leads to the formation of acetone and propionaldehyde as well as 
glycol. It is interesting to note that this glycol can be prepared by the hydration 
of allyl alcohol in the presence of 10 per cent aqueous hydrochloric acid,^®* thus: 

CH,OH.ai-^CH,+ lUO —CHaOH.CHOH.CH, 

Propylene glycol does not appear to offer any advantages over ethylene glycol 
in the various important applications of this latter substance. It has been pro¬ 
posed as a lubricant, either alone or mixed with other glycols, glycerol, or 
graphite, in refrigerating machines operating with ethane, propane butane, or 
methyl and ethyl chlorides.^®^ 

Propylene glycol is a colorless sweet-tasting liquid boiling at 188° to 189° C. 
at 760 mm. and 96° to 98° C. at 21 mm. It is miscible with water and alcohol 
and dissolves in 12 to 13 volumes of diethyl ether. In chemical properties it 
closely resembles ethylene glycol. Thus, it readily forms both mono- and di¬ 
esters and also mono- and di-alkyl ethers. Propylene glycol dinitrate is a colorless 
liquid closely resembling ethylene glycol dinitrate.'®® Heating with dilute acids 
to high temperatures converts the glycol into propionaldehyde and other sub¬ 
stances. By heating propylene glycol to 170° C. with dilute sulphuric acid, 
Rix '®® obtained propionaldehyde, acetone, and methylacraldehyde. Linnemann 
also obtained propionaldehyde by heating the glycol with very dilute hydrochloric 
acid to 220° C. As in the conversion of ethylene glycol into acetaldehyde under 
similar conditions, the reaction possibly takes place through the intermediate 


Lochr, German Patent 542,765, 1925; assigned to I. G. Farbenindustrie A.-G.; Chem.'Abs., 
1932, 26, 3264. 

»»I. G. Farbenindustrie A.-G., Britwh Patent 380,431, 1931; Brit. Chem. Abs. B. 1932. 1114. 
Sager, Ind. Eng, them., Anal. Ed., 1932, 4, 388. 

Loc. cit. 

Eitekow, /. Russ. Phys.^Chem. Soe., 1878, 10, 210; Bcr., 1878, 11. 989; Ckcm. Soc. Abs.. 
1879, 36. 34. 

Hartmann, J. prakt. Chem., 1877, (2) 16, 383; Chem, Soe. Abs., 1878, 34, 211; cf. Volker and 
Belohoubeck, Ber., 1876, 9, 924. 

Solonina, /. Russ. Phys.^Chem. Soc., 1887, 19, 302; Chem. Soc. Abs., 1888, 54, 806. 

*•» Kdwards. U. S. Patent 1.498,021, June 17, 1924; Chem. Abs., 1924, 18, 2601. 

Henry, Bcr., 1871, 4, 602. 

^Monatsh., 1904. 25, 267; Chem. Soc. Abs., 1904, 86 (1), 465. 

*^Ann., 1878, 192. 61: Chem. Soc. Abs., 1878, 34. 776; cf. Linnemann, Ann.. 1872. 161, 58; 
Flavitsky, /. Russ. Phys.-Chem. Soc., 1878, 10, 348; Ber., 1878, 11, 1940; Chem. Soc. Abs., 1879, 
36, 136; Bull. soc. chtm., 1878, (2) 30, 22; Chem. Soe. Abs., 1878, 34, 965, 
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formation of an olefin oxide (or a dioxan derivative) which can isomerize to 
an aldehyde. Propylene glycpl is converted into water and propionaldehyde by 
passing over pumice at 500® C., or over alumina at 250® to 260® 

Oxidation of propylene glycol with nitric or chromic acid results in the for¬ 
mation of glycollic, oxalic and acetic acids. Catalytic oxidation in the presence 
of a glo\^ing platinum spiral was found to yield inethylglyoxal and formalde¬ 
hyde.^*’^ 

Propylene glycol readily yields cyclic acetals by condensation with aldehydes. 
With formaldehyde, for example, in the presence of a little Jerric chloride as 
catalyst, this glycol yields the ether, 


I ‘\h, 

CH,-c/ 


boiling at 90* C.* 


Propylene glycol, on treatment with sulphur monochloride or with gaseous 
hydrogen chloride, yields propylene chlorohydrin.®®* On dehydration it yields 
propylene oxide and a series of polyglycols in a manner similar to that of ethyl¬ 
ene glycol. Various metallic derivatives (e.g., sodium compounds) of propylene 
glycol are also known. 

Propylene glycol has a more acrid taste than glycerol or ethylene glycol. It 
exerts a local burning sensation on the tongue without, however, injuring the 
oral mucosa. It seems generally agreed that propylene glycol is much less toxic 
than ethylene glycol.^*’* Intravenous fatal doses per kilogram of body weight 
were 16.8 milligrams for rats and 5.25 milligrams for rabbits.**’® 

A considerable number of mono- and di-alkyl ethers of propylene glycol have 
been prepared. The monoalkyl ethers may be obtained by heating aliphatic alco¬ 
hols under pressure with propylene oxide, whereas the corresponding di-ethers 
may be prepared from propylene glycol or chlorohydrin by condensation with a 
dialkyl sulphate in the presence of alkali.*®* The pure ethers, and their mix¬ 
tures, may be used as solvents for gums, resins, and cellulose esters.*"® Table 106 
gives the physical constants of some of the mono-ethers of propylene glycol.*"® 
The monoaryl ethers, such as the monophenyl and monobenzyl ethers, are 
also solvents for cellulose esters. Tertiary esters of phosphoric acid with mono¬ 
alkyl ethers of ethylene, propylene or butylena glycol have been suggested as 
softening and gelatinizing agents for cellulose acetate by Schonburg and Wick.*"®» 
The mono-ethers surpass the di-ethers in solvent power and may be used in con¬ 
junction with a wide variety of other solvents or diluents in the preparation of 
lacquers or the like. 


Nef, Ann., 1904, 335, 201; Chem. Soc, Abs., 1905, 88 (.1), 3; Inatiev and Leontovitsch, Ber.. 
1903, 36, 2017. 

>«Trillat. Bull. soc. chim., 1903, (3) 29, 35; Chem. Soc. Abs., 1903, 84 (1), 222; Chem. Zentr., 
1903. 1. 438. 

>®*Trillat and Cambier, Compt. rend., 1894, 118, 1277; Chem. Soc. Abs., 1894, 66 (1). 487; 
cf. Henry, Compt. rend., 1895, 120, 107; Chem. Soc. Abs., 1895, 68 (1), 266. 

Morley and Green, J.C.S., 1885, 47, 132. 

** Hunt, Ind. Eng. Chem., 1932. 24, 361; cf. ibid., 1932, 24, 836. 

** Seidenfeld and HanzUk, J. Fharm. Exp. Ther., 1932, 44, 109; Brit. Chem. Abs. A. 1932. 
425; C*<»m. Abs., 1932, 26, 2521. 

*w Davidson, U. S. Patent 1.730,061, Oct. 1, 1929; Chem. Abs., 1929, 23, 5474; British Patent 
255,406, 1^5; Brit. Chem. Abs. B, 1927, 428; Ixjth patents assigned to Carbide and Carbon 
Chemicals Corp. 

, ethers of propylene glycol have been proposed by Jordan (U. S. Patent 

1,865,191, June 28, 1932; assigned to 1. C. f^rbenindustrie A.-G.; Chem. Abs., 1932, 26. 4487) 
as ingredients of a nitrocellulose lacquer tor application by spraying. 

Davidson, Jnd. Eng. Chem., 1926, 18, 669. 

26 *3919^*^*"**' S-»9,220, 1929; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 
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Table 106.— Mono-Ethers of Propylene Glycol. 


Mono-Ether 

Boiling Point 
* C. at 736 mm. 

DU 

no 

Methyl . 

. 122.8 

0.9335 

1.4035 

Ethyl . 

. 133.0 

0.9090 

1.4061 

Isopropyl . 

n-Propyl . 

. 141.5 

0.8900 

1.4062 

. 150.0 

0.8970 

1.4102 

Isobiityl . 

. 1613 

0.8810 

1.4112 

n-Butyl . 

. 170.6 

0.8890 

1.4151 

Isoamyl . 

. 183.3 

0.8835 

1.4182 


Butylene Glycols. Three butylene-1 j2-glyco}s are known: 


Butane-1,2-<lioI, CH,.CH,.CH—CH, 

Ah Ah 


is the glycol corresponding with 1-butene and was obtained by Grabovsky and 
Saytzeff from 1-butene dibromide. It boils at 191®-192'’ C. at 747 ram. 

Butane-2.3-diol, CH»CH—CH. CH, 

Ah Ah 


the glycol derived from 2-butene, boils at 183®-184® C. It can be obtained by 
the hydration of ^-butylene oxide (3 volumes of water to 1 volume of oxide) 
at 100® 

2-Methylpropane-l,2-diol (also called isobutylene glycol), 


CH, OH 

'^A-ch.oh 


is the glycol derived from isobutylene, from which hydrocarbon it can be pre¬ 
pared (though in poor yield) by oxidation with neutral aqueous permanganate,*^* 
It was made by Nevole by heating isobutylene dibromide with aqueous potas-^ 
sium carbonate. Its boiling point is 176°-178® C. at 760 mm. 

The higher glycols are of comparatively little interest and will not be con¬ 
sidered in detail. In general chemical properties they resemble ethylene and 
propylene glycols. On dehydration they yield olefin oxides and heating with 
dilute acids at high temperatures tends to dehydrate them with the production 
of ketones, the dehydration often being accompanied by a molecular rearrange¬ 
ment. On being passed over a catalyst, for example, copper with an alkaline 
earth promoter at 210® to 220® C., isobutylene glycol forms methyl ethyl ketone 
and trimethylethylene glycol yields methyl isopropyl ketone.*^* 4-Hydroxy-2- 
butanone (acetylethyl alcohol) can be obtained by treating 1,3-butylene glycol with 
a dehydrogenating agent under reduced pressure at high temperature, according 
to Hilger.*^® 

With some of the higher 1,2-giycols this conversion into ketones is also ac¬ 
companied by an intramolecular change. For example, pinacone (tetramethyl- 


1875, 179. 325; Chcm. Soc. .-its., 1876, 29. 542, 

Eltrkow. J. Knss. Phys.'Chcm. Soc., 1882, 14, 355; Chcm. Soc. Abs., 1883, 44. 566, 

«*> Wagner, Bcr., 1888, 21, 1232. 

rend., 1876, 83. 228; Bnll. soc. chim., 1877, 27, -63; Chcm. Soc. Abs., 1877. 31. 58. 
*** 1. G. Farbenindustrie A.-G., British Patent 318.124, 1928; Brit. Chcm. Abs. B, 1929, 972 
”” German I’atent 568,546, 1931; Chem. Abs., 1933, 27. 2696; French Patent 740.647. 1932: Chcm’ 
Abs., 1933, 27, 2697; both assign*^ to I. G. Farb^ndustrie A.-G. 
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ethylene glycol) is converted into the ketone, pinacolin, even under the influence 
of a weak acid (oxalic acid). The reaction can be represented as follows: 


CH, CH. 

\ / 

C—C 


CH. 

CH^C.CO.CH. + H.O 


CH 


/ 


Glycols similar to pinacone, i.e., glycols derived from tetralkylethylenes, also 
undergo this transformation.^^® 

***Butlerow, Ann., 1873, 170, 162; Nef, Ann., 1901, 318, 37; Zelinsky and Zelikow, Ber., 
1901, 34, 3251; Tiffeneau, Ann. ckim., 1907, (8) 10, 373; Vorlandcr, Ber., 1897, 30, 2266. 



Chapter 23 

Production, Properties, and Uses of Olefin 
Oxides and Their Derivatives 


The olefin oxides are neutral substances of the general structure 


R. 


R. 

\ / 

C-C 

/\ /\ 

R. O R 4 


where Rj, R^, R 3 , and R 4 may be hydrogen atoms or alkyl and aryl groups. 
These substances, particularly the ethylene and propylene homologues which are 
already finding applications in the industry, are capable of an astounding num¬ 
ber of condensation reactions with other organic compounds and on this account 
will undoubtedly be used extensively in industrial organic synthesis. 


Production op Olefin Oxides 


Olefin oxides may be produced by a number of reactions but the only im¬ 
portant industrial method involves the elimination of hydrogen chloride from 
a-chlorohydrins by the use of alkalies. This reaction can be represented by 


-Vc/ 

HcicJ. 



■f HCl 


Wurtz ^ was the first to show that olefin oxides were obtained by the action 
of potassium hydroxide on chlorohydrins and obtained ethylene oxide in this way 
from ethylene chlorohydrin. This reaction is considered in greater detail later. 
Distillation of chlorohydrins over lead or zinc oxide yields only the corresponding 
aldehyde.* 

Ethylene oxide may be prepared from etliylene chlorohydrin and mono-sodium 
glycol at 130° C.; * from ethylene iodide or ethylene bromide and silver oxide at 
150° C. and 250° C., respectively;’* and from ethylene bromide or ethylenejchloro- 
bromide and sodium oxide at 180° C. 

Although theoretically olefin oxides should result from the dehydration of 
a-glycols, in actual practice this process usually produces a mixture of other sub¬ 
stances such as aldehydes, ketones and dioxan derivatives. Thus, ethylene glycol 
on being heated either alone or with dehydrating agents such ts zinc chloride or 
dilute acids yields acetaldehyde, dioxan and other substances according to the 

'Ann,. 1859, 110, 12S\ Ann, chim., 1863, (3) 89, 317. 

>Kaschirsky, Bcr., 1877, 10, 1104. 

» Scheit*. Z. fiir Chern,, 1868, 379. 

* Greene, Compt, rend., 1878, 86, 624, 1141; Chem. Soe. Abe., 1878, 84, 656; Johreeber., 1877, 523. 
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conditions. An example of the direct dehydration of an a-glycol to an olefin 
oxide has been reported by Gardeur,® who showed that triphenylethylene glycol 
in benzene solution could be dehydrated with phosphorus pentoxide to yield tri¬ 
phenylethylene oxide: 

(C*H.),C-CH-C.H. —^ (C.H.).C-CHC.H,+ H,0 

Ah Ah V 

In some cases the olefin oxides may be prepared by the dirtct oxidation of 
ethylene hydrocarbons. Thus, by passing isobutylene into an aqueous solution of 
iodine and potassium iodide at ordinary temperature, Pogorzelski® obtained a 
mixture of isobutylene oxide and trimethylcarbinol. Perbenzoic acid reacts with 
olefins in indifferent solvents to yield olefin oxides:’^ 

C,H,COOOH+ + C,H.COOH 

/ \ /\/\ 
o 

By this interesting reaction, Prileschajew was able to prepare tetramcthylethylene 
oxide, octylene oxide, diisobutylene oxide, decylene oxide, and pinene oxide from 
the corresponding unsaturated hydrocarbons. 

Lenher® showed that ethylene and propylene oxides (as well as other sub¬ 
stances) are formed in the reaction between an excess of ethylene or propylene, 
respectively, and oxygen, at 500° to 600° C. The best yield of ethylene oxide, 
namely 21 per cent of the total ethylene consumed, was obtained by passing a 
mixture of 80 volumes of ethylene and 10 volumes of oxygen through a pyrcx 
tube at a temperature of about 535° C. with a contact time of 3 seconds. 

Olefin oxides may be obtained indirectly by a number of other methods, such 
as the condensation of aldehydes with monochloroacetic esters and the action of 
nitrous acid on certain aminoalcohols, but these processes are of academic in¬ 
terest only. 

As previously stated, the only industrially valuable method of manufacture of 
the lower olefin oxides is by elimination of hydrogen chloride from a-chloro- 
hydrins in the presence of alkalies, the reaction discovered by Wurtz.® The 
procedure was commercialized by the Badische Co.^*^ In their process, glycol 
formation was minimized by adding a warm solution of alkali to a warm solution 
of ethylene chlorohydrin. 

The preparation of olefin oxides having from 5 to 8 carbon atoms per mole¬ 
cule was described by Walker.^^ The raw material is a cracked petroleum frac¬ 
tion, boiling from 35° to 125° C. From this fraction a mixture of chlorohydrin 
and hydrocarbons is obtained by treatment with hypochlorous acid. The hydro¬ 
carbons are separated by distillation and the chlorohydrins converted to the cor¬ 
responding oxides by heating with slaked lime. Distillation of the alkali mixture 
yields an oily product, which after washing with 50 per cent caustic soda solution. 


^ Bull. acad. ray. Belg., (3) 34. 67; Ckem. Zentr., 1897, 2. 660. 

•J. Russ. Phys.-Chem. Soc., 190S, 37, 814; Chcm. Zentt., 1906, 1, 331. 

» Prilewhajcw, Btfr., 1909, 42, 4811; 1910, 43. 959. J. Russ. Phys.^Chem. Soc., 1910, 42. 1387; 

1911, 2, 266; J. Russ. Pkys.’Chcm. Soc., 1912, 44, 613; Chem. Zentr., 1912, 2, 
2090. For prepAation of the oxides of conjugated diolefins (isoprene and butadiene) by this 
reaction, see Pummerer and Reindel, Ber., 1933, 66B, 335. ^ 

•J.A.C.S., 1931, 33, 3737; 1932, 54, 1830. 

•Ann. chim., 1859, (3) 55. 427; 1863, (3) 69, 317. 

German Patent 299,682, 1915; J.S.C.I., 1920, 39, S82A. 

to Mm, and Waldsteinj Ctum. At,., 1911, S, 
WlOj *’ •*»‘ent 254,858; 
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dehydrating with potassium carbonate or calcium chloride, and redistilling gives 
a water-white mixture of olefin oxides. These oxides are insoluble in water, 
possess an ethereal odor, and are miscible with the usual organic solvents (alco¬ 
hol, carbon tetrachloride and benzine). They are solvents for pyroxylin, varnish 
gums, asphalts and oils. 

According to Brooks,*® the yields of olefin oxides depend upon the concentration 
of the alkali and upon the rapid removal of the volatile oxides from the reaction 
mixture. Thus, when a 20 per cent solution of ethylene chlorohydrin is added 
to a 20 per cent solution of sodium hydroxide, only about 12 per cent of ethylene 
oxide is obtained. On the other hand, by using equal parts by weight of ethyl¬ 
ene chlorohydrin (80 per cent chlorohydrin and 20 per cent water) and solid 
sodium hydroxide, the yield of oxide is 83 per cent. Quicklime also gives excel¬ 
lent yields, 70 to 90 per cent of the theory, when the chlorohydrin is substantially 
anhydrous. If much water is present the yield of oxide is very poor because 
of the formation of glycols and condensation products of unknown structure. 

In the process mentioned above, the substantially anhydrous chlorohydrin is 
allowed to flow slowly onto solid caustic soda or quicklime, placed in an appa¬ 
ratus provided with means of stirring the contents and with outlets. The heats 
of formation of ethylene, propylene and butylene oxides are sufficient to distil 
the oxides almost as fast as they are formed. Means should be provided for 
heating the apparatus for making the higher olefin oxides. It is important to 
remove the oxides as fast as they are formed, which requires reduced pressure 
when working with the higher oxides. Ethylene, propylene, and butylene chloro- 
hydrins react vigorously with caustic soda or lime at ordinary temperatures but 
most of the chlorohydrins containing 8 to 12 carbon atoms per molecule require 
several hours' heating at 100® to 150® C. to eliminate all the combined chlorine. 

Burdick^® expressed the opinion that the use of concentrated solutions of 
chlorohydrins is not essential. He obtained good yields (90 per cent or more) 
from solutions containing 10 per cent of chlorohydrins when the olefin oxide 
formed was removed at such a rate that no substantial accumulation of it occurred 
in the reaction mixture. This may be accomplished by heating the solution un¬ 
der atmospheric or reduced pressure, or in other ways. Thus, a 10 per cent 
ethylene chlorohydrin solution is heated to boiling in a kettle fitted with a rectify¬ 
ing column and a reflux condenser, and a strong solution of sodium hydroxide is 
added continuously. The oxide, together with steam, passes into the rectifying 
column where most of the steam is condensed while the ethylene oxide passes 
into a separate condenser cooled with brine. According to Burdick,^* propylene 
oxide can be produced from dilute (10 per cent) solutions of propylene chloro¬ 
hydrin in a similar manner, the yield in this case also being 90 per cent of the 
theoretical. 

A continuous process for making olefin oxides from chlorohydrins was de-* 
scribed by Walker, Schrader and Wiedbruck.^® It involves the interaction of 
hot aqueous solutions of chlorohydrins with an alkali (milk of lime) under re¬ 
duced pressures so that the liquid products boil at 80® C. 

The solutions of alkali and chlorohydrins are simultaneously introduced into 

** U. S. Patent 1,446,872, Feb. 27, 1923; assigned to Chadelotd Chemical Co.; J.S.C.I., 1923, 
42, 377A. 

UU. S. Patent 1,589,358, June 22, 1926: Chem. Abs., 1926, 20, 3015; Canadian Patent 245,153, 
1924; Chem. Abs., 1925, 19, 657; British Patent 236,379, 1924; Chem. Ab*., 1926, 20. 917. All 
patents assigned to Carbide and Carbon Chemicals Corn. 

S. Patent 1,589,359, June 22, 1926; assigned to Carbide and Carbon Chemicals Corp.; 
Brit. Chem. Abe. B, 1926, 692. 

^ U. S. Patent 1,79^668, Feb. 17, 1931; assigned to T. Goldschmidt A.*G. See also British 
Patent 293,763, 1928; Chemi Abe., 1929, 23, 1648; French Patent 656^996. 1928; Chem. Abe., 
1929, 23, 4229; German Patent 541,769, 1927; Chem. Abe., 1932, 26, 2466. 
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a reaction vessel divided into several compartments by bafHes to promote good 
mixing. The mixture is heated by steam admitted at the bottom of the vessel. 
Steam and oxides distil and pass through a water condenser, in which the steam is 
condensed and flows back to the reaction vessel. The vapors of oxides are con¬ 
ducted through two coolers connected in series, the first of which is maintained at 
the higher temperature, to permit a partial separation of the oxides. Any uncon¬ 
densed vapors escaping from the coolers are led through a scrubbing tower where 
they are reabsorbed by the incoming solution of chlorohydrins. Permanent gases 
leave the system through an outlet at the top of the scrubbing tower. The hot 
exhausted liquid from the reaction vessel is withdrawn through a heat exchanger, 
which serves to pre-heat the incoming chlorohydrin solution. 

The hydrolysis of ethylene chlorohydrin by aqueous alkaline solutions was 
also recommended by Saunders and Wignall.^® A mixture of chlorohydrin vapors 
and steam is treated countercurrently with a stream of alkali solution. Ethylene 
oxide is the main product when a concentrated solution of sodium hydroxide is 
used. Substitution of sodium carbonate for sodium hydroxide results in the 
formation of glycol. 

Relatively low temperatures and reduced pressures were recommended by 
Thole, Birch and Scott.^’ For example} aqueous solutions of ethylene chloro¬ 
hydrin and sodium hydroxide are mixed at 10° to 20° C. and then introduced 
into a packed column at 30° to 50° C. and a pressure of 95 to 105 mm. of mercury. 
Ethylene oxide is liberated at once and collected in the form of its solid hydrate. 

As previously mentioned, conversion of ethylene chlorohydrin to ethylene 
oxide may take place in the vapor phase. Oehme suggested leading chloro¬ 
hydrin vapors over solid alkalies. Aliphatic or hydroaromatic oxides are pro¬ 
duced by passing the vapors of the corresponding 1,2-chlorohydrins, alone or 
mixed with steam, over catalysts such as magnesium oxide or copper phosphate, 
at 250° to 330° C.»» 

Ethylene oxide is said to result on conducting ethylene, air, steam and hydro¬ 
gen over a catalyst heated to 150° to 400° Catalysts suggested are silver, 

bismuth or antimony, or a mixture containing two or more of the following 
metals: antimony, lead, bismuth, silver, nickel, tin or arsenic. The amount of 
carbon dioxide formed may be reduced by adding carbon dioxide to the reacting 
gases and the yield of ethylene oxide increased by lowering the pressure below 
atmospheric. 

A method for the separation of individual olefin oxides from mixtures by 
fractional distillation under superatmospheric pressure was described by Fink- 
elstein.*® 


Properties of Ethylene Oxide 

Ethylene oxide is a colorless, highly volatile liquid which boils at 10.7° C., 
melts at —111.3° C. and has dj 0.997. It is completely miscible with water and, 
like its homologues, is a good Solvent for cellulose esters.*®® On account of its 

^British Patent 286,830. 1927; assigned to British Dyestuffs Corp., Ltd.; Brit. Chem. Abs. B, 
1928. 360. 

British Patent 374,864, 1932; assigned to Anglo-Persian Oil Co., Ltd.; Brit. Chem. Abs. B, 
1932. 878. See also French Patent 730,864, 1932; Chem. Abs., 1933, 27. 312. 

” German Patent 403,643, 1921; assigned to Chemische Fabrik Kalk G.ni.h.H.; J.S.C.I., 
1925, 425B. 

Schering-Kahlbaum A.-G., British Patent 378,759, 1932; Brit. Chem. Abs. B, 1932, 1072; 
French Patent 728,849. 1931; Chem. Abs., 1932, 26, 5963. 

*•* Soc. francaise de catalyse g6n6ralis6e, French Patent 739,562, 1931; Chem. Abs., 1933, 27, 
2163; French Patent 41,811, 1933; Chem. Abs., 1933, 27. 4546; addition to French I'atent 739,562. 

** Canadian Patent 285,920. 1928; Chem. Abs., 1932, 23, 1138; llHtish Patent 292,066, 1927; 
Chem. Abs., 1929, 23, 1415; boOi patents assigned to I. G. Farbenindustrie A.-G. 

Dreyfus, British Patents 391,769 and 391,828, 1931; Brit. Chem. Abs. B, 1933, 597. 
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extreme volatility, however, ethylene oxide is of little value as an industrial 
solvent. It is chiefly of importance for the multiplicity of its reactions which 
render it an admirable raw material for numerous organic syntheses.*^ In the 
following account it is possible to outline very briefly only the more important 
of these, which are, however, typical of the a-oxides as a class. 

Ethylene oxide, and a>oxides generally, reacts with numerous organic sub¬ 
stances containing an easily replaceable hydrogen atom, such as alcohols, phenols, 
or amines, and also with water. The reaction can be summarized by the fol¬ 
lowing ; 

CH, 

\) + HR 

/ 


c:h.r 

^HtOH 


Reaction with Water 

Ethylene oxide reacts slowly when heated with water in a sealed tube to yield 
ethylene glycol, a reaction first discovered by Wurtz.*^ The simultaneous forma¬ 
tion of diethylene glycol and triethyJene glycol as by-products was noted by 
I^urenqo.^* The reaction is greatly accelerated by catalysts such as sulphuric 
or hydrochloric acids,-* particularly the former. According to Kltekov,-® the 
ease of hydration of the lower olefin oxides depends mainly on the constitution 
of the oxide. For example, isopropylethylene oxide and sym-methylethylethylene 
oxide combine slowly with water, while isobutylene oxide reacts vigorously with 
it even at ordinary temperatures, with marked evolution of heat. In the indus¬ 
trial hydration of ethylene oxide to glycol dilute sulpliuric acid is used as a 
catalyst and it is necessary to take account of the considerable heat of reaction 
(about 25 kilogram-calories per mole). Youtz 2 * stated that the formation of 
polyglycols during the hydration of olefin oxides can be avoided provided a large 
volume of water is present. He recommended 20 moles of water per mole of 
oxide. 

Reaction with Alcohols and Phenols 

The reaction between alcohols, or phenols, and olefin oxides is analogous to 
that with water and yields monoethers of the corresponding glycols. Thus, 
ethylene oxide when heated with ethyl alcohol yields ethylene glycol monoethyl 
ether: 


CHa 

\ CHaOH 

O + CaHaOH —I 
/ CHaOCaH. 

CH. 

Dodforss,. **Die Athyleno3|^d,'’ Encke, Stuttgart, 1920. 

**/tnn., 1860, 113, 255. The kinetics of the reactions of ethylene oxides with water was 
studied dilatometrically by Bronsted, Kilpatrick and Kilpatrick, J.A.C.S., 1929, 51, 428. 

** Ann. chim., 1863. (3) 67. 275. 

** Higot, Ann. chim., 1891, (6) 22, 433; Ckem. Zentr., 1891, 1, 863. Henry, Compt. rend., 
1907. 144, 1404; Chem. Soc. Abs., 1907, 93 (1), 745. 

1883, 16. Ref. 395. 

^ See Chapter 22 for methods of producing glycols. 

U. S. Patent 1,875,312, Aug. 30, 1932; assign^ to Standard Oil Co. of Indiana; Chem. Abs., 
1932. 26, 5962. 

** See for example. Young, U. S. Patent 1,696,874, Dec. 25, 1928; assigned to Carbide and 
Carbon Chemicals Corp.; Chem. Abs., 1929, 23, 846; Loehr. German Patent 580,075, 1933; assigned 
to I. G. Farbeniudustrie A.*G.: Chem. Abs,, 1933, 27, 4814. 
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The similar reaction with phenol produces the. monophenyl ether.®® A small 
amount of sulphuric acid is effective in catalyzing this reaction,*® probably by 
the intermediate formation of a sulphuric ester of ethylene glycol. Ethylene 
glycol nionoethyl ether, propylene glycol monoethyl ether and ethylene glycol 
monopheny] ether are prepared®^ from the corresponding oxides by continuously 
passing the oxide mixed with the required alcohol or phenol under a pressure of 
5 to 30 atmospheres through an enameled reaction tower heated to about 180® C. 
Catalysts for such reactions include dialkyl sulphates,*® and certain acidulated 
hydrosilicates (especially those of aluminum) showing a value less than 3 
in aqueous suspensions.*® 

Various hi^ly viscous ethers are obtained by condensing olefin oxides with 
polyhydric alcohols (e.g., glycerol, sorbitol, pentoses and ketoses) in the presence 
of sulphuric or boric acid catalysts.** Sorbitol heated with ethylene oxide in an 
autoclave at 140® C. for 12 hours yields sorbitol hexa-(j8-hydroxyethyl) ether, 
and pentaerythritol similarly treated in the presence of boric acid, a syrupy ether. 
These ethers may be used as substitutes for polyhydroxy alcohols in paper mak¬ 
ing, dyeing, the explosives industry, textile processes, lubricants for machinery 
or as solvents or separating agents.*** Acylation with formic, acetic or benzoic 
acids or with polybasic acids, such as oxalic, succinic or phthalic, yields sub¬ 
stances which may be employed as plasticizing materials. The esters formed 
with nitric acid may be used in the preparation of films, plastics, lacquers or 
explosives. 

The extension of this reaction of olefin oxides with polyhydric alcohols to the 
production of hydroxyalkyl derivatives of the polymerized alcohols ** (e.g., poly¬ 
vinyl alcohol) and of the more complex carbohydrates (cellulose and starch) has 
attracted attention because the products are likely to prove useful in the textile 
industry. Catalysts for condensation of this kind, particularly those with cellu¬ 
lose and starch, include such basic materials as sodium hydroxide,** aqueous 
ammonia or hydroxyalkylamines,®^ and tertiary amines (dimethylaniline).*® 
Mineral acids have been proposed also for catalyzing the combination of olefins 


* Roithner, Monatsh,, 1894, IS, 665; Chem. Soc. Ahs., 1895, 68 (1), 319. 

••Fourneau and Kibas, BuH. soc. chitn., 1926, 39, 1584; Chem. Abs.^ 1927, 21, 567; Bull. soc. 
ckim., 1927, 41, 1046; Chem, Abs., 1927, 21, 3889. 

G. Farbenindustne A.-G., Britisn Patent 342,022, 1929; Brit. Chem. Abs. B, 1931, 433. 
“Birch and Scott, U. S. Patent 1,882,564, Oct. 11, 1932; Chem. Abs., 1933, 27, 731; British 
Patent 367,353, 1930; Brit. Chem. Abs. B. 1932, 591; both patents assigned to Anglo-Persian Oil 
Co., Ltd. Also French Patent 725,245, 1931; Chem. Abs., 1932, 26, 4825. Davidson, U. S. Patent 
1,614,883, Jan. 18, 1927; assigned to Carbide and Carlx>n Chemicals Co.; Chem. Abs., 1927, 21, 
746. 

“I. G. Farbenindustrie A.-G., British Patent 354,357, 1930; Brit. Chem. Abs. B, 1932, 12; 

French Patent 39,773, 1931, addition to 610,282; Chem. Abs., 1932, 26, 4826; German Patent 

558,646, 1930; Chem. Abs., 1933, 27. 512. 

“I. G. Farbenindustrie A.-G., British Patent 317,770, 1928; Brit. Chem. Abs. B, 1929, 886; 

French Patent 650,973, 1928; Chem. Abs., 1929, 23, 3232. 

“■Schmidt and Meyer, U. S. Patent 1,922,459, Aug. 15, 1933; assigned to 1. G. Farljcnindustrie 
A.-G.; Chem. Abs., 1933, 27, 5082. 

“I. G. Farbenindustrie A.-G., British Patent 364,323, 1929; Chem. Abs., 1933, 27, 1641; 

French Patent 713,427, 1931; Chem. Abs., 1932, 26, 1616. 

“I. G. Farbenindustrie A.-G., German Patents 527,617, 1929; Chem. Abs., 1931, 25, 5287; 

535,849, 1929; Chem. Abs., 1932, 26, 1119; 542,867. 1929, 548,456 and 550,428, 1930; Chem. Abs., 

1932, 26. 4174. British Patents 358,510 and 359.618, 1930; Brit. Chem. Abs. B, 1932, 224. 
French Patent 39,765, 1931, addition to 700.880; Chem. Abs., 1932, 26, 4951. Schorger, U. S. 
Patent 1,863,208, June 14, 1932; assigned to C. F. Burgess Laboratories, Inc.; Chem. Abs., 1932, 
26. 4174: also British Patent 389.534, 1931; Brit. Chem. Abs. B. 1933, 543. British Patent 392,206, 
1933; Utem. Abs., J9Z3, 27. 4927. For the preparation of mixed cellulose ethers, see Hagerdorn, 
Ziese, Reyle and Bauer. U. S. Patent 1,876,920, Sept, 13, 1932; Chem. Abs., 1933, 27, 101; 
Hagerdorn and Rossbach, U. S. Patent 1,877.856, Sept. 20, 1932; Chem. Abs., 1933, 27, 413; both 
patmts assigned to I. G. Farbenindustrie A.-G. 

^ G- Farbenindustrie A.-G., French Patent 708,538, 1930; Chem. Abs., 1932, 26, 3667; 

Sui^, Austrian Patent 125,234. 1931; Chem. Abs., 1932, 26, 1439. 

“ r. G Farbenindustrie A.-G., British Patent 358,510, 1930; Brit. Chem. Abs. B, 1932, 224. Cf. 
Dreyfus, British Patent 396.796, 1932; Brit. Chem. Abs. B, 1933, 860. 
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with cellulose.*® The hydroxyethers obtained by these methods can be converted 
into esters by heating with acid anhydrides in the presence of benzine.^® 

Shoruigin and Rimashevskaya studied the properties of cellulose hydroxy- 
ethyl ether and its acetate. Bleached cotton (1 inters), viscose silk and copper- 
ammonium silk were mercerized and then heated for 18 hours at 30® C. with 
ethylene oxide. The product was dissolved in water and precipitated from solu¬ 
tion with acetone, giving a fine white flocky material which decomposed at about 
245° to 250° C. This substance was soluble in water, acetic acid, and fused 
phenol, but insoluble in acetone, alcohol and ether. The iodine number varied 
from 2.40 to 3.88 and the compound appeared to correspond with the formula 
C 8 H 702 ( 0 H) 20 CH 2 CH 20 H. An acetic* acid-acetone mixture containing sul¬ 
phuric acid, gave a triacetate which decomposed at 192° to 104° C. It was soluble 
in acetone, chloroform and acetic acid and its iodine number was 5.2-5.3. 

The glycol monoalkyl esters, or their derivatives, have been suggested as 
sealing liquids for gasometers or as cooling liquids (to reduce the freezing point 
of water) for internal-combustion engines.*^ 

By employing a considerable excess of olefin oxide over that required to form 
the monohydroxy ether of the reacting alcoholic compound, it is possible to make 
polyolefin glycol ethers as the main products. Loehr^* suggested the use of 
sodium as a catalyst for such a reaction. Introduction of ethylene oxide into 
anhydrous ethyl alcohol, containing a small proportion of sodium, leads to the 
formation of the ethyl ether of tetraethylene glycol and its higher homologues. 
Monophenyl and monotolyl ethers of the polyolefin glycols can be prepared by 
passing an excess of the olefin oxide into the fused phenol to which sodium 
hydroxide has been added.** 

The esterification or etherification products of non-carbohydrate organic com¬ 
pounds containing hydroxyl or carboxyl groups (such as alcohols from the cata¬ 
lytic reduction of oils and fats, or from oxidized paraffin wax, or castor oil, oleic* 
or palmitic acids) with polyethylene glycols or their monoethers or monoesters 
(or an equivalent quantity of ethylene oxide or ethylene chlorohydrin) have been 
suggested as wetting, foaming, or dispersing agents.*** 

The production of polyolefin glycol ethers by condensation of olefin oxides 
with glycols has been described by Davidson.** He suggested the use of these 
ethers,** as well as esters of the ethers of glycols and polyglycols,*® in paint, 
varnish and lacquer removers. 

Reaction with Hydrogen Halides 

Ethylene oxide reacts not only with anhydrous hydrogen chloride but also 
with aqueous solutions of certain metallic chlorides to form chlorohydrin. The 

*• I. G. P'arbenindustrie A.-G., German Patent 542,867, 1929; Ckem. Abs., 1932, 26, 4174. Suida 
(Austrian Patent 125.229. 1931; Chem. Abs.. 1932, 26. 1436) treated comminuted wood with an 
alkylene oxide at 20°-180” C. in the presence of a tertiary base or a weak acid or acid salt to 
obtain products which could be molded. 

*®I. G. Farbenindustrie A.-G., Ilritish Patent 365,250, 1929; Chem. Abs., 1933, 27, 1753. 

•^Ber., 1933, 66, 1014. 

•^Jordan, German Patent 468,917, 1926; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1931, 25. 4372. 

** German Patent 542,765, 1925; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 
26, 3264. 

•• Loehr, German Patent 519,730, 1925; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1931. 25, 3359. 

I. G. Farbenindustrie A.-G., British Patent 380,431, 1931; Brit. Chem. Abs. B, 1932, 1114. 

**U. S. Patent 1,633,927, June 28, 1927; assigned to Carbide and Carbon Chemicals Co.; 
Chem. Abs., 1927, 21, 2704, 

^U. S. Patent 1,812.321, June 30, 1931; assigned to Carbide and Carbon Chemicals Co.; 
Chem. Abs., 1931, 25, 4984. 

U. S. Patent 1,812,322, June 30, 1931; .n.ssigned to Carbide and Carbon Chemicals Co.; 
Chem. Abs., 1931, 25, 4984. 
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reaction of the olefin oxides with hydrogen chlpride is a general one, although 
it often yields a mixture of isomeric chlorohydrins. Hydrogen bromide reacts 
in a similar manner to yield bromohydrins, and in some cases hydrogen iodide 
combines with the oxides to give iodohydrins.*^ 

The reaction of ethylene oxide, and olefin oxides generally, with aqueous 
solutions of hydrolyzable metallic halides is made the basis of a test for such 
oxides.*® With chlorides of aluminum, magnesium, iron, tin, zinc and manganese 
in neutral solutions, ethylene oxide absorbs the acid freed by dissociation and 
hydrolysis, and the metallic hydroxide is precipitated. This -reaction can be 
illustrated as follows; 


CH, 

1 \ CH.OH 

0 + 2H,0 —^ 2 I +Mn(OH), 

/ CH,C1 

H, 

The appearance of a precipitate in a controlled test solution is evidence of the 
presence of an olefin oxide. Although magnesium chloride solution has been most 
frequently used,*® Lenher®® concluded that a saturated aqueous solution of man¬ 
ganous chloride gives the more sensitive and easily controlled test. 

In ether solutions ethylene oxide reacts with magnesium bromide to give a 
product having the formula CHjBrCHoOMgBr. (C>H5)20. Hydrolysis of this 
substance yields bromohydrin and magnesium bromide and hydroxide.®^ This 
latter reaction may be represented by: 

2CH,BrCH,OMgBr. (GH.).O + 2H,0 — 

CH,BrCH,OH + MgBr, -f- Mg(OH), -f- 2(GH»).0 

Ethylene oxide can combine with ethylene chlorohydrin in the presence of a 
small amount of sulphuric acid to yield dioxan as well as /8-chlorocthyl ^-hydroxy- 
ethyl ether and /9^'-chloroethoxyethyl ^-hydroxyethyl ether.®^ 


Reaction with Organic Acids and Acid Anhydrides 

The reaction of olefin oxides with organic acids appears to be a fairly general 
method for the preparation of the mono-esters of the corresponding glycol, but 
if an organic acid anhydride is employed the di-ester of the glycol is formed. 
By heating ethylene oxide with glacial acetic acid, Wurtz obtained ethylene 
glycol monoacetate and the diacetate from acetic anhydride.®* These reactions 
may be represented as follows: 

CH, 

\ CH,OH 

O -f CH,COOH —I 
/ CH.OOCCH, 

CH, 


Wurtz, Ann. chim., 1863, (3) 69. 317, 3SS. 

«Walker, Bcr., 1901, 34, 4115; Wurtz, Ann., 1860, 116, 252. 

*Mulliken. **Identificatton of Pure Ontanic Compounds." John Wiley and Sons. New York, 
1905, 1. 160. 

'•J.A.C.S., 1931, S3, 3739. 

** Rtbaii and Tapia. Anal. Fit. Quim.. 1932, 30, 778; Brit. Chem. Abs. A, 1933, 48. 

** Fourneau and Ribas, Bull. tac. chim.^ 1927, (4) 41, 1046; Brit. Chem. Abt. A, 1927, 1052. 
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CH, 

CH.CO 


1 \ 

\ 

CHsOOCCHs 

0 + 

0 

—— 1 

—o 

CH,Cd^ 

CHsOOCCH. 


These important reactions, which constitute industrial methods for making the 
esters of the lower glycols, are catalyzed by small amounts of sulphuric acid 
and also by ferric chloride.*® A continuous process for the manufacture of ethyl¬ 
ene glycol monoacetate consists in passing a mixture of ethylene oxide and glacial 
acetic acid, under pressures of 5 to 30 atmospheres, through a reaction tower 
heated to 130® C.®^ • 

Wax-like bodies are obtained on heating alkylene oxides with a mixture of 
oxidized montan wax and naphthenic acids.®® 

Catalysts for accelerating the combination of olefin oxides with carboxylic 
acids consist of acidulated hydrosilicates (particularly those of aluminum), which, 
on dispersion in water, exhibit a Pn value of not more than about 3.*® Thus, on 
slowly introducing 80 parts of ethylene oxide into a mixture of 20 parts of the 
hydrosilicate “Tonsil AC’* with 400 parts of glacial acetic acid at 25® C., a vigor¬ 
ous exothermic reaction takes place. The mixture is maintained at 50® to 55® C. 
(by cooling) and is stirred for 15 minutes after all the oxide has been added. 
On filtering and distilling, the products are 180 parts of a mixture of ethylene 
glycol mono- and di-acetates together with a small amount of high-boiling sub¬ 
stances, presumably polyethylene glycol acetates. 

Sodium benzoate has been suggested as a catalyst for the reaction between 
ethylene oxide and fused benzoic acid.®® 

Dibasic acids (phthalic, succinic or tartaric) are converted into their corre¬ 
sponding ethyl esters by heating with ethylene oxide at 60® to 70® C.®^ Rosin 
reacts with oxide at 160® to 170® C. under pressure to yield resins which may be 
employed in the manufacture of lacquers and varnishes.®^ 


Reaction with Ammonia and Amines 


Ethylene oxide reacts energetically with dilute or concentrated ammonia solu¬ 
tion to yield a mixture of three basic substances, mono-, di-, and tri-ethanol- 
amines,®® having the formulas NHgCHjCHoOH, NH(CH 2 CH 20 H) 2 , and 
N(CH2CH20H)3, respectively. It was shown by Knorr®* that the presence of 
a small proportion of water is essential to this reaction, since pure ethylene oxide 
does not react with dry ammonia. These reactions are of industrial importance 
since the ethanolamines are used on a substantial scale as emulsifying agents 


“Jorlander, Bcr., 1917, 50, 407. Japp and Michie, 1903, 83, 279. Hoering, Ber., 

1905, 38, 3483; 1907, 40, 1099. 

Knoevenagel, Ann., 1914, 402, 111. 

I. G. Farbenindustrie A.>G., British Patent 342,022, 1929; Brit. Chem. Ahs. B, 1931, 433. 
” Rodrian, Bauer and Doser, German Patent 565,966, 1929; assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 2595. 

"1. G. Farbenindustrie A.-G., British Patent 354,357, 1931; Brit. Chem. Abs. B, 1932, 12; 
French Patent 39.773, 1931; Chem. Abs., 1932, 26, 4826. 

** Steiinniig and Ulrich, U. S. Patent 1,817,425, Aug. 4, 1931; assigned to 1. G. Farbenindustrie 
A.-G.; Chem. Abs^ 1931, 25, 5433. 

** Webel, U. S. Patent 1,883,182, Oct. 18, 1932; assigned to I. G. Farbenindustrie A.<G.; 
Chem. Abs.. 1933, 27, 731. 

"Schmidt and Meyer, German Patent 561,626, 1927; assigned to I. Q. Farbenindustrie A.-G.; 
Chem. Abs., 1933, 27, 1219. 

"Wurta, Ann., 1860, U4, 51. 

1899, 32, 729. 
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and in other ways. A discussion of the properties of the simple ethanolamines is 
given later. 

The reaction between a-oxides (particularly ethylene oxide) and ammonia in 
aqueous solution can be made to yield complex compounds by using a large excess 
of the oxide. Such substances are probably formed by further action of the 
excess olefin oxide on the simple ethanolamine initially formed. Thus, a mixture 
of mono-, di-, and tri-hydroxyethyl ethers of triethanolamine is obtained by the 
action of an excess (at least 4 moles per mole of base) of ethylene oxide on 
aqueous ammonia.*® These compounds possess the following foripulas: 


hoch,ch,och,ch. 

hoch.chJ^n 

HOCH.CH.'^ 


HOCH.CH.OCH.CH. 

HOCH,CH.OCH,CH,^N 

HOCHiCH.^ 


mottohydroxyethyl ether 

(HOCH,CH,OCH,CH,) ,N 
irthydroxyethyl ether 


dihydroxyethyl ether 


Since from a theoretical- standpoint such condensation reactions can be extended 
almost indefinitely, the number of higher condensation products would seem to 
be almost limitless. 

In general, the homologues of ethylene oxide react less readily with ammonia. 
Krassuski and Duda®* found that hexene-2 oxide reacts very slowly with am¬ 
monia at ordinary temperatures. After several hours* heating in a sealed tube at 
100® C. the product was mainly the monohexanolamine, 

CHaCH (OH) CH (NHa) CH.CHaCH, 
or 

CH,CH(NHa)CH(OH)CH.CH,CH, 


with some secondary amine as a by-product. Under similar conditions tetra- 
methylethylene oxide yielded the monoamine. 


(CH,),C(OH)C(NH,) (CHa), 

Trimethylethylene oxide reacted very slowly with 33 per cent aqueous ammonia 
(not at all with anhydrous ammonia) at ordinary temperatures, but heating at 
100® C. for some hours resulted in the formation principally of the monoamine 


CH. 


\ 


C(OH)CH(NHa)CH, 


/ 


CH, 


with only small amounts of the secondary product. In the same way, isobutylene 
oxide reacted with concentrated aqueous ammonia to give the aminotrimethyl- 
carbinol, 


•I. G. Farbenindustrie A.-G., British Patent 364.000. 1930; Brit. Chem. Abs. B. 1932, 495; 
French Patent 713,382, 1931; Chem. Abs., 1932, 26, 1733; French Patent 713,998, 1931; Chem. Abs., 
193^ 26, 1619. 

"J. pr. Chem., 1908, (2) 77. 84; Chem. Abs., 1908, 2, 2226; /. Russ. Pkys.^Chem. Soe., 1907, 
36, 1061; Chem. Abs., 1908, 2, 1124. 
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CH, CH. 

-CH. + NH. —►- V-CH.NH. 

together with large amounts of the secondary compound and a small quantity of 
the tertiary amine. 

Cyclohexene oxide reacts similarly with ammonia to yield 2-aminocyclo* 
hexanol,®^ and cyclopentene oxide and aqueous ammonia at 110° C. form trans- 
2*aminocyclopentanol.®® 

Primary and secondary amines can be condensed with olefin oxides, just as 
ammonia can, to yield the corresponding alkyl- ♦and aryl-amino alcohols. The 
presence of water exerts a remarkable influence and is frequently absolutely 
essential. In some instances,, as in the reaction between monomethylanlline and 
ethylene oxide to produce the amino alcohol having the formula 

C«H.N(CH,)CH.CH.OH 

water does not appear to exert any influence on the yield.®® A series of alkyl- 
amino alcohols has been prepared by condensing ethylene oxide with aliphatic 
amines.^** Of the simple condensation products of olefin oxides *with cyclic 
bases, cyclohexylethanolamine is prepared from cyclohexylamine and ethylene 
oxide.The hydroxyalkylamines made from primary or secondary amines (con¬ 
taining at least one chain of more than 8 carbon atoms) and olefin oxides are 
said to be wetting agents.^® Condensation products of hydroxyl-free amines or 
amides (such as octadecylamine or amides of oleic, stearic, naphthenic acids or 
p-toluenesulphonic acid) and polyethylene glycols (or a corresponding quantity 
of ethylene oxide or halohydrin) have been suggested as textile reagents.^-® 

Ethylene oxide does not react with pure dry diethylamine, but in the presence 
of water, or better of methyl or ethyl alcohol, a smooth and rapid absorption of 
the oxide takes place.^® The initial product is )fl-diethylaminoethanol (Formula 
I, below), which can be prepared in good yields by passing the gaseous oxide 
into a solution of diethylamine (in water or alcohol) at 45° to 60° C. until about 
0.5 mole of oxide is absorbed per mole of amine. As the proportion of ethylene 
oxide is increased, the amount of unreacted amine diminishes, but the products 
contain a number of substances boiling above /8-diethylaminoethanol. From these 
higher boiling compounds may be separated the mono-j0-diethylaminoethyl ether 
of ethylene glycol (Formula II) and the mono-/8-diethylaminoethyl ether of 
diethylene glycol (Formula III). The two highest boiling fractions appeared to 
consist of the mono-)8-diethylaminoethyl ether of triethylene glycol (Formula IV) 
and tetraethylene glycol (Formula V), respectively. These substances represent 
the progressive addition of ethylene oxide molecules to diethylamine and their 
formation may be indicated as follows: 

•’Brunei, Compt, rendu 1903, 136, 383; Ckem. Zentr., 1903, 1, 711; Compt, rend,, 1903, 137. 
198; Ckem. Zentr.. 1903, 2, 665. 

“Godchot and Mousseron, Compt. rend., 1932, 194, 2061; Brit. Chem. Ahs. A, 1932, 844. 

•• Gabel, Bull. soc. chim., 1927, 41. 936; Ckem. Abs., 1928, 22, 229. 

’• Knorr and Schmidt. Ber., 1898, 31, 1072. Knorr, Bcr., 1899, 32, 729. Knorr and Matthes, 
Ber.. 1901, 34, 3482. Matthes, Ann. 1901, 315, 104; 1901, 316, 311. 

’’Schmidt, Seydel and Meyer, U. S. Patent 1,845.563, Feb. 16, 1932; assigned to I. G. 
Farbenindustrie A.-G.; Ckem. Ahs., 1932, 26, 2198. 

’• Hentrich and Keppler, German Patent 552,268, 1930; assigned to I. G. Farbenindustrie A.-G.; 
Ckem. Abs., 1932, 26, 4426. 

’••I. G. Farbenindustrie A.-G., British Patent 380.851. 1931; Brit. Ckem. Abs. B, 1933, 54 

’» Horne and Shriner. J.A.C.S., 1932, 54, 2925. Headlee, Collett and Lazzell iJ.A.C.S., 1933, 
55, 1066) have prepared similar compounds by successive additions of ethylene oxide to diethylamine. 
Ihe physical properties of their products, however, differed from those r^rted by Home and 
Shriner. Some indications were obtained that ethylene oxide reacts with the solvent, methyl alcohol. 
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(CiH.).NH 

^ (4* ethylene oxide) 

(CJf.).NCH,CHsOH 

^ (4- ethylene oxide) 

(C,H.)*NCH,CH,OCH,CH,OH 

^ (4- ethylene oxide) 

(GH.).N (CH,CH.O).CH,CHiOH 

^ (4- ethylene oxide) 

(GH.),N (CH,CH,0),CH.CH,OH 

^ (4* ethylene oxide) 

(GH.),N (CH,CH,0)4CH.CH,0H 


(Formula 1) 

(Formula II) 

(Formula Ill) 

(Formula IV) 

(Formula V) 


Many other examples of this progressive addition of olefin oxide molecules to 
primary and secondary amines are known. Hydroxylated ethers of tertiary 
/8-hydroxyalkylamines are made by condensing an amine (primary or secondary) 
with an excess (at least n +1 moles of olefin oxide for n replaceable hydrogen 
atoms in the base) of olefin oxide in an aqueous medium.^'* Condensation of 
ethylene oxide and ethylenediamine in the molar proportions of 5:1 yields a 
material of the constitution, 


CH.CHtOH 

(CH.CH,OH).NCH.CH.N^ 

\h,ch,och.ch.oh 


The product of the reaction of 1 mole of octylamine with 3 moles of ethylene 
oxide has been assigned the formula 

CH,CH,OH 

\h,ch.och,ch.oh 


Hydrazine and its derivatives can unite in a similar way with olefin oxides. 
Thus, hydrazine itself readily combines with the oxide to give bis-ethanol* 
hydrazine,^® 


2 


CH, 
\ 


/ 


O + NHsNH. 


CH, 


HOCH,CH. 

\ 

NNH, 

HOCHtCH^^ 


Phenylhydrazine reacts with ethylene oxide to yield a more complex product.^^ 

** I. G. Farbenindttstm A.*G» British Patent 364,000, 1930; Brit. Chem. Abs. B, 1932, 495. 
^1. G. h'arbenindustrie A.-G., British Patent 364,104, 1930; Brit. Chvm. Abs. B, 1932. 
Knorr and Brownsdon, Btr., 1902, 3S, 4474. 

Roithner, Monatsh., 1S94. 15, 665; Ck§m. Soc. Abs., 1895, 68 (1), 319. 


495 . 
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Direct Addition of Olefin Oxides to Hydrocarbons 

The condensation of ethylene oxide with aromatic hydrocarbons, under the 
influence of aluminum chloride or other Friedel-Crafts condensing agent, was 
demonstrated by the work of Schaarschmidt, Hermann and Szemzd’® They 
obtained dibenzyl, together with a small amount of )8-phenylethanol, by passing 
a mixture of ethylene oxide and hydrogen chloride into a mixture of benzene 
and aluminum chloride. This reaction has been re-examined by Smith and 
Natelson,^*^ who also obtained dibenzyl and its homologues, together with phenyl- 
ethanol s as by-products. The formation of intermediate double compounds 
tween the olefln oxide and anhydrous aluminum chloride probably constitutes the 
first phase of the reaction. These double compounds then react with the aromatic 
hydrocarbon in one of two ways as follows: 

O 

RHC^CH, + AICI, —»- CUAlOCHRCHiCl (double compound) 

a.A 10 CHRCH.a + H.Ar —>- awMOCHRCH.Ar + (H.O) —>■ 

ArCH.CHROH (arylethanols) 


RCHOAia. H.Ar RCHAr 

I + -I 

CHaCl H.Ar CHiAr 


(R represents a hydrocarbon radical or hydrogen and Ar an aromatic nucleus). 
By the addition of 1 mole of ethylene oxide to a well-cooled mixture of 1 mole of 
anhydrous aluminum chloride and 6 moles of benzene followed by decomposition 
of the reaction mixture with water. Smith and Natelson isolated 65 per cent of 
dibenzyl and 5 per cent of )8-phenylethanol. 

This condensation has been extended to the preparation of numerous hydroxy 
derivatives of aliphatic, alicyclic, aromatic or heterocyclic compounds (not con¬ 
taining reactive amino, hydroxy or carboxyl groups). Reaction is effected at 
temperatures varying from —10® to 100® C., best under pressure, and in the 
presence of a condensing agent such as aluminum halides, boron trifluoride or 
anhydrous ferric chloride.®® Inert organic diluents (carbon disulphide or tetra¬ 
chloride) are used. Examples are the condensation of ethylene oxide with 
benzene to yield )3-phenylethanol, with n-pentane to form n-heptanol, with 
naphthalene to give /S-naphthylethanol, and with cyclohexane to produce /8-cyclo- 
hexylethanol. When the oxide is condensed with kerosene a mixture of primary 
alcohols is obtained. Under similar conditions ethylene chloride and oxide form 
a mixture of ethylene chlorohydrin and 1,4-butylene chlorohydrin. With pyridine 
this oxide yields hydroxyethylpyridines. 


Reaction with Cyanides 

When olefln oxides are heated for some time with anhydrous hydrogen cyanide, 
or with solutions or suspensions of cyanides, combination takes place with the 
formation of cyanohydrins®^: 

1925, 58. 1914. 

1931, 53, 3476. 

••1. G. Farbenindustrie A.-G., British Patent 354,992, 1930; Brit Chem, Abs, B. 1932. 12* 
French Patent 716,604, 1931; Chem. Abs., 1932, 26, 2198. See also Hitch and Dahlen, U. S. 
Patents 1,893,283 and 1,893,284. Jan. 3, 1933; both patents assigned to £. I. duPont de Nemours and 
Co.. Inc.; Chem. Abs., 1933, 27, 2298. 

Ertenmeyer, Ann., 1878, 191, 269; HOrmann, Ber., 1879, 12, 23. 
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CH« 

\) + HCN 
CH, 


CH,OH 

(!h,CN 


The reaction occasionally takes an abnormal course as styrene, for example, yields 
the cyanohydrin of phenylacetaldehyde,** possibly because of isomerization: 


. O 

+ HCN 


C.H.CH,CH 


OH 

/. 


\ 


CN 


Alkylene cyanohydrins are prepared also by the reaction of olefin oxides with 
dispersions of the cyanides of alkali or alkaline earth metals in hydroxylic sol¬ 
vents (water, alcohols or mixtures of these).®* The reaction temperature is main¬ 
tained between 10® C. and 30® C The cyanide may be regenerated continuously 
or intermittently by passing hydrogen cyanide into the solution or suspension of 
the hydroxide formed. 

Isomerization of Olefin Oxides 


Besides the above-mentioned purely additive reactions of the olefin oxides, 
there are also two important reactions of a very different type, namely, isomeriza¬ 
tion or intramolecular rearrangement, and polymerization. These oxides in the 
vapor state are isomerized to the corresponding aldehyde or ketone by heat or 
catalysts or, in the liquid phase, in the presence of hot dilute acids. 

When passed tlirough a glass tube at about 500® C., or in the presence of an 
alumina catalyst at 200® to 300® C., ethylene oxide is converted into acet¬ 
aldehyde **: 


CH, 


CH, 

(Iho 


The isomerization of ethylene oxide into acetaldehyde in the presence of various 
catalysts has also been studied by Krassuski,®® Nef,®® Peytral,®^ Kaschirsky,®® 
and Fourneau and Tiffeneau,®® and the kinetics of the thermal isomerization in 
the presence of pyrex glass was investigated by Heckert and Mack.®® 

The reaction is not confined to ethylene oxide as its immediate homologues 
undergo the reaction more readily. In the presence of alumina at 200® to 300° C., 
propylene oxide yields mainly propionaldehyde with smaller amounts of acetone; 
isobutylene oxide, isobutyraldehyde; and trimethylethylene oxide, methyl isopropyl 
ketone.®^ Dilute mineral acids are active in promoting this isomerization. For 


“Fourneau and Tiffeneau, Compt. rend^ 1908, 146, 697; Ckem. Ahs., 1928, 22, 1965. 

“British Patent 348,134, 1930; Brit. Chem. Abs. B, 1931, 796; French Patent 702,023, 1930; 
Chem. Abs„ 1913, 25, 4012; British Patent 359,262, 1930; Ckem. Abs., 1933, 27, 309. Pick. German 
Patent 561,397, 1929; Chem. Abs., 1933, 27, 998; German Patent 570,031, 1930; Chem. Abs., 1933. 
27, 2458; both patents assiitned to 1. G. Karbenindustrie A.-G. 

“Ipatiev and Leontowitsch, Ber,, 1903, 36, 2016. 

“J. Russ. Phys.’Chem. Soc., 1902, 34, 537, 556; Chem. Sac. Abs., 1903, 84 (1), 8. 

^ Ann., 1904, 335, 197. 

“ Butt. soe. chim., 1926, 30, 206; Chem. Abs., 1926, 20. 1592. 

“7. Russ. Phys.-Chem. Soc., 1881, 13, 76; Chem. Zentr., 1881, 279. 

^ Compt. rend., 1905, 140, 1595; Chem. Soc. Abs., 1905, 88 (1), 591. 

^Ju4.C.S., 1929, 51, 2706. 

“ Ipatiev and L^ntowita^, Ber., 1903, 86, 2016. 
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instance, dilute sulphuric or sulphurous acids convert methylstyrene oxide into 
the corresponding aldehyde : 


C.H. 

—CH, 


CJI. 

\ 


CHCHO 


/ 


CH, 


Isomerization of olefin oxides to aldehydes (or ketones) can be effected by 
passing them at 180° to 300° C. over a catalyst consisting of niagnesium pyro¬ 
phosphate, copper sulphate or cerous sulphate, with or without the addition of 
metallic oxides, hydroxides or carbonates, on a carrier.®* Under these conditions 
propylene oxide yields propipnaldehyde, allyl alcohol and acetone, and the oxides 
of butene-1 and butene-2, n- and iso-butyraldehydes, methyl ethyl ketone and 
butenols. Another group of catalysts comprises the halides or oxyhalides of the 
alkaline earth metals, including magnesium and beryllium.®* 

A mixture of propionaldehyde and allyl alcohol is obtained by conducting 
propylene oxide vapors, diluted with nitrogen, over activated aluminum at 200° 
to 400° C.®» 

The passage of 100 parts of ethylene oxide at 220° C. over silica gel impreg¬ 
nated with tungsten oxide at a velocity of 120 to 200 grams per hour per liter 
of catalyst gives, according to Kathol,®® 95 to 98 parts of a condensate containing 
75 per cent of acetaldehyde, and in addition various by-products such as paralde¬ 
hyde, crotonaldehyde, dioxan and unsaturated hydrocarbons. 

1,2-Oxides derived from cyclic olefins are said to be isomerized to the corres¬ 
ponding ketones by heating in the presence of catalysts such as magnesium 
sulphate, copper pyrophosphate or silica gel.®^ Thus, menthene-3 oxide yields 
menthone by heating with 5 per cent silica gel in a closed vessel at 250° C. for 
two hours. Under similar conditions cyclohexanone is made from cyclohexene 
oxide. 

The isomerization of a number of a-oxides derived from aryl-substituted 
olefins, including phenyldialkylethylene oxides,®* styrene oxide,®® and phenyl cyclo¬ 
hexene oxide,^°° has been investigated. 


Polymerization of Olefin Oxides 

Ethylene oxide, and olefin oxides as a class, provide excellent examples of the 
polymerization of cyclic compounds not involving double bond unsaturation. 
Treating ethylene oxide with various polymerizing agents such as strong bases 
(sodium hydroxide, trimethylamine or triethylphosphine) or certain inorganic 
halides (zinc chloride or tin tetrachloride) produces a profound and highly 


•“TifTeneau. Compt. rend., 1905. 140, 1458; Chem, Soc. Abs., 1905, 88 (1), 523. 

•^Baur, German Patent 528,822, 1929; Chem. Abs,, 1931, 2Sv 5175; British Patent 331,185, f929; 
Brit. Chem. Abs. B, 1930, 939; both patents assigned to 1. G. Farbenindustrie A.-G. 

** Baur, German Patent 535,651, 1930; addition to 528,822; Chem. Abs., 1932, 26, 994; British 
Patent 534,388, 1930; Chem. Abs., 1932, 26, 5310; both patents assigned to I. G. Farbenindustrie A.-G. 

^oung and Law, Canadian Patent 328,050, 1932; assigned to Carbon and Carbide Chemicals 
Corn.; Chem. Abs., 1933, 27, 1012. 

** German Patent 547,641, 1930; assigned to Rheinische Kampfer Fabrik; Chem. Abs., 1932, 
26, 3521. 

Schering-Kahlbaum A.-G., British Patent 370,823, 1931; Brit. Chem. Abs. B, 1932, 764; 
French Patent 723.395, 1931; Chem. Abs., 1932, 26, 4063. 

'**Levy and Tabart, Bull. soc. ehim., 1931, (4) 49, 1776; Chem. Abs., 1932. 26, 2425. See also 
TilTeneau and Lew, Bull. soc. chim., 1926, S9, 763; Chem. Abs., 1926. 20, 2850. 

•*L6yy and Sfiras, Bull. soc. chim., 1931. (4) 49, 1823; Chem. Abs., 1932, 26, 2428. Weill, 
Bull. soc. chim., 1931. (4) 49. 1811; Chem. Abs., 1932, 26. 2427. 

I^vy and SAras, Bull. soc. chim., 1931, (4) 49, 1830; Chem. Abs., 1932, 26, 2428. 
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exothermic condensation.^®^ The product is a semi-solid, readily soluble in water 
and in most organic solvents. It is separable by fractional crystallization into 
fractions having apparent mdlecular weights varying from 4()0 to nearly 5000. 
The fraction having the lowest molecular weight is a liquid, while the one having 
the highest is a solid melting at about 59® C. On heating, the polyethylene oxides 
yield a complex mixture of products containing some acetaldehyde and acrolein. 

It is generally agreed that these polymerized oxides possess a long cliain 
of —(CHaCHgO)— residues linked alternately through carbon and oxygen atoms, 
but the exact configuration of the terminal groups is still uncertain. Roithner 
assigned the following cyclic structure to the polymerized substances: 

O—CH»—CH,-0—CH,—CM,—.—O—CH,-Cfh 


On the other hand, it appears likely that, in some preparations at least, the ter¬ 
minal groups are hydroxyl groups (due to hydration) and the molecule is thus 
an open chain.^®^ 

Wax-like polynieridcs of olefin oxides are obtained by passing them in the 
vapor state over alkaline catalysts (sodium or potassium hydroxide) at tempera¬ 
tures from 40® to 200® If acid catalysts, e.g., aluminum sulphate or sodium 

bisulphate, are employed, dioxan and its homologues are formed. 

Various technical applicatiops have been suggested for the viscous or solid 
polymerized olefin oxides. They may be used as ingredients of lacquer and coat¬ 
ing compositions in conjunction with cellulose esters,*®® as dispersing agents,*®® 
as impregnating agents for waxes, resins, rubber, leather or paper,*®" and in the 
preparation of grounding or priming compositions useful as wood fillers.*®® 


Hydrogenation of Olefin Oxides 

The reduction of olefin oxides, in aqueous solution, to the corresponding alco¬ 
hols by sodium amalgam has long been known.*®® Alcohols are produced also 
by vapor-phase catalytic hydrogenation. Ethyl alcohol, for example, is obtained 
by the reduction of ethylene oxide by an excess of hydrogen at 80® C. under 
pressure in the presence of a catalyst of nickel on barium oxide. When ethylene 
oxide is in excess and higher temperatures (130® to 150® C.) are employed, 
glycol monoethyl ether is formed.**® 

Propylene oxide and hydrogen in the presence of a nickel catalyst at 170® C. 
yield n-propanol. Butylene oxide similarly gives butyl alcohol, and styrene oxide 
is converted to phenylethyl alcohol.*** Propyl alcohol is made also by passing a 
mixtbre of propylene oxide and hydrogen (in the molal ratio of about 1:4) and 


»«Staudinger and Schweitzer, Ber., 1929, 62, 2395; Staudinger, “Die hochmolekularen organ- 
ischen Verbindungen,” Verlag von Julius Springer, 1032, 287. 

^^^Monatsh., 1894, IS, 665; Chem. Soc, Abs., 1895, 68 (1). 319. 

*•* Carothers, Chem. Reviews, 1931, 8, 391. 

»®*Webel, U. S. Patent 1,921,378, Aug. 8, 1933; Chem. Abs., 1933, 27, 5082; British Patent 
346.550, 1930; Chem. Abs., 1932, 26, 1941; both patents assigned to I. G. Farbenindustrie A-G 
G. Farbenindustrie A.-G., British fiatent 352.042. 1930; Chem. Abs., 1932, 26 3391 
*••1. G. Farbenindustrie A.-G,, British Patent 353,926, 1930; Brit. Chem. Abs. B, 1931, 1132 
1. G. Farbenindustrie A.-G., French Patent 705.852, 1930; Chem. Abs., 1932 26 268- 
British Patent 349.638, 1930; Brit. Chem. Abs. B, 1931. 754. ’ ‘ ’ 

** Kollek and Engela, German Patent 529,494, 1930; assigned to I. G. Farbenindustrie A -G • 
Chem. Abs., 1931, 2S, 5048. 

**»Wurtz. Ann. chim., 1863, (3) 60, 317, 3SS. Linnemann, Monatsh., 1865, 6. 369. 

***Kathol, German Patent 563,625, 1931; assigned to Rhetnische Kampfer-Fabrik GmbH* 
Chem. Abs., 1933, 27, 1012. • • 

>«Loehr, German Patent 573,535, 1933; Chem. Abs., 1933, 27, 4240; British Patent 320 424 
1929; Brit. Chem. Abs. B, 1930, 182; both patents assigned to I. G. Farbenindustrie A.-G. ' * 
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about 10 per cent water vapor first over an aluminum catalyst (at 275® C.) and 
then over a reduced nickel catalyst (at 150® 


Uses of Ethylene Oxide 


The most important uses of ethylene oxide at present are as a chemical raw 
material in the preparation of glycol ethers and ethanolamines, and as a fumigant 
and insecticide. Its application in industrial synthesis has already been mentioned. 
The use of ethylene oxide as an insecticide was investigated by Cotton and 
Roark,who reported its vapor to be completely^ toxic to a number of different 
kinds of insect pests in stored products at ordinary temperatures in concentrations 
of 1 to 2 pounds per 1000 cubic feet of space. Ethylene oxide was found to 
have pronounced powers of ^netration with no harmful effects on solid food- 
stuffs, clothing, furniture, or metals. The comparative toxicity of ethylene oxide 
and other fumigants was tested by Hoyt,^^* who found that 2 pounds of this 
compound per 1000 cubic feet of air space were required during a 24-hour ex¬ 
posure at 75® to 80® F. to give a 100 per cent destruction of all the insects used 
in the test. 

Since ethylene oxide is a combustible gas and its extensive use as a fumigant 
introduces certain hazards of fire and explosion, various means of suppressing 
these dangers have been investigated. Cotton and Young observed that by 
mixing carbon dioxide with ethylene oxide the toxicity was considerably increased 
and the fire hazard reduced or eliminated according to the relative amount of 
carbon dioxide employed. It was shown by Jones and Kennedy that to render 
ethylene oxide-air mixtures non-inflammable under all conditions at normal tem- 
I)eratures and pressures at least 7.15 volumes of carbon dioxide per volume of 
ethylene oxide are required. Further work by Back, Cotton and Ellington 
indicated the desirability of using at least 7 pounds of carbon dioxide with 1 
pound of ethylene oxide. The application of ethylene oxide-carbon dioxide mix¬ 
tures in fumigation has been discussed by Russ.^^® 

In connection with the use of ethylene oxide for the destruction of pests in 
foodstuffs, Siidenorff and Kroger stated that concentrations up to 320 grams 
per cubic meter have no adverse effect on the quality or flavor of the foods if 
the space is thoroughly aerated afterwards. According to Thomas,^®® exposure 
(in enclosed rooms) of infected dried fruits to a concentration of ethylene oxide 
of 2 pounds per 1000 cubic feet for 4 hours at 20® C. was sufficient to destroy 
eggs, larvae and pupae. 

The use of ethylene oxide mixed with carbon tetrachloride, or other diluents, 
solvents or irritants, in insecticides was proposed by Taube, Schepss and 


Yountt and Law, Canadian Patent 328,049, 1932; assigned to Carbide and Carlton Chemicals 
Corp.; Chem. /lbs., 1933, 27, 1012. 

ling. Chetn., 1928, 20, 805; U. S. Patent 1,791,429, Feb. 3, 1931; assigned to the 
Government and People of the U. S. A.; Chem. Abs., 1931, 25. 1626. See also lianis Library 
Quarterly, 1932. 2, 375; Chem. Abs., 1933, 27, 377. Hase, Arb. biol. Reichanst. Land- «. Forstxvirts 
1932, 20, 101; Brit. Chem. Abs. B, 1933, 286. Z. Parasitenk., 1932, 4, 369; Brit. Chem, Abs. sii, 

Ind. Eng. Chem., 1928, 20, 835. 

Ent. Soc. H''ashington, 1929, 31, 97; Chem. Abs., 1929, 23, 4523. 

**•/««/. Eng. Chem., 1930, 22, 146. 

Ecoh. Entom., 1930, 23. 226; Chem. Abs., 1930, 24, 3610. 

““ Ind. Eng. Chem., 1930, 22, 328. 

Chem.-Ztp., 1931, 55, 549, 570; Brit. Chem, Abs. B. 1931, 904. 

» Australia. 1931, 4, S3; Chem. Abs., 1931, 25, 3095. See also Morgan 
mi at bV.1: Shepherd. J. Econ. 
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Kukenthal.^*^ Germicidal and insecticidal preparations containing mixtures of 
ethylene and propylene oxides, carbon disulphide, or vinyl chloride with inert 
gases (nitrogen or carbon dfoxide) in sufficient quantity to render the mixture 
non-inflammable, were suggested by the T. Goldschmidt A.-G.'** A bactericide 
(formaldehyde) can also be added.^*® Solidified mixtures of ethylene oxide and 
carbon dioxide are stated to be vermin-destroying compositions.^*^ 

Although it has been repeatedly stated that ethylene oxide is relatively non¬ 
toxic to man, experimental evidence seems to indicate that it possesses decidedly 
toxic properties and that certain precautions are necessary wheji fumigating with 
it. Koelsch and Leder ^*® studied the toxic action of ethylene oxide on animals 
at concentrations of 1: 50 to 1:10,000 in air and found that severe and sometimes 
fatal symptoms were induced. Particularly noticeable were the diminution in 
weight due to changes in metabolism, with narcosis, coma and paralysis of the 
limbs. The toxicity of ethylene oxide was noted also by Walker and Greeson.**® 
In experiments on cats exposed to various concentrations of ethylene oxide vapors, 
Muller ^** observed an initial stimulation of the nasal mucosa resulting in water¬ 
ing of the eyes, sneezing, licking of the lips and leading to difficult respiration, 
vomiting, and finally to death. He concluded that the accidental exposure of man 
to concentrations of 32 grams of ethylene oxide per cubic meter need not be 
feared, but thorough ventilation of rooms, after fumigation, is essential.^** 

Ethylene oxide mixed with low-boiling liquids, such as methyl ethyl ether and 
propane, can be used for the de-waxing of petroleum distillates.^*® The oil is 
added to the solvent in the liquid phase under pressure and the mixture cooled 
to —^23® C. by self-evaporation of some of the solvent. The precipitated wax is 
removed by filtration. The liquid oxide, mixed with some methyl alcohol, has 
been suggested as a fuel for certain types of portable cigarette lighters.'*® Nitro- 
glycerol, glycol dinitrate, cellulose nitrate and other organic nitrates can be 
stabilized by treatment with ethylene oxide.*®®* 


Detection of Ethylene Oxide 

Deckert'®* suggested the following method for detecting ethylene oxide in 
air. Two hundred cubic centimeters of air are drawn through 5 cc. of a 22 per 
cent sodium chloride solution which contains either phenolphthalein or broino- 
thymol blue as an indicator. The solution is then heated for 1 minute at 100° C. 
If there is no color change the concentration of the oxide in air was less than 


'‘^German Patent 507,215, 1928; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs. 1931, 

25. 554. Also British Patent 308.661, 1928; Chem. Abe., 1930, 24. 458; and German Wtents 
^56.913 and 556,914, 1928; Chem. Abs., J933, 27, 805. Cf. Marx and Brodersen. German Patent 
511,544, 1929; assigned to I. G. Farbenindustrie A.-G.: Chem, Abs., 1931, 25, 1326. 

"British Patent 318.898, 1928; Chem. Abs., 1930. 24. 2539; British Patent 377.552. 1930; 
Chem. Abs., 1933, 27, 2754; German Patent 568,591, 1930; Chem. Abs., 1933, 27, 2754; German 
Patent 514,775, 1928; Chem. Abs., 1931, 25, 4352; German Patent 543,307, 1930; Chem. Abs, 
1932, 26. 3324. 

" T. Goldschmidt A.-G., German Patent 552,034, 1930; Chem. Abs., 1932, 26, 6083. 

Deutsche Gold- und Silber-Scheideanstalt vorm. Roessler, British Patent 353,354. 1930: Brit 
Chem. Abs. B, 1931, 908. 

"Zenlr. Gewerbehyg. Unfallverhiltung, 1930, 17, 264; Chem, Abs., 1931. 25. 4059. 

Hyg., 1932, 32, 409; Chem. Abs., 1932, 26, 5345. 

Z. Desinfekt. Gesundh., 1931, 178; Ar. Reichsegesundk., 1931, 64, (1), 83; Chem. Abs,, 1932. 

26. 1063. ‘ 

"The destructive action of ethylene oxide on various plants and shrubs when injected into the 

soil at the roots has been noted by Harvey, Science, 1931, 73, 100; Chem. Abs.. 1931. 25 4082* 
Phytopath., 1931, 21, 126; BHt. Chem. Abs. B, 1931, 1150. * -tw-, 

" Vorhees, u. S. Patent 1,862,874, June 14, 1932; assigned to Standard Oil Co. of Ind * 
Chem. Abs., 1932, 2^ 4168. 

"Fisher, U. S. Patent 1,895,032, June 24, 1933; Cheni. Abs., 1933, 27, 2559. 

Werntz, U. S. Patent 1,846,926, Feb. 23, 1932; assigned to E. I. duPont de Nemours ft 
Co.. Inc.; Chem. Abs., 1932, 26, 2468. 

"2. angew. Chem., m2, 45, 559; Chem. Abs., 1932, 26, 5877. 
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0.5 mg. per liter (phenolphthalein) or less than 0.1 mg. (bromothymol blue), 
and the air is safe. 

Another test consists in passing 50 cc. of air through 1 or 2 cc. of a 40 per 
cent potassium sulphocyanide solution to which is added 1 cc. of a phenolphthalein 
solution (1:1000). If a red color does not appear after warming the test tube 
(holding it in the hand) for 2 minutes, the air is free of ethylene oxide.^®* 

A quantitative determination, suggested by Deckert,^®® is based on the reaction 
between ethylene oxide and hydrochloric acid: 

C,H.O + Ha —^ CH.ClCH,OH 

A measured volume of air is led through 0.1 AT hydrochloric acid, containing 22 
per cent of sodium chloride. The solution is heated to 70® C. to convert all the 
oxide into ethylene chlorohydrin. The excess hydrochloric acid is titrated with 
O.l^V’ sodium hydroxide, using methyl-orange as an indicator. Each cc. of O.liV 
hydrochloric acid reacting represents 4.4 mg. of ethylene oxide. 

Lubatti'®* reported that Deckert’s method accounts for about 90 per cent of 
the ethylene oxide present in the air. He recommends that more soluble chlorides, 
particularly magnesium chloride, be substituted for sodium chloride. Further¬ 
more, the chloride solution should contain the equivalent of at least 30 grams of 
chlorine per 100 cc. 

The estimation of ethylene oxide by oxidation to carbon dioxide and water 
with potassium dichromate and sulphuric acid was described by Muller.^** 

/ 

Ethanolamines 


As previously stated in this chapter, the’ combination of aqueous ammonia 
with ethylene oxide results in the formation of a mixture of three basic sub¬ 
stances which may be separated by distillation. The proportions of the three 
products depend largely on the relative proportions of the reactants, an excess 
of ethylene oxide favoring the formation of triethanolamine.^®® The three bases, 
and particularly their mixtures, are assuming a position of importance in chemical 
industry. 

In the method of production described by Reid and Lewis,^®’^ ammonia and 
ethylene oxide are brought into reaction by passing a stream of a solution of one 
of the reacting substances at a temperature below 50® C. along a porous wall 
and diffusing the other reactant through the wall. In another procedure, the 
olefin oxide is added to an aqueous solution of ammonia.^®® Thus, 2600 parts 
of ethylene oxide are added slowly to 3870 parts of 25 per cent aqueous ammonia 
at 25® to 30® C. to give 90 to 95 per cent yield of triethancdamine. If 352 parts 
of ethylene oxide are added to 3400 parts of 25 per cenrammonia solution at 
10® C., monoethanolamine is formed almost exclusively.'*® 


Deckert, Z. angew. Ckem., 1932, 45, 758; Chem. Abs., 1933, 27, 685. 

anal. Chem., 1930, 82, 297; Brit. Chem. Abe. B, 1931, 180. Docker! suggested the*foll<fwtng 

reactions: 


CiHiO + NaCl + HjO CH,ClCHgOH + NaOH 
NaOH + HCI -♦ NaCl + HsO 

^^J.S.C.1.. 1932, 51, 361T. 

Chem.-Ztg., 1920, 44, 513; Chem. Soc. Abs., 1920, 118 (2), 515. 

***Knorr, Ber., 1897, 50, 909. Germann and Knight 0‘A.C.S., 1933, 55, 4150) described the 
preparation of pure triethanolamine. 

Canadian Patent 298,851, 1930; assigned to Carbide and Carbon Chemicals Corp.; Chem. Abs., 
1930, 24, 2756. 

‘“I. G. Farbenindustrie A.*G., French Patent 650,574, 1929; Chem. Abs., 1929, 23, 3232; 
British Patent 306,563, 1927; Brit. Chem. Abs. B, 1929, 315. Also Reid and Lewis, U. S. Patent 
1,904,013, April 18, 1933; assigned to Carbide and Carbon Chemicals Corp.; Chem. Abs., 1933, 
27, 3222. 

^ Cyclohexylethanolamines are similarly made from cyclohexylamine and ethylene oxide, I. G. 
Farbenindustrie A.>G., German Patent 535,049, 1927; Chem. Abs., 1932, 26, 995. 
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Arnold formed secondary and tertiary amines by passing alcohol and 
ammonia in the proportions af 3 to 4 parts alcohol to 1 part ammonia over a 
catalyst (alumina or thoria), 85 per cent of the ammonia being converted. 

The boiling points of the three bases are as follows: 

Monocthauohimhtc, NHsCH*CHfOH, 171® C. at 757 mm. 

Dicthauolawhir, NH (CHaCH*OH)2, 217® C. at 150 mm. 

Trirthauohimhie, N(CHiCH*OU )a, TIT" C. at 150 mm. 

The three ethanolaniines differ slightly in their chemical and physical prop¬ 
erties. lliey are miscible in all proportions with water, the ordinary alcohols, 
acetone, glycerol and ethylene chlorohydrin but not with diethyl ether and some 
aldehydes. The salts with the higher fatty acids are emulsifying agents and soaps. 

Momethauolamwc is a colorless, slightly viscous, very highly hygroscopic 
liquid with a faint but agreeable ammoniacal odor. The dinitrate of this com¬ 
pound may be prepared by dissolving the ethanolamine in excess nitric .acid, dis¬ 
tilling off the excess in vacuo and precipitating the dinitrate by pouring it into 
cold alcohol or alcohol-ether mixture.^**® The yield is said to be 88 to 97 per cent. 
The dinitrate has been proposed as an explosive either alone or mixed with other 
substances, 

Diethanolamuw is a colorless and odorless liquid having a viscosity like that 
of glycerol. Diethanolamine trinitrate has been proposed as an explosive.^*^ 

Triethanolamine, when pure, is a white crystalline solid at room temperatures. 
Commercial triethanolamine is a clear, viscous, and very hygroscopic liquid 
of d^J 1.124, soluble in most organic liquids containing oxygen, but only slightly 
soluble in hydrocarbons. De.spite its feeble alkalinity (dissociation constant, 
2.5 X 10^*)> stable salts are formed with most acids although its abietic acid salt 
is almost completely hydrolyzed in aqueous solution. 


Applications of the Ethanolamines 

Mixtures of the ethanolamines may be used in the purification of gases from 
carbon dioxide and hydrogen sulphide. A 50 per cent aqueous solution of a 
mixture of di- and tri-ethanolamines is employed for absorbing these acidic gases 
by countercurrent washing at room temperature. The resulting solution of the 
acid sulphides or carbonates of the ethanolamines readily decomposes at tempera¬ 
tures above 50® C. with regeneration of the absorbent.^^- A 50 per cent aqueous 
solution of triethanolamine (“Girbotol") will absorb 6.7 cu. ft. of carbon dioxide 
(measured under standard conditions) per gallon under a pressure of 760 mm. of 
mercury at 95® The advantages of the ethanolamines in gas purification 

are: less liquid is required for a given quantity of carbon dioxide than with 


U. S. Patent 1,799,722, April 7, 1931; a!>i»igned to E. I. iliiPont cle Nemours and Co., Inc.; 
Chem. Abs., 1931, 2S, 3012; Canadian Patent 315,H74, 1931; assigned to The Canadian Industries, 
Ltd.; Chrm. /ibs., 1932, 26, 1297. 

^^Naoi’iin and von Sommerfeld, German Patent 514,955, 1929; Chem. j4bs,, 1931, 25, 2739; 
German Patent .SI6,2»4, 1929; C/tem. 1931, 25. 3362; German Patent 517,832, 1930; Chem. 

/lbs., 1931, 25, 2740; all p.'itents assigned to Dynamit A.*G. vorm. Alfred Nol»el and Co. 

hynamit vorm. Alfred Nol>el and Co., I'rench Patent 696,632, 1930; Chrm. Abs., 1931, 

25, 2853.^ Naoiim and Ulrich, German Patent 500,407, 1929; Chem. Abs., 1930, 24, 4397; assigned 
to Dynamit A.-G. vorm. Alfred Nobel and Co. 

llottoms, U. S. Patent 1,783,901, Dec. 2, 1930; assigned to The Girdler Corp.; Jnd. Eng. 
Chem., 1931, 23. 501; Proc. Amor. Gas Assoc.. 1931. 13; 1071; Chrm. Abs.. 1932, 26. 4157; Chem. 
Met. Ettih. 1931, 38. 465. The Girdler Corp., British Patent 344,786, 1928; Chem. Abs.. 1931. 25, 
4671; French Patent 685,992, 1929; Chem. Abs., 1930, 24, 5898. Sec also Albright, Rrtiner, 1932, 
11 (1), 19; Chem. Abs., 1932, 26, 3090; Garrison, Proc. Amer. Gas Assoc., 1931, 13, 1056; Chem, 
Abs., 1932. 26, 5403. 

Lamberth, Oil and Gas J., 1932, 30 (45), 18. Also Mayer, Allgem. osierr. Chem.- n. Tech.- 
Ztg., 1931, 49 (9), 43; Chem. Abs., 1931, 25, 3814. 
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sodium carbonate; the vapor pressures of the absorbents arc low enough to obvi¬ 
ate loss of material by evaporation; and corrosion troubles are not encountered. 
The ethanolamines form more stable salts with sulphur dioxide, and hence are 
unsuitable for the removal of this substance from gases. 

Stanier suggested using the ethanolamines for extracting phenols from 
tar oils. The ethanolamine extract is diluted with water and tlien saturated with 
carbon dioxide or hydrogen sulphide to recover the phenols. Ethanolamines have 
been proposed as extraction agents for the refining of mineral oils.^^® The addi¬ 
tion of a small proportion (0.05 to 1.0 per cent) of butyldiethanqlamine to lubri¬ 
cating oils stabilizes their color.^** 

The ethanolamines have also been applied in the preparation of photographic 
films,and of wetting agents,^as plasticizers with cellulose esters,'^® as soak¬ 
ing and softening agents for hides and pelts,and as catalysts in the formation 
of phenol-aldehyde condensation products.*®^ These amines have served as pre¬ 
servative agents in rubber compositions,*®* as stabilizers for lead tetra-alkyls.*®® 
as inhibitors of iron corrosion by methyl and ethyl alcohols, glycol, or glycerol,’®® 
for the dehydration of acetic acid,*®® and in conjunction with boric acid or rosin 
for the electrolytic deposition of solid films of high dielectric strength.*®® Dis¬ 
solved in water or alcohol *®®® or in the form of their borates *®* the ethanolamines 
are of therapeutic value. 

Any one of the ethanolamines, as well as the technical mixture, combines 
readily with fatty acids to produce soaps,*®® whose consistency depends more 
upon the fatty acid employed than upon the particular ethanolamine. Mono- 
ethanolamine olcate has the consistency of petroleum jelly and the oleates of the 
other ethanolamines are only slightly less viscid. The stearate is a hard, wax-like 
solid. These soaps are soluble in water, the usual organic solvents (benzene, 
toluene, turpentine) and to a limited extent in lubricating and petroleum oils. 
Ethanolamine oleate possesses frothing and emulsifying properties and may be 
used for promoting oil-in-water emulsions. 

Among the many proposed applications for ethanolamine soaps the following 

*** Hritish Patent 344,614, 1931; assigned to South Metropolitan Gas Co.; Brit. Chem. Abs. B, 
1931, S28. 

Koscnstcin and Hund, British Patent 391,658, 1932; Brit, Chem. Abs. B, 1933, 5.5.5. Dietrich, 
11. S. Patent 1,882,002, Oct. 11, 1932; assigned to DeLaval Separator Co.; Chem. Abs., 1933, 
27, 594. 

‘••Adams, U. S. Patent 1,888,023, Nov. 15, 1932; assigned to Standard Oil Co. of Ind.; Chem. 
Abs., 1932, 27, 1502. 

Kodak-Path6. French Patent 732,933. 1932; Chem. Abs., 1933, 27, 240. 

‘••Frederic Stcinfels (Soc. Anon.) Fabrique de Savona Zurich. French Patent 717.031. 1931; 
Chem. Abs., 1932, 26, 2834. I. G. Far^nindustrie A.-G., French Patent 715,756, 1931: Chem. 
Abs., 1932, 26, 2026; Somerville, U. S. Patent 1,836,047, Dec. 15, 1931; assigned to Riihm and 
Haas Co.; Chem. Abs., 1932, 26, 1403. 

‘••Stand and Webber, U. S. Patent 1,880,514, Oct. 4, 1932; assigned to Kastman KofI.'ik Co.; 
Chem. Abs., 1933, 27. 601. 

‘••I. G. Farijenindustric A.-G.. British Patent 341.851, 1929; Chem. Abs.. 1933. 27. 625. 

*“ Cameron and Jackson, British Patent 364,304, 1929; assigned to The British Thomson-Houston 
Co.. Ud.; Chem. Abs., 1933. 27, 1774. 

Twiss .and Jones, British Patent 389,637, 1932; assigned to Dunlop Rubber Co., Ltd.; Brit. 
Chem. Abs. B, 1933, 437. 

Calcott and Parmelee, U. S. Patent 1,843.942, Feb. 9, 1932; assigned to E. I. duPont de 
Nemours and Co., Inc.; Brit. Chem. Abs. B, 1933, 296. 

“• Calcott and Walker, U. S. Patent 1,847,711, March 1, 1932; assigned to E, 1. duPont de 
Nemours and Co., Inc.; Brit. Chem. Abs. B, 1933, 53. 

“• Othmer, U. S. Patent 1,897,816, Feb. 14, 1933; assigned to Eastman Kodak Co.; Chem. Abs., 

1933. 27, 2695. 

‘••Samuel, British Patent 387,437, 1931; Brit. Chem. Abs. B. 1933, 313. 

‘•••Graves, U. S. Patent 1,913.631, June 13. 1933; Chem. Abs.. 1933, 27, 4351. 

‘•‘Rojahn, German Patent 582.149, 1933; Chem. Abs., 1933. 27, 5153. 

”• Trusler, Ind. Eng. Chem., 1931, 21. 685. See also Tru.sler, Soap, 1929, 4 (7), 33; Chem. 
Abs.. 1929, 23, 2588. An account of the industrial applications of ethanolamine soaps is given by 
.Smith, .Soap, 1931, 7 (12), 27; Chem. Abs.. 1932. 26. 866. For the use of ethanolamine soaps ns 
detergents see Moscowitz. U. S. Patent 1,847,437, March 1, 1932; Chem. Abs., 1932, 26. 2613; 
llovt, IT. S. P.'itent 1.833,899, Dec. 1, 1931; assigned to Larkin Co.; Chem. Abs., 1932, 26, 1147. 

(Seifensicder-y,fa., 193.1, 60, 310; Chem. Abs., 1933, 27, 5206) describes the pre|>aration 
<>t a h'ictli.'imitaniine riciuoleate soap. 
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may be mentioned: as a flux in soft sddering,^®® for increasing the electrical 
conductivity of light petroleum distillates (to minimize danger of sparking and 
explosion when cleaning with these materials), as ingredients for spray compo¬ 
sitions for agricultural purposes,^®^ in the preparation of sizes'®* and greasing 
agents'®« for textile fibers, and in the degumming of silk.'®® 

Monoethanolamine oleate has been suggested as a component of cleaning and 
polishing mixtures,'®* and the soaps of triethanolainine and oleic acid, or high 
molecular weight carboxylic or sulphonic acids, may be used as auxiliary agents 
(disinfectants or lubricants) in the textile, leather and paper industries.'*® 

The various soaps of triethanolamine (particularly the oleate and the linoleate) 
are useful for emulsifying'®®* and other purposes. The oleate is a viscous soap 
completely miscible with many organic liquids including hydrocarbons, except 
certain heavy mineral oils and fatty glycerides which may require the addition of 
an excess of acid to yield a clear solution. The use of triethanolamine soaps for 
emulsification purposes has been discussed by Wilson.'®' Combinations of tri¬ 
ethanolamine with fatty acids, oils, and solvents to be employed as detergents, 
lubricants, and dry cleaning compounds were described by Harvey.'** The prep¬ 
aration of various water emulsions for orchard-spraying purposes was given by 
Hockenyos.'*® 

The salts of triethanolamine with oil-soluble sulphonic acids"* or with sul- 
phonated castor or fish oils'" are said to be detergents, and the resinates or 
naphthenates have been proposed as sizes for textile threads."* Other uses for 
the triethanolamine soaps are as dispersing agents for dyes "* and in the prepara¬ 
tion of wick fibers."® 


Dioxan (Diethylene Dioxide) 

CH.CH. 

The close structural relationship of dioxan, O O, and the olefin ox- 

ides renders a description of this substance appropriate at this stage. 

McQuaid, U. S. Patents 1,785,134 and 1,785,135, Dec. 16, 1930; assigned to Grasselli 
Chemical Co.; Ckem. Abs., 1931, 25, 484. 

^Kritchevsky and Morrill, U. S. Patent 1,810,660, June 16^ 1931; Ckem. Abs., 1931, 25, 
4697; Canadian Patent 309,989, 1031; Ckem. Abs., 1931, 25, 3157; both patents assigned to Sparkless 
Cleaner Co. For reduction ot electrification of artificial sheets, films or foils, see Dreyfus, British 
Patent 387,710, 1931; Brit. Ckem. Abs. B, 1933. 302. 

Linstaedt, Canadian Patent 307,169, 1930; Ckem. Abs., 1931, 25, 767; U. S. Patent 1,890,158, 
Dec. 6, 1932: Ckem. Abs,, 1933, 27, 1709; both patents assigned to Hercules Glue Co. 

i«s£tab. Gamma, British Patent 364,902, 1931; Brit. Chsm. Abs. B, 1932, 304. Bianchini 
Ferier (Soc. en nom collectif), French Patent 40,532, 1930, addition to 615,134; Chem. Abs., 1933, 
27, 1523. I. G. Farbenindustrie A.-G., French Patent 41,447, 1932, addition to 669,517; Chem. 
Abs.. 1933, 27, 2774. 

*•*1. G. Farbenindustrie A.-G., French Patent 705,405, 1930; Chem. Abs., 1921, 25, 5300. 
Harvey, U. S. Patent 1,828,736, Oct. 27, 1931; assigned to Carbide and Carbon Chemicals 
Coro.; Chem. Abs., 1932, 26, 8S7. 

"•Bennett, U. S. Patent 1,807,563, May 26, 1931; Ckem. Abs., 1931, 25, 4142. 

I. G. Farbenindustrie A.-G., French Patent 710,415, 1931; Chem. Abs., 1932, 26, 1716. 

For a review of triethanolamine emulsions see Navarre, Am. Perfumer, 1933, 27, 650; Chem. 
Abs., 1933, 27, 1713. 

Ind. Eng. Chem., 1930, 22, 143. 

"•Proc. Am. Assoc. Textile Chem. Colorists, 1930, 24, 101; Amer. Dyestuffs Reptr., 1930, 19, 
185; Chem. Abs., 1930, 24, 3377. 

'•Ind. Eng. Chem., 1929, 21, 647. 

^ .‘"Reddish, U. S. Patent 1,780,144, Oct. 28. 1930; assigned to The Twitchell Process Co.; 
Bnt. Chem. Abs. B. 1931, 667. 

‘"Wall, U. S. Patent 1,812,615, June 30, 1931; assigned to Kali Manufacturing Co.; Chem. 
Abs., 1931, 25, 4954. 

Kousnetaoff, British Patent 363,448, 1930; Brit. Chem. Abs. B, 1932, 258; French Patent 
709,431, 1930; Chem. Abs., 1932, 26, 1455. Dreyfus, French Patent 741,369, 1932; Chem. Abs., 
1933. 27, 2773. 

*”I. G. Fa^nindustrie A.-G., British Patent 368,746, 1930; Brit. Chem. Abs. B, 1932, 671. 
Basch. French Patent 738.950, 1932; Chem. Abs., 1933. 27, 1995. 

‘"Dreyfus, French Patents 741,405 and 741,406, 1932; Chem, Abs., 1933, 27, 2825. 
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Dioxan is made in a number of ways, among which the following may be 
mentioned: 


(1) By heating ethylene bromide with ethylene glycol.*” 

(2) By the combination of ethylene oxide and ethylene chlorohydrin.*” Other prod¬ 
ucts, however, are formed at the same time. 

(3) By the action of sodium hydroxide on i9/3'-dichlorodiethyl ether,*” according to 
the reaction: 


CH.CH.Cl 

+ 2NaOH 


CH.CH. 




+ NaQ + H.O 


A 22 per cent yield of dioxan is obtained, the other product being j3-chloroethyl vinyl 
ether. Heating ^/3'-dichlorocthyl ether with metallic oxides, e.g., mercuric, lead, silver 
or cupric oxides, has been suggested.*" 

(4) By the action of dehydrating agents (for example, phosphoric acid) on ethylene 
glycol or by heating ethylene oxide with sodium hydroxide.*” 


The method of preparation, which is also employed industrially, is that orig¬ 
inally proposed by Faworski,^®® who obtained dioxan together with some ethyl 
acetal by distilling glycol with 4 per cent of sulphuric acid. Distillation of 
diethylene glycol (dihydroxydiethyl oxide) or a monoether derivative with sul¬ 
phuric acid also yields dioxan.^®^ Van Alphen^®* described a method of con¬ 
verting ethylene glycol into dioxan by heating it with anhydrous ferric sulphate, a 
procedure appearing to give good results. Mixtures of dioxan honiologues 
may be obtained by treating mixtures of glycols with dehydrating catalysts.*®® 
For example, twenty-five parts of olefin glycols (made from cracking gas) and 
1 part of concentrated sulphuric acid are heated to boiling in an acid-resisting 
distilling vessel, further amounts of the glycol mixture being added in amount 
corresponding to the quantity of dioxans distilling off. The yield of mixed 
dioxans, boiling point 95° to 150° C., was 80 per cent of the theoretical. On 
distilling 25 parts of propylene glycol and 1 part of concentrated sulphuric acid 
in the manner previously described, an 80 per cent yield of dimethyldioxan was 
obtained. A similar yield of diethyldioxan may be had from 1,2-butylene glycol 
in the same manner. High molecular weight polyglycols or polymers of alkylene 
oxides, when distilled in the presence of a dehydrating catalyst, are also said to 
yield dioxan and its homologues.*®®® 


Properties of Dioxan 

Dioxan is a liquid of faint odor, boiling at 102° C., melting at 11° C. 
and d-® 1.0329. Its heat of fusion is 33.8 calories per gram and molai heat of 

‘”LourcnQo, /tnn. chim., 1863, (3) 64, 275. 

Fourneau and Ribas, Bull. soc. chim., 1927, (4) 41, 1046. 

»”Cretcher, Koch and Pittenger. J.A.C.S., 1925, 47, 1173. Reid, U. S. Patent 1.879,637, 
Sept. 27, 1932; assigned to Carbide and Carbon Chemicals Corp.; Chem. Abs., 1933, 27. 313. See 
also British Patent 363,895, 1930; Brit. Chem. Abs. B, 1932, 378; French Patent 711,595, 1931; 
Chem. Abs., 1932, 26, 1947. Webel, German Patent 526,478, 1929; assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 737. 

Dreyfus, British Patent 374,134, 1931; Brit. Chem. Abs. B, 1932, 832. 

Davidson, Ind. Eng. Chem., 1926, 18, 669; cf. Knorr, German Patent 500.223, 1924; Chem. 
Abs., 1930, 24. 4307; German Patent 516.844, 1927; Chem. Abs., 1931. 25, 1841; both patents 
assigned to I. G. Farlienindustrie A.-G. 

^J. Russ. Phys.'Chem. Soc., 1906, 38, 741; Chem. Zentr., 1907, 1, 15. This method appears 
to be a fairly general one for the production of dioxan homologues. Thus, phenylglycol on heating 
with 4 per cent sulphuric acid yields the corresponding dimolecular ether. (Breuer and Zincke, 
Ber., 187^ 11. 1402.) 

I. G. Farbenindustrie A.-G., German Patent 507,761, 1926; Chem. Abs., 1931, 25, 524. 
trav. chim., 1930, 49, 1040; Chem. Abs., 1931, 25. 75. 

*•* I. G. Farbenindustrie A.-G., British Patent 318,758, 1929; Bnf. Chem. Abs. B, 1929, 973. 

•“•I. G. Farbenindustrie A.-G., German Patent 570,674, 1933; Chem, Abs., 1933, 27, 4252. 
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combustion, 554,6 calories.^** It is soluble in water and in many organic solvents 
and is a fair solvent for resins and fats. It has been suggested as a solvent for 
cellulose esters and also for the hydrolysis of cellulose acetate.^®® The tech¬ 
nical product usually contains some ethylene acetal as well as a peroxide probably 
derived from the latter. Both these substances can be removed by boiling the 
crude dioxan with one-tenth its volume of normal hydrochloric acid for several 
hours.Dioxan can be used for the extraction of lithium chloride from mix¬ 
tures with the chlorides of sodium and potassium.'®® 

The explosive properties of dioxan-air mixtures were studied by Jones, Sea¬ 
man and Kennedy.'®®* The lower inflammable limit of dry dioxan-air mixtures 
at room temperatures and pressures was 1.97 per cent by volume. The upper limit 
at atmospheric pressure and temperatures of 100° to 110° C. was found to be 
22.25 per cent by volume. 

From a purely chemical standpoint dioxan is of interest because of the ease 
with which it forms crystalline double compounds with halogens, metallic chlo¬ 
rides and other reagents. Of these the dibromide, m.p. 65°-66° C., and the 
diiodide, m.p. 84°-85° C, are characteristic.'®® With sulphuric acid it forms a 
compound of the formula, C 4 H„ 02 .H 2 S 04 , which may be crystallized from 
benzene and which melts at 101° C. With nitric acid in the cold it yields the 
addition product of the formula 3 C 4 H„ 02 . 4 HN 03 , which melts at 14° C.'®® 
Double compounds with stannic chloride have also been described.'®' 

Acetylation of dioxan with acetic anhydride in the presence of anhydrous 
ferric chloride yields small quantities of glycol diacetate together with ^/3'-di- 
acetoxydiethyl ether'®^ (diethylene glycol diacetate), boiling at 110° to 135° C. 
at 16 mm. 


CHaCHa 

o'^ '^o + 

\ / 

CII,CH. 


CH,CO 


/ 


CH,CO 


CH.CH,OOCCH, 

/ 

O 

\h,ch.oocch. 


Direct chlorination of dioxan at 90° C. produces 2,3-dichlorodioxan,’®’^ and 
ultimately, of several isomeric tetrachlorodioxanes.'®* 

Dioxolanes, Bogert and Roblin '®*“ prepared a series of cyclic acetals 
(1,3-dioxolanes) in yields of 25 to 35 per cent by the reaction of ethylene oxide 
with aldehydes and ketones in the presence of anhydrous stannic chloride. The 
properties of these compounds are given in Table 107. 

Roth and Meyer, Z. Elcktrochcm,, 1933, 39, 35; Chem. Abs., 1933. 27. 1566, 

Knorr, German Patfnt 431.249, 1925; assiRned to I. G. P'arhenindustric A.-G.; Brit. Chem. 
Abs. B, 1927, 249. Also British Patent 275,653, 1925; Brit. Chem. Abs. B, 1927, 905. Dimetlwl- or 
diethyhdioxan together with ethyl and Inityl alcohols have been sugge.9ted by Jordan (U. S. Patent 
1,919,727, July 25, 1933; assigiuvl to 1. G. Farbenindustric A.-G.; Chem. Abs., 1933, 27, 4943) as 
solvents for cellulose derivatives. 

*** Webber and Stand, U. S. Patent 1,826,335, Oct. 6, 1931; assigned to Kastman Kodak Co.; 
Chem. Abs., 1932, 26, 598. 

Eigcnberger, J. prakt. Chem., 1931, 130, 75; Chem. .Abs., 1931, 25, 3315. 

*“ Sinka, Z, anal. Chem., 1930, SO, 430; Brit. Chem. Abs. A, 1930, 1146. 

Eng. Chem., 1933. 25, 1283. 

Wurtz, /!n». chim., 1863, (3) 69, 321. Paterni and Spallino, Atti accad. Lincei, 1907, (5) 
16, 1, 87; Chem. Soc. Abs., 1907, 92 (1), 274. Rhciniwldt and Hoy, J. prakt. Chem., 1931, 129, 
273; Chem. Abs., 1931, 25, 2691. 

‘••Van Alnhen, Ree. trav. chim., 1930, 49, 1040; Chem. Abs., 1931, 25, 75. 

‘•^ Rheinboidt and Boy, J. prakt. Chem., 1931,. 129, 268; Chem. Abs., 1931, 23, 2691. 

Macleod, J.C.S., 1928, 3092. 

‘••Boeseken, Tellegen and Henriques, Proc. Roy. Soc. Amsterdam, 1931, 34, 631; Chem, Abs., 
1931, 25, 5170; Rec. trav. chim., 1931, SO. 909; Chem. .lbs., 1931, 25, 4849. 

«»• Butler and Cretcher, J.A.C.S., 1932, 54, 2987. 

*«•/..f.CS*., 1933, 55. 3741. 
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Table 107.'^Properties of Dioxolanes. 


Compound Boiling Point at nitn. 

•c. 

4-Methyl-2-phenyl-l,3-dioxolane . 118 

4-MethyI-2-nexyl-l,3*dioxolane . 102.5-103.5 

2-Mcthyl-2-hcxyl-l,3-dioxolane . 97 

2.4- Dimethyl‘-2-hcxyl-l,3-dioxolanc . 102 

2-Methyl-2-phenyl4,3-dioxolanc . 103.5-104.5 

(melting point 02) 

2.4- Dimethyl-2-phenyl-l,3-dioxolane . 105 

/ 


Homologues op Ethylene Oxide 


Of the higher olefin oxides only propylene oxide will be considered in any 
detail since the properties of the higher oxides have been little investigated. 
CH,CH-CH, 

Propylene oxide, \ / , is a liquid, boiling point 35“ C., which may 

O 


be prepared by methods analogous to those for ethylene oxide. In chemical prop¬ 
erties it is very similar to ethylene oxide though its reactivity is somewhat less.'®® 
It can be hydrated to propylene glycol and retluc^ to n-propanol. It reacts with 
alcohols and phenols to yield monoethers of propylene glycol, and with organic 
acids to form esters of this glycol. Like ethylene glycol it reacts with ammonia 
and amines. Thus, 1 mole of this oxide when heated with 2 moles of diethylamine 
in aqueous solutions (of either 33 or 70 per cent concentrations of amine), gives 
65 per cent of 3-diethylaminopropanol-2, a liquid boiling at 158“ to 159° C. 
(760 mm.).'®® 




CH, 


CHCH. 


(C,H.).NHCHaCHOHCH, 


Similarly, propylene oxide condenses with benzylamine at 100° C. to yield 

1- benzylamino-2-propanol and with i.soamyIamine to give 1-isoamylamino- 

2- propanol.'®^ The presence of water accelerates these combinations and in¬ 
creases the yields. 

Propylene oxide, like other oxides of the type, 


RCH-CH, 

\ / 

O 


and 


R 

\-CH, 


contains an asymmetric carbon atom and therefore exhibits stereoisomerism. 


Butene Oxides 

Three a-oxides of the butene series are known, namely: 

C.H.CH-CH 

1^-Btttene oxide, \ / boiling point 58.5“-58.9® C. 

O 

>«Boyd and Marie, J.CS„ 1914, 105. 2117. 

*** Krassuski and Pilyugin, Ukrainskii Khem. Zhur., 1930, 5, 135; Chem. Mbs.. 1931, 25, 2690. 
Kra.H.suski and Pilyugin, Ukrainskii Khem. Zhur., 1930, S, Part, 237: Chem, Abs.. 1931, 
25. .3632. 
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2J-Butene oxide, 


Isobutene oxide, 


CH.CH 

O, boiling point 56®“S7® C. 

CH, 

C-CHi, boiling point 51 *-52* C. 


Isobutene oxide is remarkable on account of the ease of combination with 
water, a reaction which takes place at ordinary temperatures with the evolution 
of heat,^®® It reacts with ammonia to yield aminotrimethylcarbinol as well as 
large amounts of secondary and smaller amounts of tertiary amines.^®® 

The number of the isomers of the olefin oxides increases greatly with increas¬ 
ing molecular weight. Little is known of these higher oxides and they are of 
little industrial significance. Of the pentene oxides, isopropylethylene oxide is 
hydrated to the corresponding glycol with difficulty. Its reactions with ethylamine 
and dietliylamine have been investigated by Krivonos.*®® 


Styrene oxide, 


GH.CH 
\ 




O, is an interesting aryl-substituted olefin oxide 


which could be produced in quantity if an industrial application of it were dis¬ 
covered. This oxide is prepared from crude styrene chlorohydrin which generally 
contains some of the corresponding dichloride.*®^ The crude chlorohydrin is 
decomposed with aqueous potassium hydroxide to yield 90 per cent of the oxide 
(b.p. 70® C. under 5 nun. pressure) and the styrene dichloride is recovered un¬ 
changed. Styrene oxide is remarkable for the ease with which it isomerizes to 
phenylacetaldehyde in the presence of dilute acids.*®* It readily combines with 
Iiydrogen cyanide to give the cyanohydrin of phenylacetaldehyde. 


**»Eltekov, J, Russ. Phys.-Chem. Soc., 1882, 14, 355; Ber., 1883, 16, Ref. 395; Chem. Soc. Abs., 
1883. 44, 566. 

Krassuski and Duda, /. prakt. Chem., 1908, (2) 77, 84; Chem. Abs., 1908, 2, 2226; Compt. 
rend.. 1908, 146, 236; Chem. Soc. Abs., 1908, 94 (1), 139. 

^ Ukrainskii Khem. Zhur., 1930, 5. 141; Chem. Abs., 1921, 25. 2690. 

•w I. G. Farl)en!ndu!itrie A.*G., HritLsh Patent 381,459, 1932; Brit. Chem. Abs. B, 1933, 54. 
Fourneau and TiflFeneau, Compt. rend., 1908, 146, 697. 



Chapter 24 

Miscellaneous Reactions of Olefins (I) 

A number of industrially important addition ^reactions of the simple olefins, 
notably with sulphuric acid and halogens and halogen acids, have already been 
discussed in some detail.^ In the following account some further reactions of 
these olefins, mostly of an additive character, also, are more briefly described. 
Though many of these miscellaneous reactions are imperfectly understood and 
perhaps of only academic interest, there are indications that at least. some of 
them may ultimately assume a position of importance in chemical industry. In 
one or two cases a single chemical reaction will convert olefins into chemical 
products which could previously be synthesized*only with difficulty by a compli¬ 
cated series of steps from other materials. Thus, for example, olefins can be 
converted into higher ketones by a reaction which proceeds smoothly and gives 
good yields. It is more than likely that some of these less-known reactions of 
the lower olefins will equal, if not exceed in importance such well-known and 
technically important processes as the combination with sulphuric acid for the 
manufacture of alcohols or the reaction with hypochlorous acid in the synthesis 
of chlorohydrins and their related compounds. Since almost inexhaustible sup¬ 
plies of the lower olefins are available at very low cost, the potentialities of some 
of the reactions discussed in this chapter, most of which are completely unex¬ 
plored from a technical standpoint, in organic chemical synthesis are great indeed. 

Condensation of Olefins with Aromatic Hydrocarbons 

The condensation of olefins with aromatic hydrocarbons in the presence of 
catalysts is a reaction which leads to the production of alkyl derivatives of the 
aromatic hydrocarbon. The importance of this reaction resides not only in the 
ease with which hitherto unknown or difficultly preparable alkylated aromatic 
hydrocarbons may be synthesized but also in the fact that certain of these 
alkylated hydrocarbons, particularly the polyalkylnaphthalenes, are possible syn- 
thetic lubricant hydrocarbons and their sulphonated products possess emulsifying 
and wetting properties. This appears to 1^ a most fruitful field of research in 
organic’ chemistry, not only from a purely scientific stapdpoint but also in con¬ 
nection with the production of technically important organic substances. The 
best catalyst which has been found for bringing about this condensation is 
anhydrous aluminum chloride but undoubtedly other anhydrous metallic halides 
such as boron trifluoride, ferric chloride, or stannic chloride may be used, espe¬ 
cially in the case of the more reactive olefins. In the presence of aluminum 
chloride double compounds of this chloride and hydrocarbons are frequently 
formed. These pasty double compounds must be decomposed with ice-water 
before the isolation of the desired product is attempted. Sulphuric acid will effect 
these condensations and catalytic addition in the vapor phase in the presence of 

»See Chapters 11, 13, 14, 16, and 20. 
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phosphates has also been proposed. The direct combination of ethylene with 
benzene in the presence of aluminum chloride to produce a mixture of ethylated 
benzenes was studied by Balsohn^ in 1879 and somewhat later by GattermanUi 
Fritz and Beck,* and Schleicher and Biittgenbach.* To effect this addition a 
stream of dry ethylene is passed through a suspension of aluminum chloride in 
dry benzene. Milligan and Reid® found that the reaction is considerably facili¬ 
tated by high-speed stirring. This mode of ethylation, in which ethylene is not 
to be considered merely as a substitute for ethyl chloride, produces all the possible 
ethylated benzenes, including hexaethylbenzene. According to .Berry and Reid,® 
the best proportion of aluminum chloride appears to be 1 mole to 13 moles of 
benzene and the optimum temperature is 70° C. When the stirring is stopped 
the reaction mixture separates sharply into two layers: a colorless top layer which 
contains only a trace of aluminum chloride, and a lower dark and more viscous 
layer in which the aluminum chloride is associated with about its own weight of 
hydrocarbon. It was shown that each of the hydrocarbons was partitioned be¬ 
tween the two layers but the aluminum chloride holds the higher ethylated 
benzenes in preference to the lower. From mono- to tetra-ethylbenzene, the con¬ 
centrations in the two layers do not differ, greatly but there is a marked accumu¬ 
lation of pentaethylbenzerie in the. lower layer. Table 108 shows the proportions 
of the products obtained by continuously passing ethylene through 100 moles of 
benzene in the presence of aluminum chloride at 70° C., with efficient stirring. 


Table 108 .—Products Obtained by Passing Ethylene Through Benzene in the Presence 
of Aluminum Chloride at 70** C. 


Ethylene 
Moles of 


Products 

(Per Cent by V,'eight of Ethylbenzenes) 


Absorbed 

CJHe 

Mono- 

Di- 

Tri- 

Tetra- 

Penta- 

Hexa- 

0.20 

87.9 

10,9 

1.24 

— 

— 

— 


0.56 

80.5 

15.2 

1.67 

0.71 

— 

— 

— 

1.14 

31.6 

35.2 

21.1 

4.0 

2.4 

2.8 

2.82 

1.38 

37,3 

30,1 

11.6 

6.7 

3.0 

3.2 

8.2 

1.68 

35.4 

23.4 

13.6 

6.3 

4.2 

3.6 

13.4 

3.66 

0.2 

1.1 

10.6 

56.2 

11.6 

1.5 

18.7 

5.24 


_ 

— 

7.0 

18.8 

2.4 

71.8 

5.74 

— 

— 

— 

— 

8.5 

0.9 

90.6 


It will be seen that continued absorption of ethylene favors the production 
of hexaethylbenzene. This hydrocarbon, which is a crystalline solid, is also pro¬ 
duced in good yield by the action of ethylene under pressure at room temperature 
on benzene in the presence of aluminum chloride.^ 

Berry and Reid « also investigated the condensation of ethylene and propylene 
with other aromatic hydrocarbons in the presence of aluminum chloride at 70° C. 
Toluene was ethylated more rapidly by ethylene than benzene and llie products 
contained a complex mixture of ethyltoluenes as well as ethylbenzenes and xylenes. 
Ethylation, therefore, was accompanied by splitting and rearrangement of alkyl 
groups. Propylene was found to combine with benzene much more slowly 
than ethylene under the same conditions. The reaction mixture separated into 
two layers, the lower being relativdy larger and more difficult to decompose with 
water than that obtained in the ethylation of benzene. The product consisted of 

*Bun. toe, chim., 1879, (2) 31, 539: Chtm. Soc, Abt., 1879, 36. 785. 

1899, 32. 1122. 

*J. prakt, Chem., 1923, 105, 355; Cktm. Abt., 1923, 17. 2873. 

*J.AX.S.. 1922, 44, 206; Jnd. Bug. Chem., 1923, IS, 1048. 

•J.A,C.S., 1927, 49. 3142. 

^SUnley. J.S.CJ., 1930, 49, 349T. 

■J.^.C.5.. 1927, 49, 3142. 
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a mixture of isopropylated benzenes, from the higher fractions of which was 
isolated a crystalline solid melting at 117** C. and boiling at 260® C. at 775 mm. 
This compound was thought to be 1,2,4,5-tetraisopropylbenzene. Two aliphatic 
hydrocarbons, which boiled at 28® C. and 56® to 59® C. (diisopropyl) were also 
produced, probably by splitting off of alkyl groups under the influence of alumi> 
num chloride. Table 109 shows the relative proportions of the products in the 
experiments of Berry and Reid on the propylation of benzene. 


Table 109.— Products Obtained by Passing Propylene Through Bensene in the Presence 
of Aluminum Chlonde at 70"* C. 


Moles of Products (Per Cent by Weifeht of Isopropylbenzene) 

Propylene -;— -^- 


Absorbed 

CAU 

Mono- 

Di- 

Tri- 

Tetra- 

Residue 

0.6 

16.3 

42.‘5 

27.0 

6.1 

2.1 

6.1 

0.75 

18.9 

52.0 

20.0 

3.0 

1.3 

4.8 

1.97 

1.4 

0.6 

3.9 

87.6 

3.3 

3.3 

1.93 

1.3 

15.6 

46.7 

46.7 

5.4 

— 


Examination of the diisopropylbenzene fraction showed that about 65 per 
cent was the meta-compound (boiling point 203.5® to 204.5® C.), whereas 
1.2,4-tri isopropyl benzene (boiling point 237® to 237.5® C. at 752 mm., 97® to 
97.5® C. at 4 mm., DJ 0.8764, 1.4855) constituted 75 per cent of the triiso¬ 

propyl fraction. 

Toluene was found to react with propylene at 70® C. in the presence of 
aluminum chloride much more rapidly than benzene and the products consisted 
of xylenes, triethylbenzenes, and m- and p-cymene, with a preponderance of 
p-cymene. Treatment of 276 grams of benzene with 290 grams of cyclohexenc 
and 60 grams of aluminum chloride at 55® C. yielded 50 grams of cyclohexyl- 
benzene, which boiled at 230° to 245° C., and a large proportion of high-boiling 
products. 

The production of mono- and poly-alkylated aromatic hydrocarbons from 
aromatic hydrocarbons and olefins appears to be a general reaction in the presence 
of aluminum chloride. The production of tertiary-butylxylene by condensation of 
isobutylene with xylene in the presence of aluminum chloride has been also 
effected.® Essner and Gossin obtained liquid amyltoluenes by the action of 
amylene on toluene in the presence of this reagent. Bodroux effected the com¬ 
bination of cyclohexene with benzene, toluene, m-xylene„ mesitylene, cyniene, 
diphenyl, diphenylmethane, dibenzyl, naphthalene, and tetrahydronaphthalene, in 
the presence of aluminum chloride in carbon disulphide solution to yield cyclo¬ 
hexyl- and dicyclohexyl-derivalives of these hydrocarbons. P'rom the products of 
the action of propylene on naphthalene in the presence of aluminum chloride at 
90° C,, Berry and Reid isolated isopropylnaphthalene. 

Cracked gasoline and kerosene fractions can be condensed with aromatic 
hydrocarbons in the presence of aluminum halides to yield alkylated aromatic 
products. The influence of the concentration of olefins (their relative proportion 
in the mixture), the amount of catalyst, the reaction temperature, and the method 
of adding the catalyst in such alkylations was studied by Tilicheyev and Kuruin- 
din.^® Table 110 shows the fractions which were separated from cracked paraffin 


* A.-G. fiir Anilin-Fabrikation, German Patent 184,230, 1906; Chem, Zentr., 1907, 2, 366. 

soc. chim., 1885, 42, 213; Chem. Soc. Abs., 1885, 48. 517. 

»/4nM. chim., 1929, (10) 11. 511; Chem. Abs., 1929, 23. 4936. 
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and made to react with benzene, by adding them slowly to a ten-fold proportion of 
benzene, the olefin content of each, and the yield of products: 


Table WO.—Production of Alkylated Bensenes from Cracked Paraffin Fractions. 


Per Cent 

Cracked Paraffin Fraction Olefin 

30*-40* C. 48.3 

Synthetic trimethylethylene . 

6S*-68* C. 49.8 

95*-98* C. 50.4 

120M27’ C. 48.1 

145M50" C. 52 

U>8M70‘’ C. 49.8 

Synthetic diamylene . 

195M96‘’ C. 48.3 

129"-139“ C. at 5 mm. 28.8 


Yield of Alkylated Benzene 
69.3% amylbenzene 
54.7% ter-amylbenzene 
76% hexylbenzene 
68% heptylbenzene 
72% octylbenzene 
58% nonylbenzene 
62% decylbenzene 
butyl-, amyl-, and hexyl-benzene 
44% undecylbenzene 
48% cetylbenzene 


A considerable number of processes have been developed for the production 
of alkylated aromatic hydrocarbons by the condensation of the lower aromatic 
hydrocarbons with olefihs in the presence of aluminum chloride. The raw 
materials may be aromatic hydrocarbons such as benzene and its homologues or 
polynuclear hydrocarbons such as naphthalene^* and the olefin may be one of 
the simple monolefins, for example, the lower gaseous unsaturated hydrocarbons. 
Davidson proposed to make alkylbenzenes, which can be blended with motor 
fuels, by condensing benzene or an alkylbenzene with olefins in the presence of 
aluminum or ferric chloride.^® The reaction can be advantageously conducted 
with vigorous agitation, under pressure, in a countercurrent system, at a 
temperature near the boiling point of benzene. The production of alkylated 
naphthalenes by the condensation of naphthalene with gaseous olefins under pres¬ 
sure at a temperature above 50° C. has been suggested by Michel.^® The products 
are said to be usable as lubricants for ice-machines,^®® as insulating oils,^®*^ and 
as motor lubricants. Michel also produced alkylnaphthalenes by a similar con¬ 
densation with gaseous olefins or olefin mixtures at 50° to 200° C. in the presence 
of aluminum chloride. For example, 128 kilograms of naphthalene and 4 kilo¬ 
grams of anhydrous aluminum chloride are stirred with ethylene under 20 atmos¬ 
pheres pressure at 100° to 200° C. The reaction is started by passing in a little 
dry hydrogen chloride. The ethylene is replenished until 38 kilograms have been 
absorb^. On distillation there are separated 25 kilograms of unchanged naph- 


The Edeleanu extract of kerosenes has been proposed as an appropriate aromatic material for 
this condensation by the I. G. Farbenindustrie A.-G., Uritish Patent 316,274, 1929: Brit. Chem. Abs. 
B, 1931, 55. This patent is an addition to British Patent 299,086, 1927: Brit. Chem. Abs. B. 

1928, 919. 

British Patent 303,505, 1928; assigned to Carbide and Carbon Chemicals Corp.; Chem. Abs., 

1929, 23, 4568. According to Davidson (U. S. Patent 1,879,118, Sept. 27, 1932; assigned to 
Carbide and Carbon Chemicals Corp.; Chem. Abs., 1933, 27, 401), the alkylbenzene serves to 
diminish spontaneous evaporation without substantially raising the end point or increasing detonation 
of casing-head gasoline. 

German Patent 550,494, 1927; addn. to German Patents 505,403, 1926; 523.691. 1926: and 
525,834, 1927; Chem. Abs., 1932, 26, 4065; iWd., 1930, 24, 5766; ibid., 1931, 2S. 3667; ibid., 1931, 
2S, 4282; all patents assigned to I. G. Farbenindustrie A.-G. See also Bnitish Patent 265.601 
1926; Chem. Abs., 1928, 22. 433; British Patent 273,665, 1927; Brit. Chem. Abs. B. 1928. 740* 
British Patent 295,990, 1928; Brit. Chem. Abs. B, 1930, 276; British Patent 321,187. 1928; Brit 
Chem. Abs. B, 1930, 180; British Patent 323,100, 1928; Brit. Chem. Abs. B, 1930, 363. U S 
Patent 1,766,344, June 24, 1930; Chem. Abs., 1930. 24, 4051. 

Sw Ernst and Lange, German Patent 494,429, 1925; assigned to I. G. Farbenindustrie A.-G.: 
Chem. Abs., 1930, 24, 2761. * 

‘•^See Michel, U. S. Patent 1,878,509. Sept. 20, 1932; Chem. Abs., 1933. 27, 410; British 
Patent 366,091, 1930; Chem. Abs., 1933, 27, 2640; both patents assigned to I. G. Farbenindus¬ 
trie A.-G. 

P28; 1,741,472. Dec. 31. 1929; Re-issue 17,548, Dec. 31 
1.878,963. Sept. 20. 1932; Chem. Abs., 1933, 27, 310; French Patent 
33,W7j^l^j addn., t^l^ench Patent 628,440; Chem. Abs., 1929, 23, 3718; all patents assigned to 
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thalene» 110 kilograms of oil boiling at 250® to 400® C. (which consists of a 
mixture of j8-monoethylnaphthalcne, di- and poly-cthylnaphthalenes and dinaphthyl 
derivatives), and 25 kilograms of undistillable residue. An oil which boils 
between 240® C. and 340® C. is obtained by treating 132 kilograms of tetra- 
hydronaphthalene with 2 kilograms of aluminum chloride and ethylene under 
pressure at 100® C. 

According to Michel,^® homologous olefins such as propylene and butylenes 
will react with naphthalene hydrocarbons, partially hydrogenated naphthalenes 
(e.g., tetrahydronaphthalene) or halogenated naphthalenes (e.g., a-chloronaphtha- 
lene or monochlorotetrahydronaphthalene) in the presence of a catalyst such as 
aluminum chloride, at .normal or even at reduced pressures and temperatures. 
Under these conditions ethylene is substantially unaffected. Ethylene may then 
be recovered from mixtures which contain other olefins. 

By passing propylene into a mixture of 128 parts of naphthalene and 4 parts 
of aluminum chloride at 80® C, with stirring, for example, the propylene is com¬ 
pletely absorbed and the reaction is complete when the increase in weight amounts 
to 1^ parts. Tlie reaction mixture may be decomposed with water, to give 
propylated naphthalenes from which it is possible to separate a crystalline hydro¬ 
carbon (tetraisopropylnaphthalene melting at 125° to 126® C.) by distillation. 

Treatment of 256 parts of naphthalene and 5 parts of aluminum chloride with 
butylene (a mixture of 1-butene and 2-butene) at 80® C. until the total increase 
in weight amounts to 260 parts, yields a mixture which, on distillation in vacuo, 
gives a principal fraction boiling at 200® to 250® C. at 20 mm. and consists of 
pol y butyl naphthalenes. 

Michel proposed to carry out the condensation of naphthalene, or its oxygen- 
free derivatives, with olefins in the presence of aluminum chloride and an inert 
solvent such as decahydronaphthalene. Mono- and di-ethylnaphthalenes (boiling 
between 140° and 200° C. at 20 mm.), tetraisopropylnaphthalene, tetrabutyl- 
naphthalene (boiling at 186° to 190° C. at 5 mm.), and other condensation 
products can be thus obtained. 

The direct combination of olefins with aromatic- hydrocarbons may be effected 
with catalysts other than aluminum chloride or anhydrous metallic halides. It 
has long been known that sulphuric acid catalyzes the direct combination of olefins 
with aromatic substances. Brochet found that benzene and hexene reacted 
together in the presence of sulphuric acid to yield a hexylbenzene and other 
products. Kraemer and Spilker showed that styrylxylenes were formed from 
a mixture of styrene and the xylenes in the presence of concentrated sulphuric 
acid. 

Barbier*2 prepared tert-butyl-p-cymene by treatment of a mixture of tert- 
butyl alcohol and p-cymene with concentrated sulphuric acid at temperatures be¬ 
low 0° C. Verley proposed to make alkylated aromatic hydrocarbons by shaking 
a mixture of an aromatic hydrocarbon, such as benzene, and an alcohol with a 
mixture of sulphuric acid and an alkali pyrosulphate. 

Pospiech obtained compounds possessing wetting and emulsifying properties 


>• U. S. Patent 1,767,302, June 24, 1930; Msign^ to I. G. Farbenindustric A.-G. 
German Patent 525,834, 1927; assigned to I. G. Farbenindustne A.<G. 


Also 


U. S. Patent 1,822,358, Swt. 8, 1931; Chem. Abs„ 1931, 2S, 5901. Sec also U. S Patent 
1.741,473, Dec. 31, 1929; Brit. Chem. Abs. B, 1930, 550; British Patent 323,100. 1928; bS. Chcm 
Abs. B. 1930, 363; all patents assigned to I. G. farbenindustric A.-G. 

(3)”Com|#. rend., 1893, 117, 115; Chem. Soc. Abe., 1893, 64 (1). 635; BuH. soe. chim., 1893, 

1890, 23, 3169; Ber., 1891, 24, 2785; ef. Spilker and Schade. Ber., 1932, 65, 1686. 

**Helv. Chtm. Acta, 1932, 15, 592; Chem. Abs., 1932, 26. 4035. 

*• German Patent 532,655, 1927; Chem. Abs., 1932, 26, 478. 

Hi.®- Clum. Abs.. IMl. M, ?I3; Gemna P.tcnt 544,889. 

1928; Cktm. Abs., 1952, 26, 3519; both patent, anigned to Chemisdie Fabrik Pott A Cb. 
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by condensing aromatic sulphonic acids with olefins at 85® to 100° C. The prod¬ 
ucts of this condensation are alkylated or arylalkylated aromatic sulphonic acids. 
For example, propylene is condensed with a mixture of a- and ^-naphthalene 
sulphonic acids in the presence of an excess of concentrated sulphuric acid at a 
temperature below 100° C., or naphthalenesulphonic acid (made by sulphonating 
100 kilograms of naphthalene with 150 kilograms of concentrated sulphuric acid 
at above 100° C.) is treated witli 135 kilograms of tetrahydrobenzene and 135 
kilograms of concentrated sulphuric acid at 85° to 90° C., to yield about 330 
grams of a viscous condensation product. DeGroote and Keiser-*’^* and DeGroote, 
Monson, and Wirtel used similar alkylated sulphonated aromatic compounds 
for breaking petroleum emulsions. 

Instead of employing free olefins for this condensation it has been suggested 
that substances l)e used which give rise to olefins under the conditions of the 
condensation, for example, alcohols of more than three carbon atoms, secondary- 
and tertiary-alkyl halides, or sulphuric acid esters of alcohols. Alkylated naph¬ 
thalenesul phonic acids may be produced by condensing naphthalencsulphonic acids 
with isopropyl or sec.-butyl alcohols, in the presence of sulphuric acid.-* Not 
only secondary and tertiary alcohols, but even primary alcohols can be dehy¬ 
drated to olefins under favorable conditions. Thus, the production of n-butyl- 
naphthalene by condensation of naphthalene with n-butanol in the presence of 
sulphuric acid at elevated temperatures has been described.^® 

The condensation of olefins with aromatic hydrocarbons may be carried out 
in the vapor or liquid phases in the presence of catalysts. For this purpose cat¬ 
alysts consisting of activjited hydrosilicjites or silica obtained therefrom have been 
proposed.-^ Bleaching earths, clays, or kaolins, are treated with acids, e.g., .25 
per cent sulphuric acid, at 1(K)° to 120° C. and the product is w^shetl and dried. 
It is stated that polyethylnaphthalenes are formed on treating, naphthalene at 
250° C. with ethylene under 20 to 40 atmospheres pressure in the presence of 
activated bleaching earth. Similarly, cyclohexanol and benzene yield cyclohexyl- 
benzene, and benzyl alcohol and benzene give diphenylmethane. Tetraisopropyl- 
napbthalene and other products are formed by passing propylene under pres¬ 
sure into a hot solution of naphthalene in decahydronaphthalene or benzine con¬ 
taining bleaching earth or fuller's earth as catalyst. The condensation of olefins 
with aromatic compounds at 300° to 400° C. at 15 to 50 atmospheres pressure 
in the presence of cerium metaphosphate or other phosphate, borate, or arsenate, 
that is, catalysts which are not reduced by hydrogen under these conditions, has 
also been suggested.*^® The condensation of ethylene with naphthalene, toluene, 
tetrahydronaphthalene, and anthracene, of propylene with toluene and of styrene 
with naphthalene also may be carried out. 

Products which resemble lubricating oils or soft resins have been obtained 
by the condensation of olefins with cyclic hydrocarbons which have more than 


U. S. Patent 1,842,934, Jan. 26, 1932; assigned to Tretolite Co.; Chem. Abs., 1932, 26, 

1 7 63* 

U. S. Patent 1,897,574, Feb. 14, 1933; assigned to Tretolite Co.; Chrm. Abs., 1933. 27, 

2796. 

"I. C;. Farbenindustrie A.-G., Ilritish Patent 267,132, 1926; Cheinische Fabrik Pott & Co.. 
French Patent 617,600, 1926; Brit. Chem. Abs. B, 1927, 963; Gunther, U. S. Patent 1,755.179, Aoril 
22, 1930; Chem. Abs., 1930, 24, 2848; German Patent 525,158, 1925; both patents assigned to I. G. 
Farbenindustrie A.-G. 

■•1. G. Farbenindustrie A.-G., British Patent 319,083, 1928; Brit. Chem. Abs. B. 1929. 964* 
British Patent 342.399, 1929; Brit. Chem. Abs. B, 1931, 476. 

Kheinische Katnpfer Fabrik 6.m.b.H., British Patent 319,205, 1929; Brit. Chem. Abs. B. 1931. 

105. 

•I. G. Farbenindustrie A.-G., British Patent 316,951, 1928; Chem. Abs., 1930, 24, 1866; Brit. 
Chem. Abs. B, 1931, 194. 

»I. G. Farbenindustrie A.-G., British Patent 327,382, 1930; Chem. Abs., 1930, 24, 5044; Brit. 
Chem. Abs. B, 1930, 602. 
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one ring in their structure.*® This condensation may be carried out in the pres¬ 
ence of an inert solvent, or the usual condensing agents such as aluminum chlo¬ 
ride, zinc chloride, or activated aluminum or zinc powder. The process may be 
varied by allowing the condensation reactions to take place in two stages, the 
resins being removed at the end of the first stage. Other compounds possessing 
wetting properties have been prepared by condensing hydrocarbons containing 
three-ring nuclei (or their halogen derivatives) such as phenanthrene or anthra¬ 
cene with olefins in the presence of aluminum chloride and hydrogen chloride.*®* 
Other catalysts and higher temperatures are used in the successive stages. 

Michel*^ employed the so-called Edeleanu extract as a source of lubricating 
oils, by condensing it with olefins in the presence of catalysts. For example, an 
Edeleanu extract of viscosity 1.4® Engler at 20® C. is ^treated with ethylene un¬ 
der 20 atmospheres pressure at 140® C. in the presence of anhydrous aluminum 
chloride until no more ethylene is absorbed. The product is washed with water 
and distilled to furnish a yellow oil of viscosity 4® Engler at 20® C. and a resinous 
residue. According to Michel, Pungs and Galle,*® the viscosity of mineral lubri¬ 
cating oils is increased by condensation with olefin gases under pressure in the 
presence, of a catalyst, for example, by treatment with a gas containing 24 per 
cent of ethylene and its homologues under a pressure of 20 atmospheres at 100® C. 
in the presence of anhydrous aluminum chloride. 

Olefins or alkyl chlorides and aromatic hydrocarbons (or alkylated aromatic 
hydrocarbons *-•) can be condensed with dibasic acid anhydrides, such as phthalic, 
in the presence of aluminum chloride to give ketonic acids, according to Bruson.*2»> 
The cobalt, manganese, and lead salts of such acids (secondary amyl benzoyl-o- 
bcnzoic or p-cymoyl-o-benzoic acid, for example) are said to be driers for paints 
and varnishes,*-® Similarly, olefins or low-test gasoline can be condensed with 
phthalic anhydride to give acids whose metallic salts can also be used as 
driers,*-* or for preparing oil-soluble soaps. Salts such as those of p-secondary- 
butylsalicylic acid have also been suggested as siccatives for paints.**^ 

No evidence has yet been reported to demonstrate whether olefins can be con¬ 
densed with completely saturated hydrocarbons, such as paraffins or cycloparaffins, 
to produce alkylated derivatives of these hydrocarbons. 


Condensation of Olefins with Phenols 


Just as olefins can condense with aromatic hydrocarbons to produce alkylated 
hydrocarbons, so alkylated derivatives of phenol can be produced also by con¬ 
densation of olefins with phenols in the presence of condensing agents. Catalysts 

** I. G. Farbenindustrie A.-G., French Patents 665,262. V928, and 665,402, 1928; Chctn. Abs., 
1930, 24, 930. Also British Patent 362.465, 1930; Brit. Chem. Abs. B, 1932, 220. 

1. G. Farbenindustrie A.-G., British Patent 326,500, 1928; Brit. Chem. Abs. B, 1930, 501. 
German Patent 516,653, 1928; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1931, 

25, 2845. 

** German Patent 548,578, 1927; assigned to I. G. Farbenindustrie A.-G.; Chem. .‘lbs., 1932, 

26, 4168. 

Bruson, U. S. Patent 1,934,033, Nov. 7, 1933; assigned to Resinous Products and Chemical Co. 
U. S. Patent 1,889,347, Nov. 29, 1932; assigned to Resinous Products and Chemical Co.; Chem. 
Abs^ 1933, 27, 1364. 

•*« Bruson, U. S. Patent 1,880,759, Oct. 4, 1932; assigned to Rohm and Haas Co.; Chem. Abs., 
1933, 27. 1527; Resinous Products and Chemical Co., British Patent 363,394, 1930; Chem. Abs., 1933. 

27, 1773; French Patent 711,198, 1930; Chem. Abs., 1932, 26. 1809. 

na Bruson, U. S. Patent 1,882,762, Oct. 18, 1932; assigned to Resinous Products and Chemical Co.; 
Chem. Abs., 1933, 27, 835; Resinous Products and Chemical Co., French Patent 711,199, 1930; Chem. 

Abs^ 1932, 26, 1810; British Patent 356.084, 1930; Chem. Abs., 1933, 27, 1773. 

»• Bruson, U. S. Patent 1,894.460, Jan. 17, 1933; Chem. Abs., 1933, 27. 2458; cf. U. S. Patent 
1.933,521, Oct. 31, 1933; Chem. Abs., 1934, 28, 662; both patents assigned to Resinous Products and 
Chemical Co. 

Bruson, U. S. Patent 1,933,520, Oct. 31, 1933; assigned to Resinous Products and Chemical Co.; 
Chem. Abs., 1934, 28, 662. 
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for this reaction appear to be anhydrous metallic halides, concentrated sulphuric 
acid, or certain activated bleaching earths. 

Sulphuric acid has been employed by a number of observers to effect the 
condensation of olefins with phenols. Koenigs ** and Anschutz and Beckerhoff 
obtained p*alkylated phenols by the action of olefins such as styrene and isoamy- 
lene on phenol in the presence of this condensing agent and Schrauth and Quase- 
barth*® condensed cyclohexene with phenol under similar conditions to produce 
17 per cent of p-cyclohexylphenol. It was shown by Niederl and Natelson that 
at low temperatures, condensation of olefins such as diisobutylene with phenols 
(e.g., m-cresol) yield ethers, such as m-cresol diisobutyl ether. Since some of 
these ethers can isomerize at higher temperatures in the presence of dehydrating 
agents, to the corresponding p-alkylated phenol, the reaction probably proceeds as 
follows: 

OH, OH + CoH«. —GH. O C«H,n + i —CnH,n4, Oil 


Additional evidence in support of this reaction mechanism has been advanced 
by Sowa, Hinton and Nieuwland,*^ who made a careful investigation of the con¬ 
densation of propylene with phenol in the presence of boron trifluoride as* catalyst. 
A whole series of isopropylated phenols and their isopropyl ethers was obtained, 
the quantitative relationship between the various products depending mainly upon 
the reaction temperature. The reactions which occurred were represented as 
follows: Propylene + phenol —> isopropyl phenyl ether o-isopropylphenol—> 
o-isopropylphenyl isopropyl ether 2,4-diisopropylphenol 2,4-diisopropyl- 
phenyl isopropyl ether —» 2,4,6-triisopropylphenol —> 2,4,6-triisopropylphenyl iso¬ 
propyl ether. By carrying out the reaction at 0® C., the main product obtained 
was isopropyl phenyl ether, which, however, was only present to a small extent 
when the reaction was effected at 20® C. At 40® C., the only reaction products 
isolated were 2,4,6-triisopropylphenol and its isopropyl ether, the latter predomi¬ 
nating. The condensation appears to stop at this stage, for no higher products 
were obtained. 

The condensation of cyclohexene with phenol in carbon disulphide solution 
under the influence of aluminum chloride was studied by Bodroux,®* who found 
the main products of the reaction to consist of o- and p-cyclohexylphenols, cyclo¬ 
hexyl chloride, and cyclohexyl phenyl ether. The propylation of m-cresol in the 
presence of sulphuric acid to yield mainly thymol (together with small amounts 
of 1,3,5-isopropylcresol and 1,3,4-propylcresoi) is described by Blagden.““ He 
has also treated sulphonated phenol and o-nitrophenol with propylene and sul- 
phonated m-cresol with ethylene. 

Linner*® suggested the condensation of olefins with phenols in the presence 
of aluminum chloride, ferric chloride, or zinc chloride, with a small proportion 
of alkyl halide or halogen acid to initiate the reaction. In the presence of a 
small proportion of ferric chloride, tertiary amyl chloride and phenol readily 


»Bcr., 1890, 23. 3145; ibid., 1891. 24, 3889. 

»*i4Mn., 1903, 327, 218; Chem. Soc. Abs., 1903, 84 (1), 556; cf. Standard Oil Develoimient 
Co.. French Patent 731,556, 1932; Chem. Abs., 1933, 27, 731. 

» 1924. S7B. 854; for the condensation of cyclohcxene with phenol see also Licbermann 

and Hartmann, Ber., 1892, 25, 957. 

^J.A.C.S., 1931, S3, 273; see also ibid., 1931, 53, 1928. 

” J.A.C.S., 1932, 54, 3694. 


^ Ann. chim., 1929, (10) 11. 511; Chem. Abe., 1929, 23, 4936. 

British Patent 214,866, 1923; assigned to Howard & Sons, Ltd.; Chem. Abs., 1924, IS, 

Austrian Patent 1^,281, 1931; assigned to Soc. Riechhold, Flugger and Boecking: Chem Abs 
1*"’.•931. as. 3013. U. S. Patent 1.8»a;996: 
Jaa. 3, 1933; aaalgmd to B«k, Kollcr and Co.; Chtm. Abt., 1933. 17. 2319. 
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react, with the liberation of hydrogen chloride, to give para-tertiary-amylphcnoL**’ 
Olefins absorb hydrogen chloride** to form the alkyl chloride. The mechanism 
of tills Linner process can be thus inferred. 

The condensation of propylene with o-, m-, or p-cresol in the presence of 
catalysts has also been described.** Catalysts include alumina, aluminum phos¬ 
phate, and thorium or tungsten oxides (alone or on carriers), zinc chloride and 
anhydrous acids. Olefins have also been condensed with phenols in the presence 
of certain activated hydrosilicates.** The propylation of 6-chloro-m-cresol by 
propylene in the presence of such catalysts to yield ultimately 6-chloro-thymol 
has been carried out. Bleaching earth or fuller's earth has sdso been used to 
effect the condensation of olefins with phenols.**. Thus, propyl tolyl ether and 
propylated cresols are formed by passing propylene into a hot solution of m-cresol 
in an inert solvent containing a bleaching earth, until absorption is complete.*** 
Substituted phenols can also be produced by the condensation of phenol with 
ethylene under pressure at 200^ to 500* C. in the presence of catalysts (such as 
cerium metaphosphate).** 

The condensation of phenols with olefins in the presence of surface catalysts 
has been effected.*^ For example, phenol when heated with propylene under 
15 to 20 atmospheres pressure at 140® C. in the presence of 10 per cent of tonsil 
for a short time, yielded the isopropyl ether of phenol togedier with a little 
n-propyl ether. Longer periods of heating at higher temperatures produced p-iso- 
propylphenol and p-propylphenol. Under similar conditions, phenol and cyclohex¬ 
ene condensed to yield the cyclohexyl ether which then isomerized to p-cyclohexyl- 
phenol. Cresol and cyclohexene first form the ether which then rearranges to 
1-methyl-4-cyclohexyl-3-liydroxybenzene. Alkylated cresol ethers are obtained by 
condensing olefins of more than two carbon atoms with cresol ethers in the 
presence of condensing agents such as aluminum chloride, sulphuric acid, or 
phosphoric acid.** The condensation of ni-tolyl methyl ether with isobutylene 
furnishes 3-methoxy-4-tert-butyltoluene, boiling at 228° C., and with propylene, 
a mixture of methyl ethers of isomeric thymols, which boil at 215® to 230® C. 

It appears, therefore, that the catalytic condensation of olefins with phenols 
is likely to prove a valuable synthetic method for the preparation of alkylated 
phenols and other substances.** These new products, commercial quantities of 
which have become available, are finding some application as new raw materials 
for the manufacture of oil-soluble synthetic resins.** Christiansen and Lott **• 
condensed cresol with amylene in the presence of sulphuric acid at less than 
10® C. to obtain amylcresols which may be used as bactericides. The possible 
extension of these reactions to condensation of olefins with purely aliphatic 

♦‘Lewis, 1903, 83, 329. See Chapter 34. 

♦* See Chapter 12. 

^ Kheinische Kampfer Fabrik G.m.b.H., British Patent 298,600, 1927; Chem. Abs,, 1929, 23, 2987. 

♦♦ Kheinische Kampfer Fabrik G.m.b.H., British Patent 319,205, 1929; Brit. Chem. Abs. B, 
1931, 105. 

♦♦ I. G. Farbenindustrie A.-G., British Patent 316,951, 1928; Chem. Abs., 1930, 24, 1866. 

Hofmann and WulfF (U. S. Patent 1,898,627, F^. 21, 1933; assigned to I. G. Farben¬ 
industrie A.-G.; Chem, Abs., 1933, 27, 2691) use boron fluoride for condensing cresol with ethylene 
at 300** C. to form tolyl ethyl ether. 

♦*1. G. Farbenindustrie A.-G., British Patent 327,382, 1928; Brit. Chem. Abs. B, 1930, 602; 
Chem. Abs., 1930, 24, 5044. 

♦* Schering-Kahibauin A.-G., British Patent 308,662, 1929; Brit. Chem. Abs. B. 1930, 940. 

Schering-Kahlbaum A.-G., French Patent 723,377, 1931; Chem. Abs., 1932, 26, 4135; British 
Patent 373,896, 1931; Brit. Chem. Abs. B, 1932, 878. 

^ For the condensation of cyclohexene with the three cresols, see Boettcher, Thesis, Berlin, 1931; 
Chem. Abs.. 1931, 25, 3662. 

^ I'nr the production of such a resin from para-tertiary-amylphenol, see Honel, French Patent 
676,456, 1929; Chem. Abs., 1930, 24, 3092; Ellis, **Synthetic Resins and Their IMastics,'* Chemical 
Catalog Co., New York. Para-tertiary-amylphenol has been advertised to the trade as “Pentaphen" 
(Sharpies Solvents Corp.). 

U. S. Patent 1,922,153, Aug. IS, 1933; assigned to E. R. Squibb and Sons; Chem. Abs., 
1933, 27, 5153. 
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hydroxy-compounds has also been indicated.®^ Thus, tertiary olefins can be made 
to react with aliphatic alcohols in the presence of sulphuric acid to yield the 
corresponding ethers, e.g., isobutylene can be condensed with methanol to fur¬ 
nish tert-butyl methyl ether. Olefins can also be condensed with unsaturated sub¬ 
stances containing one or more carbonyl or carboxyl groups, for example, maleic 
acid, crotonic acid, maleic anhydride, crotonaldehyde, acrolein, and quinone.®’* 
Thus, "amylene succinic acid” has been prepared by heating aniylene for 2 hours 
at 180® C with 20 per cent by weight of maleic anhydride. After cooling, the 
residue, from which unreacted amylene has been distilled, is treated with 20 per 
cent alkali. Two layers are formed, the upper of which consists of oily poly¬ 
merization products. From the lower aqueous layer the dibasic acids formed can 
be precipitated with a mineral acid and purified by recrystallization from water. 

Morrell and Egloflf®^® heated polymeric hydrocarbons such as those obtained 
from cracked distillates with phenolic material to ISO® C. in the presence of 
chlorine, air, ozone, or oxides of chlorine until the mixture thickened sufficiently. 
The product was said to be usable for molding under pressure. 


Condensation of Olefins with Organic Acid Chlorides 


The condensation of acyl chlorides with olefin hydrocarbons was observed 
by Kondakow,®- who found that isobutylene reacts with acetyl chloride in the 
presence of zinc chloride as catalyst to produce a chloroketone of the formula 


CH, 




CCICHsCOCH, 


/ 


CH, 


which was unstable and which, on heating, evolved hydrogen chloride with the 
production of mesityl oxide. In the same way, trimethylethylene reacted to pro¬ 
duce a chloroketone which was decomposed to a methylmesityl oxide derivative. 
The latter reaction was also investigated by Zelinski,®* who obtained from tri¬ 
methylethylene and acetyl chloride in the presence of aluminum chloride, tlie un¬ 
saturated ketone 


CH, 


\ 


C=C(CH,)COCH, 


CH, 


/ 


The condensation of a cyclic hydrocarbon, C«Hi 4 (l.l,2-trimethyl-2-cyclopen- 
tene or isolaurolene), with acetyl chloride in the presence of aluminum chloride 
was found by Blanc to furnish the corresponding unsaturated ketone. Conden¬ 
sation of the simple olefins, ethylene to octylene, with acetyl chloride was also 
investigated by Krapivin,®® who obtained, as pr^ucts, a series of unsaturated 
ketones of the type CH 3 .CO.CR=CH 2 . 


Ediund and Evans, British Patent 393,753, 1933; assigned to Bataafsche Petroleum Maatschappij; 
Chem, Abs., 1933, 27, 5752. 

Bataafsche Petroleum Maatschappij, French Patent 743,302, 1933; Chem. Abs., 1933, 27, 3720. 

^ ««»U. S. Patent 1,744.135, Jan. 21, 1930; Chem. Abs., 1930, 24, 1529; U. S. Patent 1,766,927, 
Chem. Abs., 1930. 24, 4409; both patents assigned to Universal Oil Products Co.; 
cf. l.G. Farbenindttstrie A.-G., French Patent 735,906, 1932; Chem. Abs., 1933, 27, 1221. 

Russ. Phys.-Chem. Soc., 1894, 26. 12; Chem. .Soe. Abs.. 1896, 70 (1), 462. 

Russ. Phys.-Chem. Soc., 1899, 31, 402; see also Krapivin, loc. cit. 

^BuU. soc. chim., 1899, (3) 19, 699; Chem. Soc. Abs., 1899, 76 (1), 630. 

"Bull. Soc. Imp. Nat. Moscow, 1908, 1; Chem. Zentr., 1910, 1, 1335; Chem. Abs., 1911. 
S, 1281. 
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A very careful investigation of this reaction in the case of cyclohexene and 
acetyl chloride was made by Darzens.*® From the reaction of 82 grams of 
cyclohexene with 78 grams of acetyl chloride in the presence of 138 grams of 
aluminum chloride in 600 grams of carbon disulphide in the cold, was obtained 
a chloroketone which was readily decomposed into cyclohexenyl methyl ketone by 
a weak base. The yield of this unsaturated ketone was 50 grams or about 42 per 
cent of the theoretical. The reaction mechanism proposed by Darzens is repre¬ 
sented by the following scheme: 


H 


CH 

I 

H.C CH, 
\/ 
CH. 


+ CH,coa 


CHCI 

h./>:h .CO.CH,* 

H,i: ^H. 

\:h. 


CH 


H.I 


H,l: (i:H. 


.CO.CH, 


+ HCt 


\:h. 


In order to recover the reaction product it was necessary to decompose the 
aluminum chloride complex with ice-water. Darzens tested the efficacy of various 
other anhydrous metallic halides in promoting this reaction. The chlorides of 
sulphur, copper, mercury, and stannous chloride were inactive; the trichlorides 
of boron, iron, and antimony catalyzed the reaction but with lower yields than 
those with aluminum chloride, and titanium tetrachloride was siitisfactory. How¬ 
ever, stannic chloride was found to give even better results than aluminum chlo¬ 
ride. Thus, treatment of 82 grams of cyclohexene and 78.5 grams of acetyl 
chloride in 600 grams of carbon disulphide with 250 grams of stannic chloride 
produced ultimately 60 grams of cyclohexenyl methyl ketone, which corresponded 
to a yield of 50 per cent. 

The condensation of ethylene with benzoyl chloride in the presence of alumi¬ 
num chloride in carbon disulphide solution was investigated by Norris and Couch 
and found to yield phenyl vinyl ketone as follows, though the yield was poor: 

+ C0H5COCI —CHa--CHCOGH, -h HCl 


Wieland and Bettag®® examined similar reactions, namely, the condensation 
of cyclohexene and trimethylethylene with acetyl and benzoyl chlorides in carbon 
disulphide solution in the presence of aluminum chloride at low temperatures. In 
this way the unstable j3-chloroketones were isolated in the form of their semi- 
carbazones. It was also shown that, on warming in carbon disulphide solution 
with aluminum chloride, these intermediate chloroketones are readily converted 
into vinyl ketones with elimination of hydrogen chloride. For this reason, unless 
a low temperature is maintained during the condensation of olefins with acyl 
chlorides, the unstable intermediate chloroketones are converted into the unsatu¬ 
rated ketones. Wieland and Bettag explained the reaction on the assumption of 
the formation of an aluminum chloride-acid chloride complex. Treatment of 20 
grams of cyclohexene, and 30 grams of acetyl chloride in 75 grams of carbon 
disulphide with 35 grams of anhydrous aluminum chloride at low temperatures 
yielded 15.8 grams of chlorocyclohcxyl methyl ketone which, in turn, readily lost 
hydrogen chloride to form tetrahydroacetophenone (cyclohexenyl methyk ketone). 
Similarly, benzoyl chloride and cyclohexene yielded 2-chlorocyclohexyl phenyl 
ketone which was converted into tetrahydrobenzophenone: 

^Compt. rend., 1910, 150, 707; Chem, Ahs., 1910, 4, 2093. 

1920, 42. 2329. 

^Ber., 1922, 55, 2246. 
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+ Ha 


CH ■ CHCI CH 

h.(5^\h \hcocji. \hcocji. 

I I + C.H.COC1 —► I I — II + HC! 

H.C CH H,C CH, H,C CH, 

\/ \/ \/ 

CH, CH. CH, 

It is evident from the foregoing results that the condensation of olefins with 
acid chlorides is a very general reaction leading to the formation of an unstable 
^-chloroketone which loses hydrogen chloride to yield an alkyl vinyl ketone. This 
general reaction may be written: 

X CO.R" CO.R^ 


R»-C==C-R’ + R^COX 

A. A 




-C=C-R’ + HX 


where R', R*, R*, and R^ are alkyl or aryl groups and X is a halogen atom. The 
condensation can apparently be effected by aluminum chloride, stannic chloride 
or titanium tetrachloride. Since aluminum chloride tends to polymerize olefins, 
for condensing the more reactive olefins with acid chlorides the milder catalysts 
such as stannic chloride can be employed with advantage. As the higher olefins 
are much more stable it would appear quite feasible to use aluminum chloride in 
condensing these substances with acid chlorides to produce higher ketones. The 
above reaction is worthy of further study not only on account of its obvious 
technical significance in the synthesis of higher ketones, but also because of its 
undoubted scientific interest. 

The condensation of ethylene with acyl chlorides in the presence of a Fricdcl- 
Crafts condensing agent has been employed to produce substituted vinyl ketones.®® 
A special case of this reaction is the condensation of phosgene with unsaturated 
hydrocarbons to yield chloro-acid chlorides. The reaction of phosgene with ethyl¬ 
ene under the influence of light to yield ^-chloropropionyl chloride according to 
the scheme, 

CH, CH.C1 

I +coa, —>• I 

CH, CH..COa 


was observed by Lippmann,®® and later Pace showed that this reaction can 
take place under the influence of aluminum chloride. The reaction is carried out 
by passing phosgene into a solution of the olefin in toluene at 35® to 40° C. in 
the presence of aluminum chloride until no more is absorbed. Under these con¬ 
ditions, ethylene yields )8-chloropropionyl chloride, which boils at 144.5® C.; and 
isoamylene, )8-chloro-y-methylvaleryl chloride, which boils at 168® C. Styrene 
and phosgene react to yield ^-chloro-j8-phenylpropionyl chloride (which melts at 
139® C. with decomposition). This latter reaction may be represented thus: 


C.H.CH 

II +COC1. —C,HoCHClCH.COa 
CH, 

This "synthesis of j5-chIoroacid chlorides appears to be of interest because of 
its possible large-scale use in the production of acids similar to acrylic acid and 

^ Schocller and Zullner, U. S. Patent 1,737,203, Nov. 26, 1929; assigned to Schering* 

Kahfbaum A.-O. 

^Auh„ 1864, 129. 81. 

Caxeftta, 1929, 59, 578; Brii, Chem, Abs. A, 1929, 1419. 
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its homologues, since j3-chloro acids readily lose hydrogen chloride to form tin- 
saturated acids of that type. For example, esters of acrylic acid are said to be 
produced by heating esters of ^-chloropropionic acid in the presence of catalysts 
such as barium phosphate, concentrated sulphuric or phosphoric acid, or zinc 
chloride.®* 

Condensation of Olefins with Bases 

The combination of ammonia and amines with olefins is a typical example of 
reaction which, although extremely promising from a scientific and technical 
standpoint, has received practically no attention from those interested in the 
chemical utilization of the olefins. On the pdrely scientific side, Taylor and 
Fmeleus studied the photochemical reaction of ethylene with ammonia and 
although the production of organic basic products was noted, the exact chemical 
nature of these products was not determined. Evidence from other sources, 
however, leads to the conclusion that the catalytic combination of olefins with 
ammonia results primarily in the formation of an alkylamine, thus: 

GH4 + NH, — ^ 

and this reaction is in all probability reversible within certain temperature limits. 
At higher temperatures, secondary changes may occur with the production of 
nitriles and cyclic bases. 

The direct catalytic combination of ethylene and ammonia in the vapor phase 
at elevated temperatures and increased pressures is stated by Wietzel to pro¬ 
duce ethylamine. The product obtained by reducing ammonium molybdate in a 
current of hydrogen, can be used as a catalyst for this process. The direct com¬ 
bination of ethylene and primary or secondary amines at temperatures up to 
400° C., in the presence of a catalyst to furnish secondary and tertiary organic 
bases, has also been suggested by Nicodemus and Schmidt.®® Activated hydro¬ 
silicates may be used as catalysts for the alkylation of ammonia and amines by 
ethylene under pressure.®® The condensation of aniline with ethylene to produce 
substituted anilines, as well as tertiary bases containing heterocyclically combined 
nitrogen, has also been stated to take place in the presence of cerium metaphos¬ 
phate (or other phosphate, borate, or arsenate not reducible with hydrogen) at 
200° to 400° C. under pressures above atmospheric.®^ 

Alkaline earth cyanamides have been prepared by passing ammonia and olefins 
over oxides or carbonates of the alkaline earths at 400° to 1000° C.®^® 

The condensation of ethylene with ammonia with the production of aceto¬ 
nitrile has been effected, for example,®® by passing a mixture of 10 volumes of 
ammonia, 10 volumes of ethylene, 30 volumes of hydrogen, and 5 volumes of 
nitrogen over zinc sulphate on silica gel at 450° C. A 95 per cent yield of aceto¬ 
nitrile is thus obtained. The formation of acetonitrile can be explained on the 

** 1 . G. Farbenindustrie A.-G., British Patent 351.518, 1930; Brit. Chem. Abs, B, 1931. 
1003. 

1931, 53, 562. See also ibid., 1931, 53. 3370. 

** German Patent 479,079, 1925; assign^ to I. G. Farbenindustrie A.-G.; Chem. Abs., 1931, 
25. 305. 

»German Patent 479,351, 1927; Chem. Abs., 1929, 23. 4709; German Patent 516.765, 1928; 
Chem. Abs., 1931, 25, 1839; both patents assigned to I. G. Farbenindustrie A.>G. See also British 
Patent 283,163, 1927; Chem. Abs., 1928, 22. 3892. 

** Rheinische Kampfer Fabrik G.m.b.H., British Patent 319,205, 1929; Brit. Chem. Abs. B, 
1931, 105. 

«I. G. Farbenindustrie A.-G.. British* Patent 327,382, 1928; Chem. Abs., 1930, 24, 5044. 

I. G. I'arbenindustrie A.-G., British Patent 368.424. 1930; Chem. Abs., 1933. 27. 2255. 

<•1. G. Farbenindustrie A.-G^ British Patent 283,163, 1928; Brit. Chem, Abs. B, 1929, 275; 
French Patent 38,072, addn. to French Patent 656,614. 
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assumption that ethylaniine, which is first formed, undergoes thermal dehydro¬ 
genation to acetonitrile: 

C.H, + NH, —CH,CH,NH. —CH.CN + 2H« 

Olefinic hydrocarbons can be condensed with aniline or similar arylamines by 
heating tlie reactants together in sealed tubes to temperatures up to 270° C. Hick- 
inbottom®® found that trimethylethylene reacted with aniline cobaltochloride, 
cobaltobromide, or hydrobromide, to yield the corresponding salts of p-amino- 
tert-butylbenzene. Later he observed that cyclohexene condensed with aniline 
and its hydrochloride, when heated in sealed tubes at 200° to 270° C., to produce 
4-aniinophenylcyclohexane together with an isomeric primary base, probably 2- 
aminophenylcyclohexane, and also some cyclohexylaniline. The reaction can 
therefore be represented as follows: 

CH. 

H^CH 

hJ: in 

cyclohexene 



In a similar way, cyclohexene and p-toluidine yielded a mixture from which 
4-amino-3-cyclohexyltoluene and cycldiexyl-p-toluidine were isolated. 


CH, 

CH 

Hi {h 


CH. 

/\ 


NH, 


\ 


CH. 


\/ 

NH, 


CH 


•C3' 


NH.CJIu 


The condensation of 1,4-dihydronaphthalene witli a mixture of aniline and its 
hydrochloride by heating in a sealed tube at 200° to 300° C. yielded mainly 2-p- 
aminophenyl-l,2,3,4-tetrahydronaphthalene, as represented: 


CH, NH, CH, 



It is evident, therefore, that two main types of condensation occur in the 
condensation of olefins with primary arylamines under the conditions studied by 

•7.C.5’., 1932, 2396. 

»Hickinbottom, J.C.S., 1932, 2646. 
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Hickinbottom, namely (1) a direct alkylation of the aromatic nucleus with the 
production of an alkylated primary arylamine, and (2) alkylation of the amino- 
group with the formation of a secondary base. ^ 

Resinous condensation products of carbazole (or its derivatives) with olefins 
have also been described.*^^ Mono- or poly-alkylated carbazoles or higher con¬ 
densation products are said to be obtained by heating carbazoles with olefins at 
100° to 200° C. in the presence of aluminum chloride, fuller's earth, tonsil, or 
frankonitc • in an inert solvent such as light petroleum. Propylene condenses 
with carbazole to give a soft resin, which boils at 210° to 240° C. at 1 mm. and 
which is probably diisopropylcarbazole, and with N-ethylcarbazolc also to form a 
soft resin which boils at 200° to 230° C. at 1 mm. Cyclohexcnc and carbazole 
yield a hard resin which distils at 270° to 340° C. at 1 mm. 

” Michel. U. S. Patent 1.916.629, July 4, 1933; Chem. Abt., 1933, 27, 4700; British Patent 
327,746, 1928; Brit. Chem. .4bs. B, 1930, 625; both patents assigned to 1. G. Farbenindustric A.*G. 



Chapter 25 

Miscellaneous Reactions of Olefins.(II)’ 

In the preceding chapter were discussed some of the miscellaneous reactions 
of the simpler olefins with the more generally known types of organic com¬ 
pounds, such as aromatic hydrocarbons and phenols. In this chapter are included 
reactions with a number of other substances such as sulphur dioxide, ketones, and 
nitrogen trichloride. The action of sulphonating agents on olefins to yield de¬ 
rivatives of ethionic acid is discussed in Chapter 46. With the exception of 
those reactions involving the use of oxides of nitrogen, which have been employed 
for the oxidation of petroleum hydrocarbons (see Chapter 39), these reactions 
apparently have been applied industrially to only a limited extent. Some of them, 
however, are the basis for analytical procedures, e.g., the estimation of unsatu- 
ratcd hydrocarbons with iodine monochloride (particularly for edible oils and 
fats), or with sulphur monochloride or mercuric acetate (for the lighter petroleum 
distillates). These reactions are of some interest both from the standpoint of 
the general properties and possible derivatives of the simpler olefins obtained 
from petroleum hydrocarbons, especially those from cracking operations. 

Condensation of Olefins with Ketones 

Little work has been reported of the direct combination of olefins with ke¬ 
tones. Brown,^ however, synthesized higher ketones, for example, methyl propyl 
ketone, by condensation of an olefin (ethylene) with a ketone (acetone). Pres¬ 
sures of over 50 atmospheres and a catalyst—a mixture of zinc and chromium 
oxides and zinc chloride—which accelerates hydrogenation and dehydrogenation 
are recommended. If this reaction should prove to be a general one for the 
alkylation of ketones, it would present an interesting aspect. Presumably ethyl¬ 
ene and acetone react in the following manner: 

GH4 + CH.COCHt —GHtCOCH, 

Reaction of Sulphur Dioxide and Sulphites with Olefins 

Sulphur dioxide, sulphurous acid, or sulphites combine directly with many 
olefins under appropriate conditions.* The products, unlike those obtained by the 
action of sulphuric acid on the monolefins, are not esters of the corresponding 
alcohols, but are very frequently stable sulphonic acids or condensed sulphur 
compounds of the sulphone type. In both of these types of compounds, the sul¬ 
phur atom is linked directly to a carbon atom and hydrolysis to an alcohol is 
impossible. The reaction with sulphurous acid is greatly influenced by the intro¬ 
duction of a carbonyl group in a position adjacent to the double bond, as in the 

^ U. S. Patent 1,757,830, May 6, 1930; aMigned to Commercial Solvents Corn.: Chem. Abs., 
1930, 24, 3247. 

* The addition of sulphites to acrylic, crotonic, cinnamic and other unsaturated acids was studied 
by Hagglund and Ringbom (Z. unorg, altgrm, Chgm., 1926, 150, 231; Chem. Abe., 1926, 20, 1165). 
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a-unsaturated ketones. This discussion, however, is limited to the reactions of 
the simple monolehn hydrocarbons. 

Matthews and Elder * stated that sulphur dioxide can combine with butylene 
and the amylenes under the influence of heat and light with the production of 
amorphous horn-like solids, that from butylene having the composition 
(€ 411 ^ 502 ) 0 . The direct combination of ethylene hydrocarbons with sodium, 
potassium, or ammonium bisulphite was studied by Kolker and Lapworth.* The 
main products of the reaction were the salts of alkylsulphonic acids, admixed with 
variable proportions of other salts, possibly alkyl bisulphites. Kolker and Lap- 
worth expressed this result by the general reaction: 


I R‘ R* 


7 / 

C=C +NaHSO, 

/ \ N. R* R* 

R* R* ^ 1 i 

H-C-C-OSO,Na 


R‘ 


Cyclohexene was shaken with 0.25 molar ammonium bisulphite solution and 
kieselguhr at ordinary temperature for several days. Kieselguhr, used as an emul¬ 
sifying agent, was found to have a favorable influence on the yield of sulphonate, 
especially when excess bisulphite was used. The product was cyclohexanesul- 
phonic acid, isolated as its soluble barium salt. Ethylene and 0.25 molar ammo¬ 
nium bisulphite solution at ordinary temperature and pressure yield ethanesulphonic 
acid (amide, m.p. 59° to 60° C., soluble in water) and technical amylene yielded 
86 per cent of crude soluble barium salts consisting of true sulphonic acid de¬ 
rivatives. From dipentene there was obtained mainly barium menthanedisul- 
phonate. 

Seyer and King ** found that pure cyclohexene did not react with dry sulphur 
dioxide. The presence of oxygen, however, caused the formation of an in¬ 
soluble compound, (CaHioSOj)^. Cyclohexadiene, on the other hand, reacted 
readily even in the absence of oxygen to form a white amorphous compound, 
(C4H,S02),. 

The direct combination of styrene with bisulphites was investigated by a num¬ 
ber of workers ^ but with somewhat inconclusive results. 

Sulphur dioxide reacts with diolefins® to form polymerized sulphones, of the 
type (CnH2n-2S02)n. It has been stated, however, that in the presence of stabilia- 
ing substances, particularly polyhydric phenols, unpolymerized sulphones can be 
obtained.^. For example, butadiene, liquid sulphur dioxide, and 1 per cent of 
quinol react slowly at 15° C. to yield the sulphone 


CHCH, 

II \ 




so. 


CH 

*Briti.<ih Patent 11,635, 1914; 1915, 34, 670. 

*J.C.S.. 1925, 127, 307. 

**J,A.C.S., 1933, S5, 3140. 

> von Miller, Ann,, 1S77, 189, 340. LtM.BuU. soc. chim^ 1899, (3) 21, 1077; Chem. Soc. Abs., 
1900. 78 (1). 149. DuPont and Labaune, Set, Ind. BuU., 1912, (3) 7. 3; Eighth Inter. Congr. Applied 
them., 1912. 25, 357; Chem, Abs., 1913, 7, 2188. 

*deRruin, Verstag Akad. Wetens., 1914, 23, 44S; Chem, Abs., 1915, 0, 623. Staudinger, German 
Patent 506.839, 1929: Chem. Abs., 1931, 23, 522. 

* Staudinger, British Patent 361,341, 1930: Brit. Chem. Abs. B, 1932, 301. 
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Corresponding products may be obtained from substituted butadienes and from 
isoprene. All such products are decomposed by heating to 120® C, 

On treating unsaturated fatty acids or esters (e.g., train oil) with air and a 
sulphite or bisulphite a mixture containing partly oxidized and partly sulphited 
products which form emulsions with hot water results. Such emulsions can be 
used for the treatment of leather.^* 


Reactions of Sulphur and Selenium Chlorides with Olefins 

The reaction of sulphur chloride and ethylene was first investigated by 
Despretz,® the product being an unpleasant-smelling viscous liquid, (iuthrie®* 
later described a product made in a similar manner, which was isolated without 
distillation and which had the empirical formula C^H^CloS-j. Pope ® subsequently 
showed that this was merely a solution of .sulphur in /?^'-dichlorodiethyl sulphide 
and that the reaction proceeded in the following manner: 


2 C.H 4 4- StOt 


CI1,CH,C1 


S 


/ 

'^CH.CH.Cl 


+ S 


It was found that the reaction must be carried out at temperatures below 70® C. 
to prevent considerable decomposition which otherwise ensues. The further re¬ 
markable fact was demonstrated, namely, that almost quantitative yields of 
dichlorodiethyl sulphide are obtained by using ethylene containing a trace of al¬ 
cohol vapor, whereas pure ethylene does not yield so pure a product. 

ySyS'-Dichlorodiethyl sulphide was used extensively during the World War as 
a poison gas (mustard gas or yperite) and was the most toxic of all such gases 
then available. As far as is known it is not employed in chemical synthesis, 
though it offers distinct possibilities in that direction.^'’ Diclilorocthyl sulphide 
may be used in the preparation of paints for the protection of ship bodies from 
deposits of shells.^®* 

The reaction of sulphur chloride with other olefins has been little investigated, 
but polymerization appears to be the main result. When propylene is treated with 
sulphur chloride at 50® to 60° C., condensation to dark colored semi-solid mate¬ 
rials occurs. 

Mineral oils which had been subjected to the influence of light in the presence 
of aluminum sulphate can be converted to a rubber substitute, according to 
Gir6n,“» by heating with sulphur or sulphur chloride and magnesium oxide. 


I. G. Farbenindustrie A.-G., British Patent 387,013, 1931; Brit. Chem. Abs. B. 1933, 341 
*Ann. chim. phyj., 1822, (2) 21, 428; see Schotz, “Synthetic Organic Compounds,'’ D.’ Vati 
Nostrand Co., New York, 1925. 296. 

1860, 12, 116; ibid., 1861, 13. 134; Ann., 1861, 119, 91; ibid., 1862, 121, 106; see also 
Nieumann, Ann., 1860, 116, 288. Other methods of preparing this cumtwund were given by Afever 
(Ber., 1886, 19, 3260) and by Clarke U.C.S., 1912, 101, 1583). ^ ^ 

•Pope, J.ii.C.l., 1919, 38, 344R; Gibson and Po|>e, J.C..S., 1920, 117, 271; Pope, JCS 1921 

U9, 634. 

*• For some of the reactions and derivatives of this conii>ound see Helfrich and Reid, J d C 9 
1920, 42, 1208. The description of a plant for the manufacture of mustard gas is given by Quinaii' 
Jnd, Chem., 1931,^ 7, 474, 491; Brit. Chetn. Abs. B, 1932, 330. For a review of the preparation, 
chemical and physiological properties of mustard gas and the treatment of gas cases, see Meickebekt 
/. pharm. Belg., 1932, 14. 93; Chem. Abs.. 1932, 26, 3230. * 

Varshavskii and Yakubovich, Russian Patent 28,267, 1932; Chem. Abs., 1933, 27. 3835 
“Coffey, J.C.S., 19^1, 119, 94. Cf. Conant. Hartshorn and Richardson. J.A.C.^., 1920. 42 585 
French Patents 714,953 and 714,954, 1931; Chem. Abs., 1932, 26, 1768. 
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Ethylene reacts with selenium tnonochloride to yield free selenium and 
dichlorodiethyl selenide dichloride, thus: 


2C,H* 4- 2SeaCl, 


Cl CHaCHsCl 
3Se + Se 

c/ \H,CH.a 


It was shown by Boord and Cope that this reaction actually takes place in two 
stages, the free selenide being produced in the presence of an excess of ethylene 
while the selenitic dichloride is always formed when the seleiiiuni' nionochloride is 
in excess. Similar reactions were observed in th^ case of propylene and butylene. 

Hydrolysis of these selenide dichlorides results in the elimination of the chlo¬ 
rine.^* In this manner jSjS'-dichlorodiethyl selenide dichloride is converted to 
^)8'-dichlorodiethyl selenide oxide and this in turn to j8)8'-dihydroxydiethyl selenide 
oxide. 


Cl CHaCHaCl 

+ H,0 

Cl'^ \H.CHaCl 


CHaCHaQ 

OSe"^ 4- 2HC1 

\ 

CHaCHaCl 


CHaCHaCl 


OSe 


/ 


\ 


4-2H,0 


CHaCHaCl 


CHaCHaOH 


OSe 


/ 


\ 


4-2HC1 


CHaCHaOH 


Heating ^^'-dichlorodiethyl selenide dichloride to 120® to 130® C. gives selenium 
and ethylene chloride. 

The reaction between selenium oxychloride and several of the monolefins has 
been studied by Frick.^* It was found that the corresponding chloroalkyl selenide 
dichlorides are always produced regardless of whether the olefin or the oxychlo¬ 
ride is in excess. Since selenium dioxide is the only other product of the reaction, 
the change can be represented, in the typical case of ethylene, by 


2C,Ha 4- 2SeOCI, 


Cl CHaCHaCl 

)se/ 

Cl'^ ^CH,CH,a 


4- SeOa 


or, generally 

2CnH«, + 2SeOCla —>- (ClCnH,»),ScCl, 4- SeO, 

Thus, on passing dry ethylene into a solution of selenium pxychloride in anhydrous 
chloroform, /9)9^-dichlorodiethyl selenide dichloride was obtained as white crystals, 
which melted at 121.5® C. In the same way propylene, butene-2 and amylene 
yielded the corresponding propyl, butyl, and amyl derivatives, respectively, 

Lenher recommended selenium oxychloride as a solvent for the removal of 
unsaturated hydrocarbons from mixtures with saturated hydrocarbons, as the 
latter do not dissolve in this solvent. 

Dausor, Cibson and Pope, J.C.S., 1920. 117, H53; Heath and Senion, ]$td. luig. Chem., 1920, 

12 , 1101 . » 

**J.A.CS., 1922, 44, 395. 

** Smedslund, Finska Kern. Medd., 1932, 41, 13; Brit. Chem. Abs. A, 1933, 374. 

»1923, 45, 1795. 

*«U. S. Patent 1,473,350, Nov. 6, 1923; Chem. Abs., 1924. 18. 401. 
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Reactions of Nitrogen Trichloride and Nxtrosyl Chloride with Olefins 

Nitrogen trichloride combines directly with many olefins in dry carbon tetra¬ 
chloride solution at low temperatures (—10® C.) with the formation of C-chloro- 
N-dichloramines, many of which readily undergo reduction in the presence of dry 
hydrogen chloride to yield monochloro-derivatives of aliphatic amines. These 
reactions may be represented in the following general manner: 


R* R* 

\/ 

C 


+ Na. 




R' R* 
\/ 
C~C1 


L 


C—NCI. 


R‘ R* 
\V 

reduction C-—Cl 



They have been investigated by Coleman and his collaborators.^^ Great differences 
were found in the rate of reaction of the individual simple olefins with this re¬ 
agent. This difference is indicated by the fact that at 20® to 25® C., two weeks 
or more are required for the completion of the reaction with ethylene, while with 
isobutylene the reaction, even at —45® to —50® C., is complete within two or 
three hours. 

Ethylene reacts with nitrogen trichloride to form nitrogen, ammonium chlo¬ 
ride, ethylene dichloride, and 2-chloro-l-dichloramino-ethane, the latter compound 
being converted by hydrogen chloride into l-amino-2-chlorethane. Propylene re¬ 
acts more rapidly than ethylene to yield similar products, but only one of the 
two possible chloramines is formed: 

CH, 

inNci, 


With isobutylene, a stable chloramine of the constitution 


CH, CH,a 

\/ 

C 

CiU \ci. 


was formed. This compound was not reduced by hydrochloric acid (as were its 
homologues) but was converted into its hydrochloride. Butene-2 combines with 
nitrogen trichloride fairly rapidly with the formation of a moderate yield of 2- 
chIoro-3-dichloraminobutane, readily convertible into 2-chloro-3-aminobutane. 
Butene-1 yields only one of the two possible isomers, namely, l-chIoro-2-dichlor- 
aminobutane. Trimethylethylene yielded no chloramine but only chlorinated deriv¬ 
atives. Stable compounds were obtained from pentene-2 and cyclohexene. 

The behavior of certain aryl-substituted olefins toward nitrogen chloride was 
also investigated. Styrene and stilbene react fairly rapidly with nitrogen tri¬ 
chloride in carbon tetrachloride solution to form nitrogen, the dichloride of the 

” Coleman and Howells, J,A.C,S., 1923, 45, 3084; Coleman, Mullins and Pickerintf, J,A,CS., 
\9i8, 50, 2739; Coleman and Campbell, J.A.C.S., 1928, 50, 27S4. 
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hydrocarbon, a small amount of ammonium chloride and a C>chloro-N-dichlor- 
amine, which in each case is readily convertible to the corresponding C-chlor- 
amine. The constitution of the bases formed are as fallows: 


C.H.CH-=CH, + NCI. 


CH.C1 

CM.Cl/' 

\ 

NO, 


cH,a 

GH,CH^ 

\h. 


c.h,c:h c.H.CHNa. c,h.chnh. 

I +Na. —I —I 

C.H,ai GH,CHa • C.H,CHa. 


Several other aromatic olefins were studied, namely, 1,1-diphenylethylene, 1,1- 
diphenylpropene-1, triphenylethylene, and tetraphenylethylene. None of these 
yielded stable addition products with nitrogen trichloride. 

The reaction of nitrosyl chloride with unsaturated hydrocarbons was first 
observed with the terpene hydrocarbons by Tildcn and Shenstone.'® It soon 
proved a valuable reagent for the study of these complex substances, with which 
it frequently forms characteristic crystalline addition compounds useful for iden¬ 
tification purposes.^® The first observation of the addition of nitrosyl chloride 
to simple olefins appears to have been made with amylene.^® 

Of the olefins which are capable of combining additively with nitrosyl chloride, 
the following types may be mentioned: trimethyl- and tetra-methylethylenes,®^ 
cyclohexenes,®® ethylene derivatives of the type RjC—CHg, and hydrocarbons,®® 
having a semicyclic double bond and a side chain, such as methylenecyclopentane. 

\ 

As a general rule, unsaturated hydrocarbons possessing the structure C—CHg 

/ 

or —CH=CH 2 do not normally yield crystalline products with nitrosyl chloride. 
On the other hand those with the structure RaC—CRa usually form crystalline 
nitrosochlorides.®* 

The action of nitrosyl chloride on olefins to give nitrosochlorides may be rep^ 
resented by 


V 

|[ +NOC1 

/\ 


\/ 

C-Cl 


These nitrosochlorides, which are conveniently prepared by the addition of con¬ 
centrated hydrochloric acid to a solution of the olefin and ethyl nitrite in glacial 
acetic acid at 10° C, are generally crystalline, bimolecular solids.®* On treatment 
with alkalies they readily yield oximes, from which ketones may be obtained, so 
that they are often valuable in deciding questions of constitution. For example, on 


1877. l, 554. 

»WalUch, Ann,, 1888. 245, 246; Chtm. Soc. Abs., 1888. 54. 1098; Ann., 1889, 252, 106; Chem, 
Soc. Abs., 1889, 59. 1069; Wailach and Otto. Ann., 1889. 253. 249; Chem. Soc. Abs., 1890. 58. 169. 
• “Tonnies. Ber., 1879, 12, 169. 

» Schmidt. Ber., 1902. 35. 2323. 3727. Thiele. Ber., 1894, 27, 454. 

» Baeyer, Ann., 1894, 278, 108. Wailach. Ann., 1905. 343. 40. 

>«Watlacii, Ann., 1906. 347, 316. 

M Wailach. Ann., 1887, 241, 312. Schmidt and Austin. Ber., 1903. 36, 1768. Thiele. Ber., 1894, 
27. 455. 

Baeyer, Bet,, 1895, 88 , 639. Wailach, Ber., 1895 , 28. 1308. 
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carefully warming the nitrosochloride of trimethylethylene with alkalies the iso¬ 
meric oxime is obtained. 

(CH«).CC1 (CH,),CCl 

ch,(!:hno ^ CH.I:=NOH 

Nitrosochlorides may be condensed with amines to yield stable condensation 
products. 

Among the simple olefins, the ability to combine directly with nitrosyl chlo¬ 
ride increases with increasing molecular weight and particularly with the intro¬ 
duction of methyl groups into the molecule. While propylene combines with 
nitrosyl chloride to form both propylene dichloride and propylene nitrosochloride, 
ethylene forms only ethylene dichloride. 


Reaction of Nitrogen Oxides with OlefxN Hydrocarbons 

When nitrous acid fumes are allowed to react with olefins at low temperatures 
a number of products are obtained, among which the so-called nitrosites and 
nitrosates are of importance. These substances, which in the solid state are 
usually bimolecular and hence are called bisnitrosites and bisnitrosates, are char¬ 
acterized by the following groupings: 

-i-i- -Let- 

II II 

NO ONO NO, ONO 

nitrosites nitrosates 

The action of pure nitrogen tetroxide (N 0 O 4 ) on olefins gives rise to solid 
bisnitrosates but the yields are very poor, being often only about 10 per cent 
of those obtained with amyl nitrite and nitric acid at —10® The formation 

of solid compounds with nitrogen peroxide appears to be a general property of 
olefins which contain the double bond between a secondary and a tertiary or be¬ 
tween two tertiary carbon atoms. The experiments of Schaarschmidt and Hof- 
meier showed that the addition of nitrogen peroxide to various olefins is 
accompanied by oxidation and that the addition compounds undergo internal oxi¬ 
dation, particularly if the temperature of the reaction is allowed to rise, resulting 
in the reduction of nitric oxide residues mainly to nitrogen. It seems prob¬ 
able that the phases of the addition may correspond with the production of the 
forms 

—CH(NO)CHONOr- 
--CH(NO,)CHONO-- 
—CH(NO,)CHNOr- 
and —CH(ONO)CH(ONO)— 


The bisnitrosates react readily with aniline to give uniform yields (70-80 per 
cent) of the corresponding nitrolamines. Thus, 2-methylpentene-2 nitrosate con¬ 
denses with aniline to yield 2 -methylpentene -2 nitrolaniline, a solid melting at 
86 ® C. 

Demyanov and Williams made addition compounds of nitrogen trioxide and 


Tilden and Sudborough, J.C.S., 18V3, 63, 479. Cf. Tilden and Forster, J.C.S.. 1894. 65. 324 
Schaarschmidt and Hofmeier, Ber., 1925, S8B, 1047. 
ttKIingstedt, Ber., 1925, 58B, 2363. 

» Bnil. acad. sci. U.SS.R., Ciasse set. math, nat., 1931, 1123; Chem. Abs., 1932, 26, 3238. 
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tetroxide with unsaturated hydrocarbons. Some of these were crystalline and 
stable, while others were liquids and sometimes decomposed violently. They also 
reported that: (1) reduction of the addition products of nitrogen oxides to unsat¬ 
urated hydrocarbons may serve for the preparation of diamines or hydroxyamines; 
and (2) no direct nitration of an unsaturated fatty nitro-compound by nitric 
acid is known to occur, therefore nitro-compounds formed are decomposition 
products of the original addition compounds. 

The action of nitrogen pentoxide on ethylene and related hydrocarbons has 
been studied by Demyanov.®® Glycol nitrates and addition products, in which 
nitrogen is linked to carbon, were formed. Tetramethylethylene gave three 
crystalline addition compounds: CgHi^NoOe, CeHioNgOg, and CoH, 2 N 204 , which 
were reduced to pinacol, glycolamine and diamkie, respectively. No crystalline 
substances could be isolated from the products of the reaction with ethylene but 
the nitrate was detected by its explosive character, and diaminoethylene, 
(CH 2 NH 2 ) 2 , and glycolamine were obtained after reduction. This seemed to 
indicate the presence of CgHaNgOa. It was observed also that nitrogen pentoxide 
added easily to cyclohexene. In addition to the nitric esters, which were the 
main reliction products in each instance, dinitro-coripounds, dinitro-alcohols, and 
nitro-nitrates were obtained. 

Dcniyanov suggested that the colored nitroso-conipounds may be interme¬ 
diate reaction products, as follows: 


-C(CH.),-hO 

NO NO, 

(CH,),C-C(CIIa), + 0 

NO (l)NO, 


(CH,).C--C(CH,)! 

I i 

NO. NO. 

(CH.),C-C(CH.). 

llo. ONO. 


Haines and Adkins observed no reaction between nitrogen pentoxide and 
ethylene, and obtained no crystalline sub.stances from tetramethylethylene or 
cyclohexene. Stilbene formed addition compounds, and a flame hot enough to 
melt platinum was produced by the reaction of nitrogen pentoxide with a mixture 
of pentenes. 

Since the nitrosates are readily split by heating with concentrated hydro¬ 
chloric acid to yield fatty acids, it has been proposed to use them in tlie determi¬ 
nation of the constitution of olefins.®* From a technical point of view, however, 
the nitrosates and nitrosites thus far have been of little interest. 

The action of nitric acid upon olefins usually results in violent oxidation reac¬ 
tions, but in the case of ethylene two well-defined reaction products have been 
isolated. Thus, McKie*® considered that the reaction occurs in accordance with 
the following: 

CH, CHaOH CHO COOH 

II —^ I —I —I —CHaNO, —^ 

CH, CH,NO, CHaNO, CH,NO, 

^-nitroethanol 

CH(NO,)=NOH —CH,==(NO,). —C(NO,),==NOH —>- CH(NO,). 

nitrofonn 

^Compt. rend. acad. set. U.S.S.R., 1930A, 447; Chem. Abs., 1931, 25, 1215. 

1925, 47, 1419. 

wjegorov, J. Prakt. Chem., 1912, (2) 86. 521; Chem. Soc. Abs.. 1913, 104 (1), 153. 
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Of the above substances only j9-nitroethanol and nitroform were definitely 
isolated, the yield of nitroform varying with the concentration of the nitric acid. 
Side reactions, mainly oxidation to oxalic acid, may account for 30 to 40 per 
cent of the ethylene. These can be partly inhibited by the addition of slightly 
less than 1 per cent of mercuric nitrate, which accelerates the reaction and in¬ 
creases the yield of nitroform. 

When ethylene is passed into a well-cooled mixture of nitric and sulphuric 
acids an oil separates which consists of a mixture of ethylene glycol dinitrate 
and )8-nitroethyl nitrate.*^ Separation of these compounds may be effected by 
fractional distillation or the mixture may be used directly Ss a substitute for 
nitroglycerol in low-freezing dynamites. Propylene and butylene form corre¬ 
sponding derivatives. 

Forrest and Meigs ** described the preparation of resinous materials by the 
action of dilute nitric acid on distillates containing high proportions of unsaturated 
hydrocarbons. Nitric acid is added in small portions to the distillate maintained 
at about 93° C. (200° F.) and the resins are separated by cooling. They may 
be combined or mixed with pyroxylin in all proportions in the presence of a 
mutual solvent. 

Double Compounds of Olefins with Inorganic Salts 

Many of the olefins form double compounds with inorganic salts or inorganic 
salt solutions in water, alcohol or other solvents containing hydroxyl groups. 
Among the inorganic substances which appear to be capable of combining with 
olefins are aluminum, silver, cuprous, mercuric, platinous and ferrous salts. Many 
of these double compounds have been prepared in a crystalline condition while 
others are known only in solution. The majority seem to be ordinary molecular 
compounds, easily resolved into their components. Thus, aqueous solutions of 
cuprous and silver salts absorb large quantities of ethylene at low temperatures, 
but the ethylene is expelled on raising the temperature. The use of aqueous solu¬ 
tions of silver nitrate at 10° C. for absorbing ethylene from gases has been de¬ 
scribed by Horsley.®" The ethylene is regenerated by warming the solution to 
50° to 70° C. Curme suggested a similar method in which ethylene is absorbed 
in a solution of a mercury salt, e.g., mercuric sulphate, from which it is easily 
expelled by heating. 

Of the double compounds of olefins with inorganic salts, those with mercury 
have received the most attention. The gaseous olefins readily form complex mer¬ 
cury compounds®® from which the olefins may be regenerated by the action of 
hydrochloric acid. The corresponding reaction of the higher olefins is frequently 
accompanied by reduction of the mercuric salt to the mercurous salt with simul¬ 
taneous oxidation of the hydrocarbon. When alcoholic solvents are employed, 
the solvent also enters into the reaction and the final products contain an alkoxyl 
group. 

The compounds of mercuric acetate with cyclohexene, methylcyclohexene and 

"•‘Woodbury, U. S. Patent 1,485,003, Feb. 26, 1924; a-s-signed to E. 1. du Pont de Nemours 
and Co., Inc.; J.S.C.i., 1924, 43, 495B. 

='•' C. S. Patent 1,305,790, June 3, J9I9; Harlier .‘\sphalt Paving Co. See also Chapter 47. 

“'See for example., Hirnbaum, Wiiii., 18u8, 145, 69; Zeise, Foyy. Wiin., 1884, 21, 497, 542; 1890, 
40, 234; Ilonderson and GangloHf. J.A.C.S., 1916, 38. 1382. 

British Patent 291,186, 1927; assigned to Synthetic Ammonia and Nitrates, Ltd. See also purifi¬ 
cation of ethylene containing ga.ses. Chapter 4. 

“ U. S. Patent 1,315.541, Sept. 9, 1919; assigned to Union Carbide Co.; J.S.C.I., 1919, 38, 847A. 

Hofmann and Sand, Ber., 1900, 33, 1340, 1353, 2692; Sand, Brr., 1901, 34, 1385; .Ann., 1903, 
329, 135; Denig^s, Compt. rend., 1898, 126, 1145, 1868; Chem, Soc. Abs., 1898, 74 (I), 546; ibid.. 
1899, 76 (1), 22. 
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the terpenes were described by Tausz.*® He also succeeded in preparing: double 
compounds of amylene and hexene.**^ Hugel and Hibou** found that for each 
olefin the addition compounds with mercuric salts have variable compositions 
according to the experimental conditions. It was also observed that while the 
higher olefins react slowly or not at all in aqueous solution (although the reac¬ 
tion is accelerated in alcoholic solution^*), olefins of the type of tetramethyl- 
ethylene and the tetra-alkylethylenes as a class definitely do not react. 

The compounds of ethylene with mercury salts have been most investigated. 
Considerable controversy has raged on the question of the constitution of these 
compounds. Manchot** regarded them as molecular addition compounds rep¬ 
resented by structure I (see below) though the more common theory is that 
these compounds are true addition compounds of type II. On the other hand, 
Sand has represented them as an equilibrium mixture between a molecular ad¬ 
dition product and the ordinary type of addition compound (type III). 




Type III 


The merits of the three structures have been rather fully discussed by Adams, 
Roman and Sperry.*® At the present time the evidence seems to show that these 
compounds are true addition compounds of type II. This is supported by the 
work of Adams, Roman and Sperry on the addition of mercuric salts to o-allyl- 
phenol and the preparation of optically active mercury compounds from olefins 
of the type RR^C=CRR^ by Sandborn and Marvel.*^ 

In the formulas given above, representing the mercury addition compounds, an 
alkyl group may replace a hydrogen atom in the hydroxyl group when alcoholic 
solvents are used instead of water. Thus, mercuric acetate in methanol solution 
readily combines with ethylene to yield the ether,** 


CHaHgOOCCH, 

iftOCH. 


It is probable that some of these double compounds with mercuric salts will 
be employed in the future for the preparation of various organic substances. 
Schoeller*® has described the preparation of /5j8'-dihalogeno-ethers therefrom. 
On shaking an aqueous suspension of mercuric sulphate vigorously with ethyl¬ 
ene under pressure, the gas is absorbed rapidly with the formation of soluble 
dimercurated compounds. On addition of aqueous potassium iodide to the filtered 
liquid, jSjS'-bisiodomercuridiethyl ether is obtained in 95 per cent yield together 
with a little j8-hydroxy-)3'-iodomercuridiethyl ether. By the action of iodine in 


^Ckem,-Ztg., 1913, 37, 1023. See also Balbiano. Ber., 1915. 48. 394. 

Technische Hochschule Karlsruhe, Thesis, 1911; see Engler*Hofer, '*Das £rddl,’**S. Hirsel, 
eipziff, 1913, 1, 504. 

^ Chimie et Industrie, Spec. No.. Feb. 1929, 296; Chem, Abs., 1929, 23, 3898. 

Schonbein, /. prakt, Chem., 1855, (1) 66, 282. 

1920, S3. 984. 

«-4n»i., 1903, 329, 135; Chem, Sac. Abs., 1904, 86 (1), 22. 

«/./I.C..y., 1922, 44, 1781. 

1926, 48. 1409. • 

« Schoeller. Schrauth and Easera, Ber., 1913, 46, 2864. 

«German Patent 437,159, 1923; Brit, Chem, Abs, B, 1927, 459. 



584 


CHEMISTRY OF PETROLEUM DERIVATIVES 


warm ethyl acetate, the former substance is converted into )9^'-di-iododiethyl ether, 
a liquid boiling at 93^-94*^ C. at 1 mm. pressure. The dichloro- and dibromo- 
derivatives may be similarly prepared and propylene and higher olefins react 
in an analogous manner. The reaction may be represented as 


Dimercurated 
compound -f KX 
of ethylene 


GHiHgX 

6^' + 2X. 


C.H.X 


\ 


GH4X 


+ HgX. 


in which X is a halogen atom. A more complete investigation of such reactions 
would undoubtedly be valuable. 

Kharasch suggested the use of mercuriated olefins or their chlorine, cyano¬ 
gen or hydroxyl derivatives in the preparation of seed disinfectant compositions. 


Other Reactions of Olefins 

The hydrogemtion of olefins has been frequently employed for the prepara¬ 
tion of some of the higher liquid paraffins. The reaction, within certain limits 
of temperature, is reversible, hydrogenation being favored by low temperatures 
and dehydrogenation by higher temperatures. Catalysts for the hydrogenation of 
olefins include metallic nickel, cobalt and copper, as well as platinum and pal¬ 
ladium. A comprehensive investigation of the two latter materials in the hydro¬ 
genation of numerous unsaturated substances at 2 to 3 atmospheres pressure of 
hydrogen at 25® C. has been made by Kem, Shriner and Adams.®® 

The direct combination of hydrogen sulphide with olefins should proceed ac¬ 
cording to 

and lead to the production of mercaptans. Nisson and Mandelbaum ®' and Johan¬ 
sen ®^ have described the formation of mercaptans in this manner. Both subjected 
vapors containing olefins and hydrogen sulphide to the action of an adsorptive 
catalyst (fuller's earth or silica gel). Johansen ** aUo suggested that mercaptans 
be obtained by the reaction between unsaturated hydrocarbons and hydrogen sul¬ 
phide at ordinary temperatures in the presence of sulphuric or other inorganic acids. 

The combination of hydrogen sulphide with ethylene, propylene, butene-1 and 
amylene at high temperatures (650® to 725® C.) in the presence of silica gel as 
the contact material has been studied by Mailhe and Renaudie.®* A wide variety 
of products was obtained, including hydrogen, methane, saturated and unsaturated 
hydrocarbons, mercaptans, thioethers, thiophene and its homologues, and carbon 
disulphide. The thiophenes and thioethers were derived from the progressive 
decomposition of the mercaptans initially formed. The proportion of carbon 
disulphide increased with rising reaction temperature. Evidently, in order to 
obtain good yields of mercaptans, lower temperatures and catalysts more active 
than those used are necessary. 

Duffey, Snow and Keyes ®^* tested the effect of various catalysts, time of 

U. S. t*atcnt 1,820,001, Aug. 18, 1931; assigned to E. I. duPont de Nemours and Co.; Brit. 
Chem. Abs. B, 1933, 246. 

. ** J,A.CS.,192S. 47, 1147. A complete survey of this field can be found in Ellis, ^'Hydrogena* 
tion of Organic Substances,** D. Van Nostrand Co., New York, 1930. 

U. S. Patent 1,836,183, Dec. 15, 1931; assigned to Gray Process Corp.; Chem. Abs., 1932, 
26, 995. 

“U. S. Patent 1,836,171, Dec. 15, 1931; assigned to Gray Process Corp.; Chem. Abs., 1932, 
26, 995. 

“U- S. Patent 1,836,170, Dec. IS, 1931; aligned to Gray Process Corp.; Chem. Abs., 1932, 
26, 995. % 

^Compt. rend.. 1932, 195, 391; Brit. Chem. Abs. A, 1932, 928. 

Ind. Eng. Chem., 1934, 26, 91. 
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contact, and temperature on the reaction of olefins with hydrogen sulphide. 
Equal volumes of the gases were passed through pyrex glass tubes containing 
catalyst at 200" to 300" C. Both ethylene and propylene formed mercaptans, with 
negligible proportions of alkyl sulphides. Maximum conversion of propylene 
was obtained at 200" C. with a low rate of flow of the gas through the tube and 
with nickel on kieselguhr or phosphoric acid on charcoal as catalyst. Ethylene 
gave best results at 250" C. with nickel on kieselguhr. 

The direct addition of the disulphide group (-S-S-) to the double bond 
of styrene and amylene, which could not be effected with hydrogen sulphide, was 
accomplished by King and Wilkinson by treating these hydrocarbons with 
hydrogen persulphides. 

Keller prepared sulphurized hydrocarbon derivatives which can be used as 
insecticides by heating unsaturated hydrocarbons or their halogen, hydroxy or 
amino derivatives with sulphur, hydrogen sulphide or poly sulphides. Thus, a 
trichlorinated hard paraffin wax may be heated to 140® C. under pressure with 
potassium hydroxide saturated with hydrogen sulphide. 

On passing a mixture of ethylene and acetylene at a high temperature over 
activated silica-gel mixed with pyrites, products containing thiophene and pyridic 
substances are said to result.®®** 

It has long been known that the introduction of a carbonyl, cyano, or similar 
group into an olefin molecule in a position adjacent to the double bond confers 
upon the resulting a)8-unsaturated ketone (nitrile or similar compound) remark¬ 
able powers of condensation with numerous reagents such as ammonia, amines, 
urea, semicarbazide, mercaptans and hydrogen cyanide. This activity has been 
regarded as due entirely to the combined ethylene-carbonyl (or ethylene-cyano) 
group. It is possible that many of the reactions of the ethylene-carbonyl group 
will be found to be possessed, to a lesser extent perhaps, by the simple olefins when 
the conditions for the combination of the latter substances have been carefully 
investigated. It is admitted, however, that in many cases combination appears 
to be extremely difficult to effect. Experiments on the direct combination of 
hydrogen cyanide, for example, with olefins including cyclohexene and styrene, 
have given uniformly negative results.®® 

Birckenbach and Linard ®^ described the direct combination of iodine cyanate, 
prepared by the action of iodine on silver cyanate, with olefins to yield iodo- 
olefin isocyanates. Thus, cyclohexene in ether at —80® C. readily combines with 
this reagent to form 2-iodocyclohexylisocyanate (boiling point, 94" C, at 2 mm.) 
in 72 per cent yields. 

It appears that certain “free'" radicals, such as the cyanogen and thiocyanogen 
groups, can unite with olefins directly, provided the radical is generated in the 
nascent state. Kaufmnnn and Liepe ®® obtained combination of unsaturated hydro- 
onrbons with “free” thiocyanogen in glacial acetic acid solution. The free thio¬ 
cyanogen, which possesses haloid properties, was generated in situ by the action 
of bromine on a solution of lead thiocyanate: 

Pb(CNS). + Br, —PbBr, -f (CNS), 

Some formation of ordinary (bimolecular) thiocyanogen takes place. 

^J.A.C.S., 1932, 54, 3070. ^ 

German Patent 559,739. 1930; assigned to I. G. Farbenindustrie A.-G.; Chem, Abs., 1933, 
27. 730; addition to German Patent 557,245, 1930; Ckem. Ahs., 1933, 27. 310. Reactions of alkali 
poiysulphides with ethylene dichloride to produce rubber-like plastics have already been mentioned 
in Chapter 20. 

r. G. Farbenindustrie A.-G., French Patent 679,540, 1929; Ckcm. Abs., 1930, 24, 3867. 

** Kolker and Limworth, J.C.S., 1925, 127, 309. 

”Ber., 1931, 64B, 961. 

“Bar.. 1924, 57, 925. 
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Mooney and Reid®* showed that neither cyanogen nor cyanogen chloride or 
bromide react with ethylene' at comparatively low temperatures (37® C.)i hut 
the reaction between cyanogen iodide and ethylene gives ethylene iodide and 
cyanogen. 

Although iodine monochloride is a common reagent for determining the de¬ 
gree of unsaturation of many substances (e.g., vegetable oils), the manner in 
which it adds at the double bond has been investigated by only a few workers.®* 
Ingold and Smith ®^ observed that this substance reacts with the simple olefins 
to yield largely the o-iodo-compounds. For example, the reaction between propyl¬ 
ene and iodine monochloride yields 69 per cent of a-iodo-j8-chloro-propane and 
31 per cent of a-chloro-j3-iodo compound: 

CH,CHC1CHJ (69%) 

CH,CH=CH, + ICI 

CH,CHICH,C1 (31%) 

In the case of olefins containing a substituted negative grouping, such as a phenyl, 
carboxyl, or sulphonic acid group, the iodine attaches itself to the carbon atom 
nearest the substitution. For crotonic acid, the addition can be represented by: 


/ 

\ 


c:h.ch=chcooh + la 


CH.CHC1CHICOOH (92%) 

/ . 


\ 


CH.CHICHaCOOH (8%) 


The production of acrylic acid or its polymers by the direct vapor-phase 
combination of ethylene (or ethanol) with carbon dioxide has been described by 
the Rohm u. Haas A.-G.®- The reaction is carried out under high pressure at 
high temperatures in the presence of ultraviolet light radiation (alone or with 
the silent electric discharge) and catalysts such as acidic gases (sulphur dioxide 
or oxides of nitrogen) or acid-reacting materials (e.g., acid salts of phosphoric 
acid or acid metallic oxides). By ^ssing 26 grams of ethylene and 44 grams 
of carbon dioxide over silica gel or pumice impregnated with ferric phosphate 
at a temperature of 200® to 350® C. and a high gas velocity, yields of 10 per 
cent or more of acrylic acid are obtained. Longer heating periods and higher 
temperatures favor the formation of acrylic acid polymers. 

Olefins react with formaldehyde, or better trioxymethylene, in an acetic-sul¬ 
phuric acid medium to yield the diacetate of a glycol. This can then be hydro¬ 
lyzed to the corresponding glycol in the usual manner. Such a procedure ft 
applicable to the synthesis of 1,3-glycols of the aliphatic or hydroaromatic series.®® 

Unsaturated compounds obtained in the liquid sulphur dioxide extract from 
petroletun oils have been treated by Day®®® with a 40 per cent solution of 
formaldehyde. A two-layer system was formed. The lower aqueous layer on 


“/.C.S., 1931, 2597. 

** For example, Erlenmeyer, Ann., 1896, 289, 259; Chem. Soc. Abs., 1896, 70 (1). 302. Michael, 
/. prakt, Ckgtn., 1899, (2) 60, 286, 409; Chtm. Soc. Abs., 1900, 78 (1), 321. Ingle, J.S.C.I.. 1902, 
21, 591. 

•^J.C.S., 1931, 2742. 

«German Patent 553,17!^ 1929; Ckcm. Abs., 1932, 26, 4610. 

**Soc. dea ntinea cUm. RhOne-Poulrac, Frendt Patent 717,712, 1930; Chem. Abs., 1932, 26, 2752. 
•>»U. S. Patenta 1,933,715 and 1,933,716, Nov. 7, 1933; aaaigned to Univeraal Oil Producta Co. 
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evaporation left a resin, soluble in acetone and alcohol, which was said to be 
a substitute for shellac. 

Criegee and Schoeller have suggested a method for the conversion of cyclic 
monolefins into unsaturated alcohols (or their esters) by treatment with an or¬ 
ganic salt of’tetravalent lead (e.g., lead tetra-acetate). As an illustration, 45 
grams of cyclohexene are stirred for several hours at 80® C. with 250 grams of 
lead tetra-acetate and 250 cc. of glacial acetic acid. The mixture is diluted with 
water, extracted with ether, and distilled under reduced pressure. The distillate 
contains 2-acetoxycyclohexene (boiling point, 68®-71® C. at 12 mm.), which can 
be hydrolyzed to cyclohexenol-2. The reaction, which is a type of oxidation, can 
be represented in the following manner: , 


CH. 

CHOOCCH. 

CHOH 

^ \h 

HtC \:h 

hydrolysis H,(5^ CH 

1 Jl 

+ Pb(OOCCH,)4 —^ 1 1 

-1 I 

.C CH 

HaC CH 

H.C CH 

\/ 

\/ 

\/ 

CH, 

CH, 

CH. 


In a similar manner menthenol acetate is obtained from menthene. 


^ (lerman Patent 550,704, 1930; anigned to Schenng*Kahlbauin A.>G.; Ckem. Abs., 1932, 
26. 4824. 



Chapter 26 

Polymerization of Monolefins and Diolefins. 
Production of Synthetic Rubber 

Although, strictly speaking, the term polymerization is usually reserved to 
designate those reactions of a reversible nature in which the union of two or 
more molecules takes place (exemplified by the well-known acetaldehyde-paralde¬ 
hyde equilibrium), the term is conveniently used, when applied to hydrocarbons, 
to cover all conversions into higher molecular weight hydrocarbons of the same 
carbon-hydrogen atomic ratio, irrespective of reversibility.^ It appears that the 
polymerization reactions of hydrocarbons are either completely irreversible or 
only reversible within very narrow limits. 

The power of polymerization is an inherent property of unsaturated hydro¬ 
carbons as a class, including monolefins, diolefins, acetylenes, and diacetylenes,® 
and is not possessed by typical saturated hydrocarbons, such as paraffins and cyclo¬ 
paraffins, or by aromatic hydrocarbons. Calculations based upon free-energy 
data,® and upon the Nernst approximation formula,* show that the simple monole¬ 
fins are thermodynamically unstable below about 425® C. Above this temperature 
there is an increasing tendency for decomposition to occur.® The tendency for 
olefins to polymerize is greatest at lower temperatures and diminishes with rising 
temperature, a deduction in agreement with the observed highly exothermic char¬ 
acter of such polymerizations. Although polymerization is favored by low temper¬ 
atures, the reaction velocity is usually low imder such conditions, hence catalysts 
are highly advantageous in bringing about low-temperature polymerizations. It 
is obvious that increased pressures favor polymerization of the gaseous olefins. 

According to Taramann and Pape* the velocity of polymerization of liquid 
styrene, vinyl acetate and diolefins increases with increasing pressure more rapidly 
than in other reactions which occur in the liquid phase, but the form of the rela¬ 
tionship between velocity coefficient and pressure varies with the individual 
hydrocarbon. Increase of pressure also reduces the temperature at which 
polymerization commences. 

The polymerization of olefins may be brought about by heat alone, without 
the aid of catalysts, but the favorable influence of higher temperatures on reac¬ 
tion velocity is often counterbalanced by a diminishing therm^ynamic tendency 
to polymerization, and an increasing tendency for cracking to occur (see Chap- 

* Condensation, on the other hand, is the union of two or more molecules with the splitting out of 
water, hydrogen chloride, or other substance to produce compounds which are usually not recon* 
vertible by any simple method into the original molecules. 

* The polymerization of acetylene and diacetylene homologues and derivatives is discussed in 
Chapter 28. 

* Francis, Jnd. Eng. Chem., 1928, 20, 277 1 Francis and Kleinschmidt, Proc. Amer. Petr. Inst., 
1930, 11. 93. 

^ Sachanov and Tilicheev, Bcr,, 1929, 62, 658; Ncft. Khoz., 1929, 16. 223; Chem. Abs., 1929, 
23, 4807. See also Sachanen and Tilicheev, ‘'Chemistry and Technology of Cracking,” translate 
by Boehtlingk, Brown, and Steik, Chemical Catalog Co., Inc., New York, 1932, 137. 

* Cf. also Parks and Huffman, “Free Energies of Some Organic Compounds,” Chemical Catalog 
Co., Inc., New York, 1932. 76. 

•Z. anorg. Chem., 1931, 200, 113; Brit. Chem. Abs. A, 1931, 1239. 
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ter 2). Although many examples of purely thermal polymerization are known, 
the initial polymerization products are almost always further decomposed with the 
production of hydrogen, paraffins, and hydrocarbons with carbon-hydrogen ratios 
which differ from those of the olefin. A combination of moderate heat and high 
pressure favors the polymerization of olefins in the gaseous phase. Perhaps the 
most striking feature of olefin polymerization reactions, however, is the variety 
of catalysts capable of accelerating them. These catalysts include not only acids 
(such as sulphuric and phosphoric acids), but aluminum chloride, ferric chloride, 
boron trifluoride, zinc chloride, sulphur chloride, and other metallic salts, as well 
as activated charcoal, silica gel, floridin, and other adsorbent earths. The ac¬ 
tivity of many of these catalysts is increased with increased pressures (on gaseous 
materials) and with temperatures not exceeding about 400° C. The polymeriza¬ 
tion of olefins is frequently both initiated and accelerated by certain forms of 
energy such as ultraviolet radiation, silent. electric discharge, and a-radiation. 
Here again, however, as in the thermal polymerization of olefins, the initial 
polymerization products frequently undergo further degradation, polymerization 
and splitting, so that the main reaction becomes obscured by a host of secondary 
changes. 

The products of polymerization of the simple monolefins differ greatly in 
physical and chemical properties, depending upon the conditions of polymeriza¬ 
tion and especially upon the catalyst used (if any). These products may vary, 
for example, from simple low-boiling dimers (substances with the same atomic 
proportions but with a molecular weight twice that of the parent substance) to 
viscous high molecular weight polymers, some of which have the appearance and 
consistency of heavy lubricants. Chemically, the fundamental initial stage of the 
polymerization is undoubtedly the formation of an olefin with twice the molecular 
weight of the original. Thus, in the case of ethylene, it has been shown that 
the first product of the polymerization is 1-butene, formed by the reaction 

CHr=CH, + CH,=CH, —CH,CH,CH=CH, 

irrespective of whether heat treatment,^ silent electric discharge,® or catalysts 
(such as aluminum chloride or boron trifluoride),® are employed. Unless con-^ 
ditions are so arranged that the 1-butene is removed rapidly from the sphere of 
reaction, it frequently undergoes further alteration. Many of the dimers and 
trimers of the butylenes and amylenes have been shown by numerous workers to 
be aliphatic olefins. 

Although the initial stage of polymerization is undoubtedly the formation of 
a dimeric olefin, it does not usually stop at that point. Indeed, under the power¬ 
ful polymerizing influence of such agents as aluminum chloride and boron tri¬ 
fluoride, it usually proceeds much farther, so that very high molecular weight 
hydrocarbons are produced. The polymerization to higher olefins may also be 
followed by ring closure of the higher olefins with the formation of saturated 
cycloparaffins of the formula QHjn* The isomerization of the higher olefins to 
the corresponding cycloparaffins is possible from a thermodynamic standpoint at 
temperatures below about 400° C. This isomerization of olefins to cycloparaffins 
was observed by Ipatiev in his work on ethylene. Other reactions may also 

»HaRUC and Wheeler, J.C.S., 1929, 378; Pease, J.A.C.S., 1930, 52. 1158; see Chapter 2. 

* Mignonac and Vanier deSaint-Aunay. Compt. rend., 1929, 189, 106; Chem, Abs.. 1929, 23, 4668; 

cj. polymerization of acet>lene, Compt. rend., 1929, 188, 959; Chem. Abs., 1929, 23, 3437; see 
Chapter 9. _ 

* Otto and Bub, Gei’man Patent 545.397, 1928; assigned to I. G. Farbenindustrie A.-G.; Chem. 
Abs., 1932, 26, 2990; I. G. Farbenindustrie A.-G., British Patent 326,322, 1929; Brit. Chem. Abs. B, 
1930, 500. 

^Ber., 1911, 44. 2978; see alto Chapter 2. 
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degrade the higher olefins produced by the straight polymerization, such as the 
splitting off of paraffin hydrocarbon residues which occurs when aluminum chlo¬ 
ride is employed.^ 

In the polymerization of olefins under the influerice of heat, pressure, or cat¬ 
alysts, the initial product appears to be a dimer containing one double bond. 
However, the dimer is not always a straight-chain olefin, since there is a ten¬ 
dency for the production of a branched carbon chain. This phenomenon may 
be due to the tendency of olefins to isomerize, under the influence of heat and 
catalysts, to the corresponding iso-olefin. Thus, as will be mentioned later, iso- 
propylethylene is isomerized by heat and catalysts to the isomeric trimethylethyl- 
ene. An example of the isomerization of a straight-chain olefin to a branched- 
chain dimer is provided by the work of Hugel and Cohn on hexadecene. When 
heated to 300® to 400® C. at pressures above IS atmospheres this hydrocarbon 
undergoes polymerization to the dimer, C 83 He 4 , and the trimer, C 48 Hgo, A study 
of the dimeric hydrocarbon fraction led to the conclusion that it contained one 
solid monolefin of the formula C 32 Hn 4 containing no side chain and with the ethyl¬ 
ene bond located in the middle of the chain, together with liquid dimers (C 82 He 4 ) 
with branched chains. Less of the solid dimer was formed at 400® C. than at 
300® C., a result which supports the isomerization theory given above, since 
more of the straight-chain dimer can be expected to isomerize to branched-chain 
dimers at the higher temperature. 


Mechanism of Polymerization 


Although the phenomenon of polymerization is of great importance because 
of the valuable products produced from relatively simple raw materials, there 
is perhaps no subject in chemistry more difficult, both experimentally and theo¬ 
retically, or so little understood. Clark has distinguished two possible broad 
types of polymerization: (1) Simple kinetic molecules associate to form a singly 
acting unit by the action of residual or secondary valence forces, and (2) 
monomeric molecules or residues combine with each other under the influence of 
primary valence forces to form chains of indefinite length. 

The polymerization of olefins by sulphuric acid was considered by Konda¬ 
kov^* to proceed through the intermediate formation of an alkylsulphuric acid 
which may then condense with another molecule of olefin, thus: 


CH, 

V 


CH^ 


C=iCH, + H,S04 


CH, 

\ 


C-CH, 


CH^(!)S0,H 


CH, 

\:*-CH, + 

crii^ (!)so,h 


CH, 


\ 


CH, 


CH, 


C=-CH. 


CH, 


/ 


\:=CH.ci^CH, + H,S 04 

CH^ \h. 

diisohutylene 


The polymerization of olefins by anhydrous metallic halides, such as boron 
trifluoride or aluminum chloride, undoubtedly involves the intermediate formation 

» SUnley, 1930, 49, 349T; »ce Chapter 6. 

^Ann. combustibles liquides, 1932, 7, 239; Ckem. Abs., 1932, 26, S543. 

Eng, Ckem., 1929, 21, 128. 

»*/. Russ, Phys.-Chem. Soe., 1893, 24. 309; Ckem. Soc. Abs., 1893, 64, 382; /. prakt. Ckem., 
189(5. (2) 54, 442, 454; Ckem. Soc. Abs., 1897. 72 (1). 209; tee alio Brooks, **Non-Benzenoid Hydro¬ 
carbons,’^ Chemical Catalog Co.. Inc.. New York, 1922. 210; /. Inst, Pet, Teek., 1928, 14. 752. 
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of organometallic complex compounds, which are usually obtained in the form of 
dark pasty masses insoluble in light petroleum.^'' The mechanism of polymeriza¬ 
tion in other cases, for example, during thermal treatment or under the influence 
of light or silent electric discharge, is still less understood. Brooks stated that 
polymerization, in common with certain other phenomena, is really intimately 
connected with the nature of valence itself and that ordinary graphic formulas, in 
themselves, only inadequately furnish a plausible explanation. It is extremely 
likely, however, that as a preliminary to the addition of one olefin molecule to 
another, activation of the molecule occurs with the production of a reactive “free” 
radical with two free linkages.^^ The possiblp formation of free radicals has 
been definitely proved by positive-ray research on hydrocarbons and by the work 
of Paneth and Hofeditz on the free methyl radical. 

A graphical interpretation of polymerization has been proposed on the basis 
of Thiele's theory, according to which the doubly linked carbon atoms possess 
partial valences or “residues of free affinity.” I'he fu-ther assumption is made 
that the molecules contain a mobile or labile hydrogen atom which shifts from 
one molecule to another. The polymerization of isobutylene may then be expressed 
graphically; 


HaC— 

H.C-c!— + —CH. 

in, —i-cH, 

in. 


H.C 

H,C—C—Cil 
I II 

H,C C—CHa 
HaC 


Whitmore proposed a theory for the mechanism of polymerization based 
upon the catalytic effect of hydrogen ions present in the reaction mixture. With 
isobutylene as an example, the first step in the reaction is the addition of a 
hydrogen ion to the olefin: 


H.C—C=CH, + H* H.C—C—CH, 

I I 

CH, CH, 

(I) (11) 

producing a tertiary butyl group (II) which is positively charged. In the same 
way that a hydrogen ion reacted with the olefin, the positively charged tertiary 
butyl group can now react with a molecule of the olefin (I) to yield the inter¬ 
mediate III, which is also positively charged: 


CH, 
<i—CH. 


H.C—C=CH, + 

i:H, (Ih. 


CH, 

H,C—C—CH.—i—CH. 

CH, I:h, 
(HI) 


Stanley, loc. cit.; Szayna, Prsemysl Ckem., 1928, 12, 637; Chem. Abs., 1929, 23, 1384. 

Inst. Pet. Tech.. 1928, 14, 746; “Non-Benzenoid Hydrocarbons,** Chemical Catalog Co., 
Inc., New York, 1922, 210. 

” Hurd and Spence, J.A.C.S., 1929, 51, 3561; sec Chapter 2. Various mechanisms of poly¬ 
merization reactions are summarized by Milas {Chem. Reviews, 1932, 10, 295; Chem. Abs., 1932. 26. 
3432; cf. Chalmers, Can. J. Research, 1932, 7, 113; Chem. Abs., 1932, 26, 5480). 

*»Ber., 1929, 62, 1335. 

See Morrell, Ind. Eng. Chem., 1927, 19, 794; Brooks, J. Inst. Pet; Tech., 1928, 14, 750; 
ej. Whitby and Katz, J.A.C.S., 1928. 50, 1160 (polymerization of indene); McCubbin and Adkins, 
/.A.C.S.. 1930, 52, 2547 (polymerization of isobutylene); Stobbe and Posnjak, Ann., 1909, 371, 287; 
Chem. Abs., 1910, 4, 2120 (polymerization of styrene). 

*»*Ind. Eng. Chem., 1934, 26, 94. 
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The intermediate III can now either undergo further condensation, or, by loss 
of a hydrogen ion, form a double-bonded molecule: 


CH, 

I 

CH» 

im, CH, 


/ 

\ 


CH. 

H* + H,C=C-CHr-C-CH. 
CH, CH, 


CH, 


CH, 


H* 4- C=CH—C—CH, 

I I 

CH, CH, 


The hydrogen ions regenerated in this change can add to the olefins present and 
start the cycle again. 

In the homologous series of olefin hydrocarbons, the tendency to polymerize 
increases from ethylene upwards and is at a maximum with the pentenes and 
hexenes. Structural differences in isomers exert, however, a very marked influ¬ 
ence on the ease of polymerization. In general the iso-olefins such as isobuty¬ 
lene and trimetliylethylene are more readily polymerized than the straight-chain 
members. The introduction of electronegative atoms or groups (such as halogen 
atoms or phenyl groups) into the olefin hydrocarbon molecule very greatly in¬ 
creases the tendency to polymerization.*® Thus, vinyl halides and styrene are 
polymerized with very great ease while the parent olefin, ethylene, is relatively 
resistant to polymerization. 

The di- and trimeric polymerization products of the simple olefins are far 
less easily polymerized than the parent hydrocarbon and show an increasing sta¬ 
bility not only as regards polymerization but also against bromine addition and 
combination with sulphuric acid. 

In the following account, a survey has been made of the work on the polymeri¬ 
zation of the lower olefins. In previous chapters some mention has been made 
of the action of heat, sulphuric acid, and aluminum chloride on the lower ole¬ 
fins, so that only brief reference to these reactions, in so far as they relate to 
the general question of polymerization, need be made. Certain catalysts, how¬ 
ever, which have not been previously included, are described in this section.** 


Ethylene 

Although ethylene is more resistant to polymerization than its immediate 
homologues, it can be polymerized under the influence of various agents. The 
non-catalytic thermal decomposition of ethylene, though complex, results initially, 
as has been mentioned, in the production of butylene at comparatively low tem¬ 
peratures. Hague and Wheeler found that, on heating ethylene under normal 
pressure in silica bulbs for 3 hours, the production of butylene vyas at a maxi¬ 
mum at 500® C., corresponding to a content of higher olefins in the resulting 
gas of 13.7 per cent. Similarly, Pease** concluded that the*non-catalytic thermal 


» Cf. Parks and lluffnian, op. cit., 83. 

‘'See Chapters 2, 6 and 14, respectively. 

“ The decomposition and iiolymerization of the olefins have been reviewed by EgloflF, Schaad and 
Lowry, J. Phys. Chem., 1931, 35. 1825. Farmer {Sci. J. Roy. Colt. Set., 1931, 1, 50; Chem. Aba.. 
1933, 27, 2131) discussed the polymerizing capacities af olefins and butadienes. 

»}.C.S., 1929. 378. 

**J.A.C.S., 1930, 52, 1158. 



POLYMERIZATION OF MONOLEFINS AND DIOLEFINS 593 


decomposition of ethylene at 400® to 600® C. first yields butylene, evidently by a 
chain reaction. 

On the other hand, Lenher observed that considerable propylene was formed 
during the slow oxidation of ethylene with oxygen at temperatures of 400® C. 
and over and believed that the purely thermal polymerization of ethylene resulted 
initially in the formation of propylene and not butylene. Several mechanisms 
were suggested to explain this transformation, one of which involved the com¬ 
bination of a C 2 H 4 molecule with a free CHj radical. 

As might be expected, the thermal polymerization of ethylene is markedly 
accelerated by the application of pressure. Ipatiev found that at 70 atmos¬ 
pheres in a steel autoclave and at temperaturjes above about 325® C., ethylene 
readily condensed to liquid hydrocarbons. Since the products consisted not only 
of higher olefins but also paraffins and cycloparaffins, simple polymerization had 
in this case been followed by splitting and ring-closure. The temperature of 
polymerization of ethylene under pressure is -considerably reduced by the presence 
of catalysts such as zinc chloride.*^ With aluminum chloride the polymerization 
of ethylene under pressure takes place at as low as 0° C. and gives rise to a mix¬ 
ture of hydrocarbons, most of which are of high molecular complexity.*® In a 
similar way the polymerization of compressed ethylene in the presence of boron 
trifluoride yields high molecular weight oils.*® The action of anhydrous alumi¬ 
num chloride and boron trifluoride on olefins has aroused interest chiefly in con¬ 
nection with the possible synthesis of lubricating oils. 

The conclusions of Dunstan, Hague and Wheeler on the polymerization of 
olefins, particularly ethylene, at pressures of 200 to 2000 pounds per square inch 
and temperatures of about 350® to 600° C. were as follows*^: (1) The tempera¬ 
ture range is lower (700° to 900° C.) for the pyrolysis of olefins than for 
paraffins, and the percentage conversion (36 to 40 per cent) is higher. (2) Under 
operating conditions at 150 pounds per square inch pressure, 575° C. appears to 
be the approximate temperature distinguishing polymerization from decomposition 
with ethylene. (3) A reduction in volume takes place in polymerization. (4) 
The liquid polymerization products are not aromatic and the yields approach the 
theoretical. The liquid, of which 86 per cent boils below 200° C., has a high 
antiknock value®* (engine test, five-sixths that of benzene). (5) Products which 
vary from gaseous higher olefins to synthetic lubricating oils can be produced at 
will by control of temperature, pressure, contact surface, and time of contact. 

Molten sodium has a polymerizing effect on ethylene at 150° C. Walker®® 
obtained a colorless liquid polymer in this manner and the sodium was converted 
to sodium ethylene carbide. Ethylene is polymerized by iron at 360° C. to a 
colorless oil. 

The kinetics of the thermal polymerization of ethylene under pressure has been 
studied by Pease,®'‘ who showed that at temperatures of 350° to 500° C. in a static 

1931, 53, 3752. 

^ Bcr„ 1911, 44, 2978. 

Ipatiev and Koutala, Ber., 1913, 46, 1748. 

“Stanley, he. cit. Nash, Stanley and Bowen, /. Inst. Pet. Tech., 1930, 16, 836; Proc. Third 
Jnternat. Conf. Bituminous Coal, 1931. 928. Szayna, he. cit. Hunter and Yohe (J..4.C.S.. 1933, 
55. 1248) advanced a theory of polymerization based on the electronic structures of aluminum 
chloride and olefins. 

* Otto. Brennstoff-Chem., 1927, 8, 321; Brit. Chem. Ahs. B, 1927, 930; sec section on boron 
fluoride. 

^J.S.C.L, 1932. 51, 131T. 

Cf. their previous work on pyrolysis of hydrocarbons to give aromatic hydrocarbons {J.S.C.L, 
1931, 50, 313T) summarized in Chapter 5. 

C/. Morgan, Ingleson and Taylor. Petroleum Times. 1931, 24, 1024; Chem. Abs.. 1932, 26. 289, 

»J. Phys. Chem., 1927, 31. 961; Chem. Abs., 1927, 21. 3011; see Chapter 2, 

**J.A.C.S., 1931, 53, 613. 
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system at pressures up to 10 atmospheres, the reaction is roughly bimolecular 
and has an activation energy of about 35,0()0 calories per mole. 

Ramage proposed to effect the polymerization of ethylene to butylene merely 
by compressing this gas into kerosene or some other heavy hydrocarbon solvent 
under a pressure of 80 to 200 pounds per square inch, at about 0® C., and re¬ 
covering the polymerization products from the charged solvent by distillation. 
Besides butylene, the distillate was reported to contain small amounts of amylene, 
octylene, and decylene. The polymerization of olefins with anhydrous aluminum 
or boron halides has been accelerated with certain double compounds of the 
halide, for example, ansolvo-acids or the double complexes of aluminum halides 
with organic compounds such as nitrobenzene, nitromethane, or ketones.®^ 

Ethylene and its homologues are also polymerized by heating them under pres¬ 
sure without catalysts but in the presence of an inert liquid, such as a mineral or 
vegetable oil.®® For example, ethylene is heated with paraffin oil to 420® C. under 
45 atmospheres pressure to yield liquid hydrocarbons. 

Polymerization in the vapor state of monolefins having 2 to 5 carbon atoms, 
at 40® to 300® C. in the presence of volatilizable inorganic halides, such as those 
of aluminum, tin, antimony, zinc, copper, or iron, is stated to yield higher liquid 
olefins when the contact time is 1 to 65 seconds.®® The polymerization of ethylene 
to butylene can be accomplished by passing a slow stream of that gas over a 
catalyst of active charcoal containing 1 per cent of cobalt at 200® C., according 
to Schuster.®® 

Other catalysts are also capable of polymerizing ethylene, especially itnder 
pressure. Ethylene is fairly stable in the presence of sulphuric or ethylsulphuric 
acids at temperatures below 100® C. at ordinary or moderate pressures, but at 
high pressure some tendency to polymerization is observable. This tendency is 
greatly increased by the addition to the sulphuric acid of metallic salts such as 
cuprous and mercurous salts,®^ particularly the latter.®® 

The photochemical polymerization of ethylene in ultraviolet light from a 
mercury lamp was observed by Berthelot and Gaudechon ®« to yield a liquid which 
boils below 100® C. and has an odor of rancid fat. Similar results were also 
obtained by Landau,*® but Bates and Taylor®® attributed this polymerization not 
to the influence of ultraviolet light per se but to the agency of excited mercury 
atoms. 

The polymerization of ethylene under the influence of the silent electric dis¬ 
charge was studied by Mignonac and Vanier deSaint Aunay,®® who found that on 
subjecting ethylene under conditions such that the products of the reaction were 
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rapidly withdrawn from the reaction zone, the primary product was 1-butcnc 
from which 1-hexene was formed, thus: 

(1) CHr=K3Hi "j" H.CHr==CHi ■■■ ^ C^i.CH*.CH==CHa 

(2) CH,.CH,.CH=CH, + HXH=CH. —^ CH,.CH,.CH,.CH,.CH==€H, 

However, if the products of reaction are not removed, ethylene yields a complex 
mixture of saturated and unsaturated hydrocarbons. 

By the action of the silent discharge on ethylene, Collie obtained a mixture 
of liquid hydrocarbons, boiling from 60® C. upwards and containing CnH 2 n hydro¬ 
carbons with 6 to 15 carbon atoms and in which was also indicated the presence 
of cycloparaffins. Demyanov and Prianischnifcov,** with a silent discharge of 
13,000 volts on ethylene, obtained liquid unsaturated hydrocarbons from CeHjj 
upwards. The later work of Prianischnikov on isobutylene showed that the 
process is not merely a simple polymerization but is accompanied by a splitting 
out and a redistribution of hydrogen atoms. Similar results have been reported 
by Stratta and Vernazza on exposure of ethylene to the silent discharge. 

The action of alpha-rays from radon (radium emanation) on the polymeriza¬ 
tion of ethylene and acetylene has been studied by Lind, Bardwell and Perry.®* 


Polymerization of Olefins with Boron Fluoride 

Although boron fluoride (BFj) was first prepared by Gay-Lussac and 
Thenard®* in 1808, its possibilities did not attract commercial attention until 
about 1925. It was first prepared by heating a mixture of 1 part boric oxide 
(B20s) with 2 parts of fluorspar (fluorite, substantially CaF^) in a closed gun 
barrel in an inclined position to white heat. Later, it was made by Davy ®® by 
gently heating 4 part boric acid with 2 parts of fluorspar and 12 parts of sulphuric 
acid. The direct synthesis of boron fluoride from its elements was accomplished 
by Moissan ®^ in 1904. The product obtained from boric acid, fluorspar and 
sulphuric acid®® melted at —127® C. and boiled at —101® C., but the synthetic 
product melted at —126® C. and boiled at —^99® C. According to Ruff ®® and his 
co-workers, boron fluoride usually contains silicon fluoride as an impurity. They 
found that a sample containing 1.7 per cent of silicon tetrafluoride had a melting‘ 
point of —128® C. and a boiling point of —101® C. at 760 mm. pressure. Boron 
trifluoride, which has now come into some prominence, can be produced by heat¬ 
ing a mixture of a fluoride and boric acid or a borate, with fuming sulphuric acid 
or, alternatively, boric acid can be treated with fluorosulphonic acid.®*' 

Butlerov and Gorianpv ®* appear to have been the first to observe the poly¬ 
merizing action of boron fluoride. They found that this material did not polymer¬ 
ize ethylene even at 200® C. but that propylene and butylene, on the other hand, 


1905, 87, 1540. 

Russ. Phys.'Chem. Soc., 1926, 58, 462; Chem. Ahs., 1927, 21, 3344. 

•Bet., 1928, 61, 1358. 

^ Industria Chimica, 1931, 6, 133; Chem. Abs., 1931, 25, 4186. 

^J.A.C.S.^ 1926, 48, 1559, 1575. 

**Ann. cktm. phys., 1808, 69, 204; see Gmeltn, ''Handbook of Chemistry" (translated by Watts). 
Cavendish Society, London, 1849, 2, 362. 

** Phil. Trans., 1812, 352; Ann. chim. phys., 1812, 86, 178, see Gmelin, loe. cit. 

•^Compt. rend., 1904, 139, 711; J.S.C.I., 1904, 23, 1164; Chem. Soe. Abs., 1905, 88 (2), 26. 
Moissan, he. cit. 

/fh "* a!**i‘ 932*^^%7 ®*^*‘®®**"**^®*'» Mensel and Plant, Z. anorg. Chem., 1932, 806, 59; BrU. Chem. 

”1. G. Farbenindustrie A.-G., French Patent 675^532, 1929; Chem. Abs,, 1930, 24, 2842; British 
Patent 324,016, 1928; Brit. Chem. Abs. B, 1930. 325. » . ormsn 

"Ann., 1873. 169, 147; Ber., 1873. 6. 561; Chem. Sec. Abs., 1873, 26, 873; Bntlerov. Ann.^ 



596 


CHEMISTRY OF PETROLEUM DERIVATIVES 


were polymerized very readily even at room temperature. They stated that 
propylene, in the presence o( boron fluoride, was polymerized to products more 
complex than a trimer at room temperature but Sowa, Hinton and Nieuwland 
observed no such action, though their experimental conditions were entirely 
different. 

As early as 1877 Landolph studied some of the reactions of boron fluoride 
with, for example, benzaldehyde,®® ethylene,®^ amylene,®* anethol,®* and camphor.®® 
Boron fluoride and ethylene reacted under light and heat at 30° C. to give an 
ethereal liquid boiling at 124° to 125° C. This liquid was called fluoborethylene 
or ethylene fluoboric acid and had the formula CgHg.BFa. * Amylene gave a 
yellow liquid which boiled at 160° C, and anethol (CHa.CH—CH.CaH^.O.CHa) 
was polymerized. The reaction of boron fluoride with acetonitrile was investi¬ 
gated by Patein®*; and with methyl and ethyl alcohols, acetone, resorcinol, cetyl 
alcohol, glycol, glycerol, ethylene and amylene by Gasselin.®® 

Boron fluoride can be substituted for aluminum chloride in Friedel-Crafts 
syntheses, as well as in other reactions catalyzed by the latter compound. For 
example, Hofmann and Wulff ®^ state that it can be used to effect condensations 
of aromatic hydrocarbons with aliphatic chlorides, the splitting of hydrocarbon 
oils ®* and the addition of hydrogen halides to olefins. 

Nieuwland and his associates studied the reactions of boron fluoride with alco¬ 
hols, acids, nitriles, esters, ethers, acid anhydrides and amides ®®; the preparation 
of esters from acetic and propionic acid-boron fluoride compounds and aliphatic 
alcohols^®; the rearrangement of alkyl phenyl ethers under the influence of this 
compound ; the cleavage of ethers in the presence of organic acids and boron 
fluoride to give esters and alcohols^*; and the condensation of propylene with 
phenol.^* Meerwein observed that boron fluoride added to olefins: formed a 
compound with dioxan; yielded dialcoholates with aliphatic alcohols; and com¬ 
bined with aliphatic acids and acetic anhydride. Accordingly, ’like aluminum 
chloride, boron fluoride can be used to effect many types of reactions, hence with 
its production on a commercial scale, it will probably attract even wider interest. 
This discussion must necessarily be limited, however, to the polymerizing action 
of boron fluoride on olefins, some examples of which have already been men¬ 
tioned. Various other uses of this compound have likewise received some atten¬ 
tion in other chapters.'^® 

Otto^® studied the polymerizing action of boron fluoride on ethylene and its 
immediate homologues under pressure. In the presence of this reagent iso¬ 
butylene polymerized readily with the production of a water-white oil which boiled 
at 200° C. Propylene was more resistant, but, under high pressure, polymcriza- 

”>J.A.C.S.. 1932, 54. 3694. 

^Compt. rend., 1878, 86, 671, 1463; Chetn. Soc. Abs., 1878, 34, 482, 774; Compt. rend., 1877. 
85, 39; Chem. Soc. Abs., 1877, 32, 864. 

» Compt. rend., 1878, 86, 671; Citem. Soc. Abs., 1878, 34. 482; Bcr., 1880, 12, 1583; Chem. 
Soc. Abs., 1880, 38, 28. 

1880, 12, 1583. 

•» Compt. rena., 1878, 86, 601; Chem. Soc. Abs., 1878, 34, 576. 

Compt. rend., 1878, 86, 539, 1267; Chem. Soc. Abs., 1878, 34, 586, 721. 

^ Compt. rend., 1891, 113, 85; Chem. Soc. Abs., 1891, 60, 1441. 

•• Loc. cit. 

« IJrjtish Patent 307,802, 1928; Chem. Abs., 1930, 24, 127. 

* British Patent 301,395, 1927; Chem. Abs., 1929, 23, 4059. Hydrocartx>n oils are cracked at 
380 C. with boron fluoride at a pressure of 150 atmospheres. 

• Bowlus and Nieuwland, J.A.C.S., 1931, 53, 3835. 

w Hinton and Nieuwland, J.A.C.S.. 1932, 54, 2017. 

” Sowa, Hinton and Nieuwland, J.A.C.S., 1932, 54, 2019. 

” Mennion. Hinton and Nieuwland, J.A.C.S., 1933, 55, 2857. 

” Sowa, Hinton and Nieuwland, J.A.C.S., 1932, 54, 3694. 

'*Ber., 1933, 66, 411; Chem. Abs., 1933, 27,. 5053. 

” The Friedel'Crafts reaction is discussed in Chapter 34 and various reactions of diolefins, in 
2* which boron fluoride is used, are discuss^ in Chapter 27. 

Brennstoff Chsnt,, 1927, 8, 321; Brit. Chem. Abs. B, 1927, 930. 
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tion took place at ordinary temperatures with the formation of a yellow oil of 
high viscosity and with an initial boiling point of 120® C. at 15 mm., half of 
which distilled below 300® C. at this pressure. High molecular weight oils were 
-also obtained from ethylene. Hofmann and Otto^^ found that this polymeriza¬ 
tion was accelerated by the use of finely divided metals such as nickel and that 
the double compounds of boron fluoride could likewise be used. 

The polymerization of olefins, such as ethylene, propylene, and cyclohexene, 
with boron fluoride can also be accelerated by the presence of water, halogen 
acids, or halogen hydrocarbons capable of reacting with aromatic hydrocarbons 
in the Friedel-Crafts reaction, according to Hofmann, Otto and Stegemann.^* 
For example, propylene was polymerized when ^reated with boron trifluoride and 
hydroiodic acid, ethyl fluoride or chloride. Butylene is produced in considerable 
proportions when liquid ethylene, together with a small quantity of boron tri¬ 
fluoride, is passed over a nickel catalyst Lt. 150® C.^® In most cases organic 
halogen compounds such as ethyl fluoride, and hydroxy-compounds, such as alco¬ 
hols and water, have an accelerating effect on the reaction. 

These polymerizations with boron fluoride can be utilized for many purposes. 
Pier and Christmann treated fractions (obtained from a cracked paraffin oil 
and separated by treatment with solvents such as sulphur dioxide, aniline, or 
phenol) with boron fluoride, aluminum chloride, zinc chloride, or phosphorus 
oxychloride to obtain products usable as lubricating oils. Ihe liquid fraction of 
a cracked paraffin wax, with an iodine value of at least 150 to 200, can be poly¬ 
merized similarly.*^ Mineral oils have been refined by treatment with haliSes 
of boron, glucinum (beryllium), or bismuth,®* or with gaseous or liquid hydrogen 
fluoride with or without the addition of metal halides.®® Lubricating oils can 
also be produced by treating liquid olefins with liquid paraffin hydrocarbon mix¬ 
tures, such as the product obtained by the hydrogenation of brown coal, in the 
presence of boron fluoride, aluminum chloride, or stannic chloride.®* Gaseous 
olefins may be passed into the mixture during condensation. 

Since boron fluoride is a gas which readily decomposes with moisture and is 
difficult to handle because of its corrosive and poisonous nature, double com¬ 
pounds with this substance, as has been previously mentioned, can be substituted 
for it in various reactions. Landolph ®® used the ethereal liquid condensate of 
ethylene and boron fluoride (ethylene fluoboric acid) with camphor. The pre¬ 
viously mentioned boron trifluoride-acetic acid is another example. A double 
compound of ether and boron fluoride has been employed to condense saturated 
compounds with olefins®® (see Chapter 24). Bruson®^ used an aryldiazonium 
fluoborate, phenyldiazonium fluoborate, C^H^——BF 4 , for polymerizing indene, 

"French Patent 632,768, 1927: Chem. Abs., 1928, 22, 3417; British Patent 293.487, 1927; 
Chem. Abs., 1929, 23, 1648; U. S. Patent 1,811.130, June 23. 1931; assigned to I. G. Farbenindustrie 
A. G.; Chem. Abs., 1931, 25, 4894; German Patents 505,265, 1926, and 512,959, 1927; Chem. Abs.. 
1932, 26, 479; German Patent 513,862, 1927; Chem. Abs., 1933, 27, 514. 

” U. S. Patent 1,885,060, Oct. 25, 1932; Chem. Abs., 1933, 27, 1006; British Patent 313,067. 
1928; Chem. Abs., 1930. 24, 861; German Patents 504,730 and 507,919, 1933; Chem. Abs., 1933, 27. 
4816. Hofmann and Stegemann, German Patent 524,891, 1928; Chem. Abs., 1931, 25. 4281; cf. 
Hofmann, Chem.-Ztg^ 1933, 57, 5; Brit. Chem. Abs. A, 1933, 142. 

"Otto and Bub, German Patent 545,397, 1928; Chem. Abs., 1932, 26, 2990; British Patent 326,322, 
1929; Brit. Chem. Abs. B, 1930, 500; French Patent 682,055, 1929; Chem. Abs., 1930, 24, 4304; all 
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»German Patent 546,082, 1930; Chem. Abs., 1932. 26. 3371. 

I. G. Farbenindustrie A.-G., British Patent 354,441, 1930; Chem. Abs., 1932, 26, 3915. 

“ Hofmann, Dunkel, Otto and Heyn, German Patent 550,429. 1926; Chem. Abs., 1932. 26, 4168. 

“Hofmann and Stegemann, British Patents 292.932 and 292,933, 1927; Chem. Abs., 1929. 
23, 1501. 
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styrene, cyclopentadiene, coumarone, turpentine; also for treating rubber. When 
20 per cent of phenyl tetrazonium difluoborate (obtained by diazotizing para¬ 
ph enylenediamine, followed by coupling with fluoboric acid) was added to a 
highly unsaturat^ cracked gasoline (boiling range of 90® to 200® C.), which 
consisted of 45 per cent olefins, about 20 per cent of the reaction product boiling 
above 200® C. was a colorless oil containing a large proportion of resin. h"or 
raising the melting point of petroleum residues and soft paraffins Daitz recom¬ 
mended treatment with ammonium or potassium bifiuoride at a temperature below 
that of distillation. 


Propylene 


Propylene is polymerized somewhat more readily than ethylene. Pyrolysis 
converts propylene into a complex mixture of liquid and gaseous hydrocarbons in 
which a hexene has not yet been identified. Possibly, under these conditions, 
the' dimer, initially formed, undergoes rapid decomposition with the production 
of both saturated and unsaturated substances. 

A considerable number of chemical substances exercise a strong polymerizing 
action on propylene. The pronounced tendency of propylene to polymerize to 
liquid hydrocarbons in the presence of concentrated sulphuric acid has been re¬ 
ferred to previously. The polymerization of propylene in the presence of alumi¬ 
num chloride®** and of boron trifluoride®® is more rapid than that of ethylene 
and leads to the formation of a mixture of hydrocarbons, some of which are of 
high molecular weight. Michel proposed to utilize the greater ease of poly¬ 
merization of propylene and its homologues for the separation of ethylene from 
mixtures of these olefins. This is effected by passing the gas mixture through 
a suspension of aluminum chloride in an inert solvent (e.g., decal in) at atmos¬ 
pheric, or reduced pressure so that higher olefins are polymerized and the ethylene 
passes on substantially unchanged. Horsley ®^ used cadmium phosphate for the 
same purpose, the ethylene being subsequently converted to ethyl alcohol. 

The activity of floridin and other finely divided siliceous earths in poly¬ 
merizing the amylenes was first noted by Gurwitsch.®^ Lebedev and Filonenko,®® 
from a study of the polymerization of olefins by floridin at ordinary pressure, 
enunciated the generalization that only those olefin hydrocarbons are polymerized 
which are derivatives of the asymmetrical di- or tri-substituted ethylenes of the 
types RR^.C:CH 2 and RR^C:CH.R^S while the mono-substituted or symmet¬ 
rical di- and tetra-substituted olefins do not polymerize even over long periods 
in the presence of this material. In agreement with this generalization the above 
workers found that propylene was unaffected by floridin which, however, readily 
polymerized isobutylene. Later, however, Van Winkle found that although 
propylene did not change in contact with activated floridin at atmospheric pres¬ 
sure, it did undergo condensation under increased pressures. After contact for 
two months, polymers were isolated which corresponded in boiling points with 
the dimer and trimer. At the end of one year’s contact the products contained no 
dimer but only higher polymers (trimer, tetramer, and higher). 


w German Patent 572,446, 1928; Chem, Abs., 1933, 27, 3069. 
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Gayer®® observed that the activity of iloridin in polymerizing propylene at 
350® C. can be increased by treatment with hydrochloric acid, which can be con¬ 
veniently generated by the introduction of a small proportion of alkyl chloride. 
Traces of alkali or large quantities of water or oxygen poison the catalyst, but 
organic sulphur compounds do not impair its activity. Synthetic aluminum silicate 
has approximately the same activity as iloridin but alumina adsorbed on a pre¬ 
cipitated porous silica surface was about twenty times as active. Precipitated 
silica and synthetic ferric and magnesium silicates have no catalytic effect on 
the polymerization of propylene. The liquid polymer, obtained in 96 per cent 
yield from the crude product, is a colorless, practically gum-free volatile fuel 
having an octane number of 87. The fraction*boiling up to ISO® C. consists of 
olefin homologues from to Cg, inclusive (principally Cg). 

The polymerization of propylene under the influence of the silent electric dis¬ 
charge was found by Prianischnikov ®® to produce a liquid product of density, 
0.827; refractive index, n®^ 1.4578; and mean molecular weight, 233; which con¬ 
sisted probably of the pentamer and higher polymers. The polymerization of 
propylene and cyclopropane with alpha-rays from radon (radium emanation) has 
been studied by Heisig.®^ 

The polymerization of ethylene, propylene, and other olefins is said to be 
catalyzed by phosphoric acid or phosphorus pentoxide in the presence of a carrier 
such as active charcoal at temperatures below 400® C. and at increased pressure, 
to yield liquid products.®® 

It has been demonstrated by Lenher ®® that tlie presence of oxygen activates 
the thermal polymerization of propylene, and causes it to occur at much lower 
temperatures than in the absence of oxygen! By passing a mixture of propylene 
and oxygen (with the former in excess) through a fused-silica tube at 500® C. 
with a contact time of 7.8 seconds, 52 per cent of the propylene was polymerized 
to higher monoLefins while the remainder (48 per cent) was oxidized to various 
oxygenated compounds. In the absence of oxygen, no polymerization could be 
detected under these conditions. The polymers formed at temperatures of 490® 
to 530° C. were found to consist entirely of higher monolefins, of which butylenes, 
amylenes and hexylenes were undoubtedly present. The oxygen-activated poly¬ 
merization of propylene is therefore similar to that of ethylene (mentioned pre¬ 
viously) in giving rise to a series of homologous monolefins. To explain this, 
Lenher advanced a mechanism which involves the activation of the double bond 
by the rupture of one of the carbon double bonds, and to the separation of free 
radicals by scission of the two carbon double bonds. The immediate homologues 
of propylene are thus considered to be formed by the reaction of the free 
methylene or ethylidene residues with propylene, yielding butylenes and amylenes, 
respectively. 

Butylenes 

Of the three isomeric butylenes, isobutylene is considerably more reactive than 
the others and especially so in its tendency to polymerize. The thermal treatment 
of isobutylene at temperatures of the order of 6(X)® C. and at atmospheric pres¬ 
sure leads to the production of a complex mixture of liquid hydrocarbons of 
various types, in which it is difficult to distinguish the initial products of poly¬ 
merization.'®® Under a pressure of 70 atmospheres at 380® to 400® C. isobutylene 
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condenses to a mixture of higher paraffin, olefin, and cycloparaffin hydrocarbons, 
which resemble the products obtained by a similar treatment of ethylene, except 
that the fraction boiling below 150° C. is richer in olefins.^®^ The olefins present 
were considered by Ipatiev to be a dimer and trinier of isobutylene. Evidence 
that the initial stage in the thermal polymerization of isobutylene is the production 
of higher olefins was presented by Lebedev and Koblianski,^®* who obtained what 
they considered to be triisobutylene (as well as higher polymers) by heating iso¬ 
butylene 200° C. in hard glass tubes for 14 days. 

Isobutylene polymerizes very readily in the presence of a large number of 
catalysts. The polymerization of this hydrocarbon by boron trifluoride at ordi¬ 
nary temperatures to yield high molecular weight oils has been described by 
Otto and also by Butlerov and Gorianov.'®* The polymerization of a liquefied 
mixture of isobutylene and 2-butene at —10° C., in the presence of aluminum 
chloride or ferric chloride, is reported to yield a mixture of naphthenes.^®® The 
polymerization of isobutylene, as well as of other monolefins and diolefins, is 
effected with double complexes of aluminum chloride with nitrobenzene, nitro- 
methane, acetone, benzophenone or diphenylsulphone and inorganic compounds 
such as silver chloride or cuprous chloride. Thus, 16.5 liters of isobutylene are 
passed at a gas rate of 4 liters per hour through a mixture of 10 grams of alumi¬ 
num chloride, 10 grams of diphenylsulphone and 100 grams of benzene. As a 
result, 13.5 liters of the isobutylene are fixed with the production of a liquid 
consisting of 10 per cent diisobutylene, 15 per cent triisobutylene, and 65 per cent 
of higher polymers boiling above 200° C.^®® 

The polymerization of isobutylene in the presence of activated floridin is of 
interest in that it exhibits a certain degree of reversibility. Lebedev and Kob- 
lianski found that isobutylene polymerized readily in the presence of floridin 
(activated by heating to 300° C.) even at —80° C. At room temperature the 
polymerization was very rapid but it was retarded at temperatures of 200° C. 
and over. On passing the gas over the unheated catalyst, a marked evolution of 
heat (corresponding with the heat of polymerization) occurred. The products 
obtained by allowing liquid isobutylene to stand with floridin for 4 days at room 
temperature contained 4 per cent which boiled below 170° C., 25 per cent between 
170° and 185° C., and 71 per cent above 185° C. However, by continuous 
passage of gaseous isobutylene over the catalyst, with removal of the polymers 
as formed, the product contained larger proportions of lower polymers, of which 
18 per cent boiled below 170° C, 51 per cent between 170° and 185° C., and 31 
per cent above 185° C. The liquid was further fractionated. Table 111 gives 
its composition. 

The properties of the fractions in Table 111 were further investigated. The 
diisobutylene could be readily hydrogenated, proving its unsaturated nature, 
and polymerized to tetraisobutylene with floridin. The trinier, tetramer, and 
pentamer did not polymerize in the presence of the silicate and could be hydro¬ 
genated only slowly. From a mixture of di- and triisobutylene in the presence 
of floridin, pentaisobutylene appeared to be formed. 

Lebedev and Koblianski carried out a number of experiments on the 

Ii)atiev, Bcr„ 1911, 44, 2978. 

1930, 63, 103; J. Russ. Phys.-Chem. Soc., 1929, 61. 2175; Chem. Abs., 1930, 24. 2423. 

Brennstoff-Chsm., 1927, 8, 321; Brit. Chem. Abs. B, 1927, 930; see section on boron fluoride. 
'•^Atin., 1873, 169, 147; Ber., 1873, 6, 561; Chem. Soc. Abs., 1873, 26, 873. 
ten Weizmann and Legg, British Patent 165,452, 1916; •J.S.C.I., 1921, 40, 675A. U. S. Patent 
1.395,620. Nov. 1. 1921. 

Bataafsche Petroleum Maatschappij, British Patent 358,068, 1931; Brit. Chem. Abs. B, 1932, 

172. 

Bcr., 1930. 63, 103. 

*^Ur., 1930, 63. 1432. 
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Table 111. —Composition of Fractions from Polymerisation of Isobutylene with Floridin, 

Liquid B^P. 1-.20 

Percent * C. 


Diisobutylene . 17 101~2‘’/762 mm. 0.7195 

Triisobutylene . 50 178.5-179.5/760 mm. 0.7600 

Tetraisobutylene . 17 106®/7mm. ' 0.7944 

Pentaisobutylene . 5 148*/7mm. 0.8176 

Hexaisobutylene . 1 158®-161V2.5 mm. 0.8340 

Heptaisobutylene . 0.5 183*-186*/2 mm. 0.8455 

Residue . 9.5 


depolymerization of the higher polymers in th/s presence of this same catalyst. 
By passing these polymers over iioridin at 200® C., the pentaiper decomposed 
into a mixture of the trimer and dimer, the tetramer into two molecules of the 
dimer, the trimer into the dimer and isobutylene, and the dimer into two molecules 
of isobutylene itself. In all cases some itionomeric isobutylene was produced, 
attributed in the cases of the tetramer and pentarner to progressive dissociation 
of the initial di- and tri-meric forms. Diisobutylene is the most stable polymer. 
The depolymerization of a mixture (average molecular weight of 840), obtained 
by distilling off the lower polymers up to and including the heptamer from the 
polymerized isobutylene, yielded a product containing more than 30 per cent of 
the trimer. 

The polymerization of isobutylene in the presence of floridin has been investi¬ 
gated by Van Winkleand also by Lebedev and Filonenko with results 
similar to those already outlined. The generalization of the latter workers with 
regard to the greater tendency of unsymmetrical di- and tri-substituted ethylene 
to polymerize has already been discussed.^^^ 

Considerable work has been carried out on the polymerization of isobutylene 
by sulphuric acid of various concentrations. Comparatively dilute sulphuric acid 
(50 per cent) suffices to hydrate this olefin to tertiary butanol in the cold but 
stronger acid concentrations exert a profound polymerizing effect, especially at 
slightly elevated temperatures. Thus, Butlerov found that, by warming a 
solution of isobutylene in 50 per cent sulphuric acid to 100® C., diisobutylene 
mainly is formed, while the introduction of isobutylene into acid of liigher con¬ 
centration (80 per cent and over) in the cold resulted in the formation of 
triisobutylene. Concentrated sulphuric acid converts isobutylene quantitatively 
into higher polymers.^® Little is known of the constitutions of these polymers 
but they appear to be higher olefins and are far less reactive than isobutylene 
itself. 

Whitmore and Wrenn showed that the so-called ‘‘diisobutylene*' (produced, 
for example, by decomposing 2500 grams of tertiary butanol with a mixture of 
3300 cc. water and 2700 cc. of sulphuric acid) consists essentially of two isomeric 
octenes. Careful fractionation of the mixed dimer, which boiled at 100® to 
105° C. at 738 mm., demonstrated the presence of 2,4,4-trimethyl-1-pentene and 
2,4,4-trimethyl-2-pentene, the former being present in larger amount than the 

><»/. Amer. Pharm. Assoc., 1928, 17, 544; Chem. Ahs., 1929, 23, 90. 

1925, 58, 163. 

Staudingfcr and Brunner {Rubber Chem. and Tech., 1930, 3, 1375; Chem. Abs.. 1931, 25, 
3519) investigated a mixture of very high molecular weight polymers obtained by the pofymeritation 
of isobutylene over floridin. This mixture, which was precipitated from ether solution by ethanol, 
was a viscous mass of dV 0.9007. ng 1.5022 and mean molecular weight 1600. It was stable to 
KMn 04 and HNOs, while Brs added to 50% of the theory for a polymer which contains 1 double bond 
to each 26 butylene units. 

1876, 180, 247; 1877, 189, 48; Ber., 1879, 12. 1482. 

*«Ncf, Ann.. 1901, 318. 26; Chem. Soc. Abs., 1901, 80 (1), 626. 

*^*J.A.CS., 1931, S3» 3136. 










602 


CHEMISTRY OF PETROLEUM DERIVATIVES 


latter. Accordingly, the production of the mixed dimer from isobutylene may be 


represented graphically ; 

as follows: 


CH. 

II 

H CH, 

CH, CH, 

— >■ CH,-i—CHr-C=CH, 

CH.-C + 

1 

1 1 

CH,—C=CH. 

CH, 


1 

CH, 

2,4,4-frimethyl-l-pentcue 

CH, 

1 

CH, 

1 

CH, €H, 

—CHr-i—CH=C—CH, 

CH.-C + 

II 

CH==C-~CH. 

1 

. Ih. 

1 

H 

1 

CH, 

2,4,4-irimethyl~2-pen tene 

The structure of these two isomeric diisobutylenes was proved by ozonation 
by McCubbin and Adkins and later tbe compounds were isolated by Whitmore 
and his collaborators.^^® 

The manufacture of polymerization products of isobutylene and of trimethyl- 


ethylene has been accomplished by Miiller-Cunradi and Eggert^'^ by heating a 
solution of these gases absorbed in 50 to 60 per cent sulphuric acid for one-half 
hour at 100® C. Under these conditions the dimers, together with about 20 per 
cent of higher polymers, are said to separate from the acid. Polymers of iso- 
olehns, such as isobutylene, have been suggested as additions to lubricants, gaso¬ 
line, and burning oils to improve their properties.^ 

Little work has been carried out on the polymerization of 1-butene and 
2-butene, though it is definitely known that these olefins are more resistant to 
such changes than the isomeric isobutylene. Mailhe and Renaudie heated 
1- and 2-butene in the presence of silica gel at 650® to 700® C. and obtained liquid 
unsaturated hydrocarbons, benzene, toluene and m-xylene together with 40 per 
cent of propylene and 40 per cent of methane. In addition, 2-butene gave naph¬ 
thalene and anthracene. 

The condensation of 2-butene under the influence of the silent electric dis¬ 
charge was found by Prianischnikov to yield an oil, having a mean molecular 
weight of 202, a density of 0.831, and an iodine number of 156, of which 30 per 
cent boiled below 150® C. The condensation of 2-butene to a dark viscous liquid 
under the influence of alpha-rays from radon (radium emanation) has been 
described by Heisig.^*^ 


Ahylenes 

Although the polymerization of various amylenes under the influence of cata¬ 
lysts has been extensively investigated, the initial products of non-catalytic 
thermal polymerization have not been identified. Thermal treatment of the 
amylenes at temperatures of 500® C. and above at atmospheric pressure results in 
the production of both saturated and unsaturated hydrocarbons of higher and 


”*7./4.C.5., 1930, 52, 2547; see Chapter 39 for discussion of this type of oxidation. 

*** Whitmore and Wrenn, J.A.C,S., 1931, 53, 3136: Tongberg, Pickens, Fenske and Whitmore, 
J.A,CS., 1932, 54, 3706; Whitmore and Church, J.A.C.S., 1932. 54. 3710. 

U. S. Patent 1,889,952, Dec. 6, 1932; as.signed to £. G. Farbenindustrie A.-G.; Chem. Abs., 
1933, 27, 1640. British Patent 322,102. 1928; Brit. Chem. Abs. B, 1930, 314. 

^I. G. Farbenindustrie A.>G., French Patent 740,407, 1932; Chem. Abe., 1933, 27. 2293. 

***Ann. combustibles liqnides, 1931, 6, 79; Chem. Zentr., 1931, 2. 1270; Brit. Chem. Abs. A, 
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lower molecular weights than that of the parent amylene. Under pressure, how¬ 
ever, condensation to liquid products occurs at much lower temperatures and 
consequently with less tendency for degradation of the initial products of reac¬ 
tion. By heating trimethylethylene in sealed glass tubes at 320® C. to 325® C, 
Engler and Routala ^^2 obtained complete conversion into products consisting 
largely of paraffinic and cycloparaffinic, with a relatively small amount of un¬ 
saturated hydrocarbons. 

The amylenes exhibit to a marked degree the power of isomerizing to a more 
stable form on heat treatment. For example, isopropylcthylene is partially con¬ 
verted into trimethylethylene by passage over aluminum sulphate, phosphoric 
acid, or alumina at 420® to 500° C., thougk under the same conditions at 
450° to 500° C. both trimethylethylene and 2-pentene are unchanged.^** Simi¬ 
larly, Ipatiev^®* effected an 80 per cent conversion of isopropylethylene into 
trimethylethylene in the presence of silica 500® to 505° C. or alumina at 525® 
to 535® C. At higher temperatures (670® C.) when passed over silica gel in a 
quartz tube, isoamylene yields 47 per cent lower olefins, 38 per cent methane, 
7 per cent hydrogen And oil.^*® Under identical conditions 2-pentene decomposes 
to 52 per cent propylene and butylene, 34 per cent methane, 6 per cent hydrogen 
and an oil. 

The greater stability of trimethylethylene and the ease of isomerization of 
the other amylenes into this substance account for the fact that it usually con¬ 
stitutes the preponderating constituent of the amylene fraction of cracked prod¬ 
ucts. Bruylants pointed out that the migration of a double bond usually 
occurs when the groups on each side of it possess markedly different residual 
affinities. In the synthesis of butenes, for example, 2-butene is formed almost 
exclusively. It appears to be a general rule that olefins of the RCHjCH: CH^ 
type (for example, 1-butene and isopropylethylene) are less stable than olefins 
of the RCH:CHR type (exemplified by 2-butene and trimethylethylene) and 
tend to revert to the latter under the influence of heat, catalysts, and energy 
activations.^*^ The shift of the double bond from the alpha to the beta position, 
as occurs in the isomerization of 1-butene to 2-butene and of isopropylethylene 
to trimethylethylene, also takes place with the higher olefins.'*® This is further 
exemplified by the ready conversion of 3,7-dimethyl-l-octene to 3,7-dimethyl- 
2-octene. 

The condensation of “amylene’* (in most cases consisting mainly of trimethyl¬ 
ethylene), in the presence of anhydrous aluminum chloride has been studied by 
Aschan'*® and by Engler and Routala.'*® The products were similar to those 
obtained by the polymerization of ethylene under pressure in the presence of this 
reagent and consisted of saturated hydrocarbons of the paraffin and cycloparaffin 
series. At ordinary temperatures, condensation takes place in the presence of 
aluminum chloride with the formation of oils of high molecular weight.'®' 

The polymerization of trimethylethylene in the presence of zinc chloride was 
found by Kondakov '** to yield considerable proportions of diamylene. The very 
strong pol 3 merizing action of floridin on “amylene” (mainly trimethylethylene) 

1909, 42, 4620. 

Norris and Reuter, J.A.C.S., 1927, 49, 2624. 

1903, 36, 2003; Bull. *oe. cAtm., 1903, (3) 30, 115. 

***Mailhe and.Renauctie, rtnd„ 1931, 192, 561; Chem. Abs,, 1931, 25, 2682; see Chapter 2. 

^Bull. set. acad. roy. Bglg., 1924, 10, 492; Chem. Abs.» 1925, 19, 2322. 

^Hurd, **Pyrolysis of Caroon Compounds,Chemical Catalog Co., Inc., New York, 1929, 83. 

^Zelinsky and Levina, Brr., 1929, 62, 1861. 

^Ann., 1902, 324, 1; Chem. Soc. Abs., 1902, 82 (1), 749. 

^Ber., 1909, 42, 4613. 

^ Enrier and Routala, Ber., 1910, 43, 388. 

«**/. Russ. Phys.-Cksm. Soe., 1893, 24, 309; Chem. Soe. Abs., 1893, 64 (1). 382. 
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was also shown by Gurwitsch.^®* On mixing freshly distilled amylene with an 
equal weight of dried floridin "at room temperature, polymerization took place with 
the evolution of heat, the product being principally the dimer. Polymerization 
of amylene was also brought about by carbon and by alumina and, with the latter, 
the heat dev^opment was even more pronounced than with floridin. 

The polymerization and depolymerization of amylenes under the influence of 
floridin was studied by Lebedev and Vinogradov-Volzynski.^** When heated 
with activated floridin, a mixture of trimethylethylene and methylethylethylene, 
yielded diamylene, which boiled at 37® to 39® C. This product when heated at 
150® to 160® C. with the same catalyst decomposed into gaseous and liquid 
products, which consisted of methane and a mixture of butenes, isopropylethylene, 
isopentane, trimethylethylene, 3-methyl-2-pentene, heptene, octene, and nonene. 

The polymerization of amylenes in the presence of sulphuric acid of various 
concentrations has been studied more thoroughly than that carried out in the 
presence of other agents. The production of "diamylene'* by treatment of 
"amylene” (a mixture of isomers, but mainly trimethylethylene) with sulphuric 
acid (2 volumes concentrated acid to 1 volume of water) at room temperature 
was described by Butlerov,^®* Wischnegradsky,**® von Schneider,and other 
workers.^*® A comprehensive examination of this reaction was made later by 
Norris and Joubert.^®* The latter workers found that, of the amylenes, trimethyl¬ 
ethylene and unsymmetrical methylethylethylene were polymerized most readily. 
In the case of these two most reactive isomers, pol 3 rmerization could be effected 
with sulphuric acid of relatively low concentration, i.e., with 60 per cent sulphuric 
apid, at ordinary temperatures. Under these conditions, the .products consisted 
mainly o{ the dimer. With more concentrated acid, polymerization was greatly 
accelerated and higher polymers were produced along with the dimer. Of the 
other three isomers, isopropylethylene was slowly polymerized by 70 to 75 per 
cent acid to form mainly the dimer, though with more concentrated acid, only 
higher polymers were formed. Both 1-pentene and 2-pentene were resistant to 
the polymerizing influence of acids of concentrations lower than about 80 per 
cent sulphuric acid. Concentrated acid converted these latter amylenes into 
polymers higher than the dimer. Norris and Joubert observed that relatively 
small quantities of acid are sufficient to effect this change. Thus, when 5 cc. of 
trimethylethylene were shaken with 0.65 cc. of concentrated sulphuric acid, 
polymerization occurred at once with the production of the dimer principally. 
Five cc. of this hydrocarbon were completely polymerized in 8 days by 0.4 cc. 
of sulphuric acid of 2: 1 concentration. With 0.5 cc. of a more dilute (1:1) 
acid, about one-half of the hydrocarbon was converted. When 10 moles of iso¬ 
propylethylene were shaken with 1 mole of concentrated sulphuric acid, a rise in 
temperature occurred and polymerization was complete in a few minutes, the 
product boiling above 200° C. Under similar conditions, trimethylethylene yielded 
mainly diamylene. When 10 moles of isopropylethylene were left in contact with 
1 mole of 2:1 acid for 7 days,'the product boiled at 153° to 158® C. and consisted 
almost entirely of the dimer. 

The polymerized amylenes, as shown conclusively by Norris and Joubert, were 
olefins much more resistant to the action of chemical reagents than the parent 

Russ. Phys.-Chem. Soc., 1915, 47, 827; Ckem. Soc. Abs., 1915, 108 (1), 933. 

Russ. Phys.-Chem. Soe., 1928, 60, 441; Brit. Chem. Abs. A, 1928, 732. 

'*^Ann., 1878, 180, 44; Ckem. Soc. Abs., 1878, 34, 121. 

^Ber., 1875, 8, 434. 

Ann., 1871. 157, 185 ; Chem. Soc. Abs., 1871, 24, 216. 

Bauer, Jakresber., 1861, 661; Ann., 1865, 135, 346; Berthelot, Ann., 1863, 128, 311; Erlenmeyer, 
Z. fur Ckemie. 1865, 365; Richter, Ber., 1872, 5, 334; Chem. Soc. Abs., 1872, 25, 1087; LebedcT, 
Ber., 1875, 8. 767; Chem. Soe. Abs., 1876, 29, 894. 

^J.A.C.S., 1927, 49, 873. 
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substances. All the diamylenes decolorized a solution of bromine in carbon 
tetrachloride and reacted with ozone. The polymers were much more stable 
toward sulphuric acid than the monomeric amylenes and only reacted very 
slightly with hydrogen halides; It was found, however, that if the diamylene 
prepared either from trimethylethylene or isopropylethylene was shaken with sul¬ 
phuric acid (3:1) for 2 days, a part of the hydrocarbon was converted into 
higher products, although solution in the acid did not appear to take place. This 
result explains why diamylenes are formed from amylene only with dilute acids. 
The action of various oxidizing agents on the diamylenes is of interest since it 
sheds some light on the constitution of these polymerized olefins. Oxidation 
with potassium permanganate or chromic acid was very slow but ozone readily 
combined with the diamylenes to form viscous ozonides. Decomposition of the 
ozonide of the diamylene from trimethylethylene with cold water yielded acetone, 
acetic acid, formic acid, arid an acid of the formula CgH^jCOOH, as well as 
higher ketones. These results appear to indicate that the polymerization of 
trimethylethylene occurs according to the following 


CH, CH, 

\h. 

+ 

H—C—CH, 

i 

/\ 

CH, CH. 


CH. 


CH, 

^cV 

1\h. 


C-CH. 


\_ 


cri^ CH, 
dimer of trimethylethylene 


As mentioned previously, trimethylethylene may be absorbed from gases in 
50 to 60 per cent sulphuric acid, and if the solution is heated for one-half hour 
at 100® C., dimers, together with 20 per cent of other polymers, are formed.^*' 


Higher Olefins 

It has already been indicated that the higher dimeric olefins produced from' 
the lower olefins are much more resistant to further polymerization, especially 
under the influence of sulphuric acid, than the parent olefin. 

Thermal treatment of the higher olefins results in the formation of saturated 
and unsaturated hydrocarbons of both lower and higher molecular complexities 
(see Chapter 2). In the main, the most important changes involved in the 
pyrolysis of the higher olefins are rupture of the carbon chain with formation 
of radicals (probably accompanied by condensation), cyclicization, appearance of 
double bonds, and loss of hydrogen. Under pressure the polymerization of the 
higher olefins occurs at comparatively low temperatures and results, exactly as 
with the simpler members of the series, in the production of polymers and also 
of saturated hydrocarbons, probably of naphthenic structure. Thus, the con¬ 
densation of 1-octene at 400® C. at a pressure of 500 kilograms per square centi¬ 
meter (484 atmospheres) was observed by Hugel and Cohn to furnish hydro- 

»"C/. Kondakov, /. prakt. Ckem., 1896, (2) 54, 454; Chem. Soe. Abs., 1897, 72 (1), 209. Brooks 
(private communication) isolated 5 different diamylenes made from trimethylethylene and determined 
the constitution of the dimer mentioned. 

I. G. FarbenIndustrie A.*G., British Patent 322,102, 1928; Brit. Chem. Abs. B, 1930. 314. 

ChtmiV et industrie (Spec. No.), 1930, 201; Chem. Abs., 1930. 24, 5714; see also Hugel and 
Artichevitch. Ann. combustibles liquides, 1928, 3, 985; Chimie et industrie, 1929, 21, 953; Chem. Abs., 
1930, 24. 1840. Hugel and Cohn, 9*n« Cong. Chim. Ind., Barcelona, Oct. 1929; /. Inst. Pet. Tech., 
1929, 15. 744. 
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carbons liquid under those conditions. The same workers also found that the 
polymerization of hexadecene to a dimer and trimer was the only reaction ob¬ 
served when that hydrocarbon was heated to 300® C. at pressures varying: from 
5 to 1000 atmospheres. The polymerization was accelerated by increasing pres¬ 
sure and was considered to be an equilibrium. Other experiments were carried 
out by heating hexadecene in tubes either completely or incompletely filled with 
the hydrocarbon. Distillation of the final products showed that when the olefin 
was present in the gas phase during the polymerization, a series of hydrocarbons 
boiling from 40® to 360® C. was obtained, whereas completely in the liquid 
phase only polymers of the original olefin were formed. The distillation curve 
in the latter case showed plateaux corresponding to €^1154 and C 48 H 08 . 

These polymers of hexadecene were solid products similar to paraffin wax and 
apparently contained one double bond per molecule. Thermal treatment in the 
liquid phase under pressure appears to convert hexadecene into higher polymeric 
olefins. Hugel and Cohn have isolated the dimeric hexadecene as a .solid 
which melted at 53.8® to 54.8® C. and had an iodine value of 47 to 54. This 
substance was considered to be a straight-chain olefin with the ethylene bond 
located in the middle of the chain. It was found that, besides this solid dimer, 
liquid olefins of the formula € 32^144 were simultaneously produced.^*® The 
latter substances were probably branched-chain olefins. The relative proportions 
of the solid and liquid dimers of hexadecene depended upon the experimental 
conditions, less of the solid polymer being formed under pressure at 400® C. 
than at 300® C. 

The polymerization of the higher olefins by aluminum chloride or boron 
trifluoride has been little investigated. The work of Szayna on the action of 
aluminum chloride on 1 -octene and diamylene was carried out at such a tempera¬ 
ture (100® to 150® C.) that the initial polymerization was obscured by the well- 
known splitting reactions induced by the aluminum chloride at those temperatures. 
To obtain polymerization products without fi.ssion products (such as lower paraffin 
hydrocarbons) it appears necessary to employ low temperatures and also, possibly, 
an inert liquid diluent. Quite recently Sullivan, Voorhees, Neeley and Shank- 
land produced lubricating oils by the action of about 2 per cent of aluminum 
chloride on olefins (pentenes, trimethylethylene, 1 -hexene, 1 -octene, and cetene) 
at 20® to 93® C. The conclusion reached by them was that the polymers produced 
in this way from the higher normal olefins possess a pronounc^ superiority over 
mineral lubricating oils, though this was not true of the polymers from the lower 
olefins such as ethylene. 

Although the polymerizing action of sulphuric acid on higher olefins has been 
observed by Le Bel,'** Rossolimo '** and others, our knowledge of these reactions 
is due to a large extent to the work of Brooks and Humphrey.'®* These latter 
workers concluded that the polymerization of olefins under the influence of this 
reagent may be preceded by alcohol formation. Of the hexenes, tetramethyl- 
ethylene appeared to be polymerized by sulphuric acid very readily. Thus, 46.5 
grams of tetramethylethylene on treatment with 150 grams of 85 per cent sul¬ 
phuric acid at 0® C. for 1 hour yielded 37.6 grams of a mixture of hydrocarbons 


^ Cf. Hugel and Cohn, work diacussed previously in this chapter (footnote 12). 

^Ann. combustibles liquides, 1932. 7, 15; Chem. Abs.» 1932, 26, 4300. 

Hugel and Cohn, Ann. combustibles liquides, 1932, 7. 239; Chem. Abs., 1932, 26. 5543. 
^^Prsemysl Chem., 1928, 12, 637; Brit. Chem. Abs. B, 1929, 117. 

Ind. Eng. Chem., 1931, 23, 604. 

JJ ComW. rend., 1871. 73, 499; Chem. Soc. Abs., 1871, 24. 1025; see Engler-Hofer, “Das Erdol,” 
Hirael. Leipxig, 1913, 1, 268. 

Phys.-Chem. Soe., 1894, 1, 250; Ber., 1894, 27, Ref. 626; the polymerisation of octylene 


*^I.A.C.S., 1918, 40. 822. 
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in which the dimer predominated. On the other hand, 1-hexene on treatment 
with excess 85 per cent acid at 0® C. was hydrated to secondary hexanol, prac¬ 
tically no polymers whatever being formed. The work of Brooks and Humphrey 
on the higher olehns is summarized in Table 112. 


Table \\2.—Polymerizing Effect of Sulphuric Acid on Oledns, 


Olefin Acid Used Temp. Products 

Per Cent * C. 

3-Heptene . 85 15 No polymers, only alcohol. 

3-Methyl-2-pentene . 95 0 Mainly alcohol, 10% dimer. 

5-Methyl-1 “hexene . 85 — Considerable proportion of dimer. 

2-Octene . 85 20 * Mainly polymers. 

5-Methyl-l-heptene . 85 15 Mainly polymers, 50% dimer. 

2-Methyl-2-undecene ... 85 20 Almost entirely dimer. 

Hexadecene . 85 20 Unaffected. 

Hexadecene . 95 — Mixture of polymers. 


It appears, therefore, that the action of sulphuric acid on the higher olefins 
results mainly or almost entirely in the formation of polymers, but as the molecu¬ 
lar weight of the olefin increases so also does .its resistance to the influence of 
sulphuric acid.^-*'^ The straight-chain olefins are apparently more resistant to 
polymerization by this acid than are the highly branched-chain members, such as 
tetramethylethylene. 


Action of Polymerizing Agents on Cracked Distillates 

The cracking of petroleum usually gives products which contain considerable 
proportions of unsaturated hydrocarbons (see Chapter 3). Some methods of 
refining and purifying these cracked fractions, as has been previously mentioned, 
appear to be dependent on the polymerization of the olefin constituents, although 
little is known of the actual chemical mechanism.^®^ A few of these processes 
are considered in so far as they relate to polymerization. 


Sulphuric Acid 

The polymerization of individual olefins by sulphuric acid has been previously 
discussed.^®* Gerr and Tikhomirova^®* separated fractions of the polymerized 
oil which remained after passing a gas from cracked kerosene through cooled 
concentrated sulphuric acid. The original gas contained 33.6 per cent of relatively 
heavy hydrocarbons, 17.4 per cent of hydrogen, and 49 per cent of methane, but 
after passing through sulphuric acid the composition was 24 per cent heavy hydro¬ 
carbons, 20 per cent hydrogen, and 56 per cent methane. This decrease in the 
heavy hydrocarbon proportion was attributed to the polymerizing action of the 
sulphuric acid, which also gained 0.3 gram in weight for each liter of gas con¬ 
ducted through. An oil layer, corresponding to 0.0476 gram per liter of gas, 
was formed on the acid. This was separated into twelve fractions by distillation 
at a pressure of 2 millimeters. Odorless crystals which melted at 73° to 74° C. 
and had the empirical ’ formula CiBHa 4 were obtained from the fraction boiling 
at 99° to 130° C. at 2 mm. The fraction separated at 115° to 206° C. at this 

Cf. Michael and Brunei, Amer. Chem. 1909, 41, 118; Chem. Abs., 1909, 3, 1165. 
lUTausz, Z. angew. Chem,, 1928, 41, 628. 

See. tor example. Brooks and Humphrey, he. cit. 

KhoM., 1929, 16, 411; Ghent. Abs., 1929, 23, 4811. 
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pressure was a viscous oil similar to lubricating oil. Similar results for a cracked 
light oil were reported by Bespolov.“® 

An amylene fraction, which contained about 43 per cent of dissolved gases, 
from the vapor-phase cracking of crude oil, was treated with sulphuric acid at 
—45® C. by Marcovich and Pigulevski.^®® The product was fractionally distilled 
and saponified, from 12.8 to 25.5 per cent of the gas being converted into alco¬ 
hols. They observed that 66 or 75 per cent acid dissolved more polymers than 
85 per cent acid. 

Raniage treated hydrocarbon oils, which consisted essentially of olefin and 
aromatic hydrocarbons, with concentrated (66° Be.) sulphuric acid. The oil was 
then fractionated. On nitration, the fraction which boiled below 100® C. yielded 
nitrobenzene, while that boiling between 100° and 120° C. produced nitrotoluene. 
The fraction obtained between 120° and 145° C. consisted of xylenes and olefins, 
that between 145° and 300® C. of olefins up to pentadecene, and that between 300® 
and 450° C. resembled a lubricating oil. 

In a process of refining petroleum products or of making gasoline proposed 
by Brooks,^®® cracked petroleum rich in olefins is subjected to the action of sul¬ 
phuric acid (specific gravity less than 66° Be.), after which the oil is separated, 
treated with an alkali and distilled. Diolefins are resinified, but monolcfiiis are 
practically unaffected by this treatment. Polymers formed in the refining with 
sulphuric acid can be removed by distillation over silica gel, charcoal or similar 
adsorbents.^®® Demant treated solvent naphtha with sulphuric acid to obtain 
a viscous oil with a freezing point of —10® to —15° C. 

Aluminum Halides 

By heating unsaturated hydrocarbons such as ethylene or propylene to 260° 
to 540° C. under pressures of 40 to 120 kilograms per square centimeter (40 lo 
120 atmospheres) in the presence of aluminum chloride or bromide, polymeriza¬ 
tion results.^®^ Unsaturated hydrocarbons of high molecular weight can be pre¬ 
pared by directing olefins of low molecular weight at. a temperature below 300° C. 
dver vaporizable halogenated compounds such as aluminum chloride, with a time 
of contact less than 100 seconds.^®® 

A number of processes in which synthetic lubricating oils are prepared by 
polymerization in the presence of aluminum chloride have been proposed (see 
also Chapter 5). In one such method, solid or semi-solid aliphatic hydrocarbons 
having a mean molecular weight of not less tlian 170 (paraffin wax) are poly¬ 
merized with agents capable of introducing exchangeable substituents such as 
chlorine, oxygen, and sulphur, in the presence of catalysts such as aluminum 
chloride.^®® Cyclic or olefin hydrocarbons also may be present. Unsaturated 
hydrocarbons which result from the cracking of hydrocarbon materials containing 
a high proportion of normal paraffin hydrocarbons can also be polymerized with 

Khoz., 1929, 16, 730; Ckcm. Abs., 1930, 24, 1731. 

Khoz., 1930, 18, 627; Brit. Chem. Abs. A, 1931, 283. 

U, S. Patent 1,483,835, Feb. 12, 1924; assigned to Bostaph Kngineering Corp.; C/iem. Abs., 
1924, 18, 1194. 

*-• U. S. Patent 1,563,012, Nov. 24, 1925; assigned to Carbide and Carbon Clicniicals Corp.; 
Chem. Abs., 1926. 20, 501. 

Miller and Connolly, British Patent 373,174, 1932; Chem. Abs., 1933, 27, 4068; French Patent 
710.094, 1931; Chem. Abs., 1932, 26, 1111; both patents assigned to Silica Gel Corp. 

British Patent 179,610, 1921; J.S.C.I., 1922, 41, 539A. 

Pure Oil Co., French Patent 680,038, 1929; Chem. Abs., 1930, 24. 3799. 

Pungs and Rabe, U. S. Patent 1,923,583, Aug. 22, 1933; Chem. Abs., 1933, 27, 5181; French 
Patent 718,346, 1931; Chem. Abs., 1932, 26. 2986; French Patent 717,056, 1931; Chem. Abs., 1932, 
26, 2747; all patents assigned to I. G. Farbenindustne A.-G. 

»•* I. G. Farbenindustrie A.-G., British Patent 349,071, 1930; Brit. Chem. Abs. B, 1931, 832. 
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aluminum chloride to yield lubricating oils.^®* A double compound of aluminum 
chloride and ethylene, made by passing ethylene at 40° to 60^ C. tlirough a sus¬ 
pension of aluminum chloride in a saturated hydrocarbon, will also effect poly¬ 
merization, according to Hauber.'®* 

To manufacture lubricating oil, Howes *®® polymerized olefins at 15° C. at 
a pressure of 70 atmospheres in the presence of a catalyst which consists of 
Florida earth impregnated with finely divided nickel and anhydrous aluminum 
chloride. 

A solid absorptive catalyst capable of polymerizing unstable hydrocarbons, 
such as Florida earth, has been used by Gray ^®^ to refine hydrocarbon vapors 
from which sulphur compounds have been removed previously by basic mercuric 
acetate. Fuller's earth and similar adsorptive materials,^®® aluminum chloride^®®* 
and sodium metal ^®®*’ have been used to remove gum-forming and color-imparting 
substances from cracked distillates. Kalichevsky and Ramsay ^®®« studied the 
factors which influence the refining of lubricating oils with adsorbent clays. 
Considerable paraffin is lost in the refining with fuller's earth. According to 
Fussteig ^®®‘* adsorbed paraffin can be recovered by extraction of the spent earth 
with light gas oil at 90° C. The refining of cracked distillates by subjecting 
them to the action of liquid sulphur dioxide containing metallic halides (mer¬ 
curic, stannic, or titanium chlorides) soluble therein was described by Davis. 


Polymerization by Heat 


The polymerization of individual olefins by heat has been discussed in other 
chapters (see Chapters 2 and 4) as well as in this. As previously stated, Dun- 
stan, Hague and Wheeler observed that below about 550° C., at 150 pounds 
per square inch pressure, polymerization occurs and that by controlling the tem¬ 
perature, pressure, contact surface, and time of contact, the products may be 
varied from gaseous liquid hydrocarbons to viscous oils having lubricating 
qualities. 

By distillation of an oil in the presence of an absorbing agent such as fuller's 
earth, bentonite, or charcoal, Morrell ^®® obtained a resinous material which could 

Standard Oil Co. of Indiana, French Patent 690,966, 19J9; Chem. /lbs., 1931, 25, 1376- 
German Patent ^>S7,30^, 1929; assigned to 1. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 27, 304. 
British Patent 345,334, 1929; Chem. Abs., 1932, 26, 155. 

British Patent 372,763, 1932; assigned to Imperial Chemical Industries, Ltd., Chem. Abs., 1933, 
27, 3599. U. S. Patent 1,877,664, Sept. 13, 1932; assigned to Imperial Chemical Industries, Ltd.; 
Chem. Abs., 1933, 27, 187. 

U. S. Patent 1,825,861, Oct. 6, 1931; assigned to Gray Processes Corp.; Brit. Chem. Abs. B, 

1932, 714; Gray and Mandelbaum, Jnd, Eng. Chem., 1924, 16, 913. 

»“»C;ray, U. S. Patent 1,901,158, Mar. 14, 1933; Chem. Abs., 1933. 27, 3068; U. S. Patent 

I, 865,467, July 5, 1932; BHt. Chem. Abs. B, 1933, 537; U. S. Patent 1,340.889, May 25, 1920; 

J. S.C.I., 1920, 39, 651A; U. S. Patent 1,908,599, May 9, 1933; Chem. Abs., 1933, 27, 3811; 
all patents assigned to Gray Processes Corp.; Watson, U. S. Patent L894,331, Jan. 17, 1933; assigned 
to Pure Oil Co.; Chem. Abs., 1933, 27, 2571; Stormonth, U. S. Patent 1,903,370, April 4, 1933; 
Chem. Abs., 1933, 27, 3326; Osterstrom, U. S. Patent 1,891,109, Dec. 13, 1932; assigned to Pure 
Oil Co.; Chem. Abs., 1933, 27, 2026; Darrow and Sweeney, U. S. Patent 1,903,094, Mar. 28, 1933; 
Chem. Abs., 1933, 27, 3323; Morrell, U. S. Patent 1,904,381, April 18, 1933; assigned to Universal 
Oil Products Co.; Chem. Abs., 1933, 27, 3600. 

I. G. Farbenindustrie A.-G., French Patent 679,225, 1929; Chem. Abs., 1930, 24, 3897; see 
also Chapter 5. 

Cross, U. S. Patents 1,859,027 and 1.859,028, May 17, 1932; a.ssigned to Cross Development 
Corp.; Brit. Chem. Abs. B, 1933, 295; Carlisle and Harris, U. S. Patent 1,862,003, June 7, 1932; 
assigned to Roessler and Hasslacher Chemical Co.; Brit. Chem. Abs. B, 1933, 537. 

Eng. Chem., 1933, 25, 941. 

Petroleum Z., 1930, 26, 627; Chem. Abs., 1930, 24, 4621. 

U. S. Patent 1,941,251, Dec. 26, 1933; assign^ to Universal Oil Products Co. 
y.S’.C./., 1932, 51, 131T. 

*** U. S. Patent 1,608,135, Nov. 23, 1926; Chem. Abs., 1927, 21, 318. Resinous oxygen-absorbing 
olefin polymers have also been recovered from cracked distillates by Morrell (U. S. Patent 1,888.044, 
Nov. IS. 1932; assigned to Universal Oil Products Co.; Chem. Abs., 1933. 27, 1530) and by Hvman 
(U. S. Patents 1,919,722 and 1,919,723, July 25, 1933; assigned to Versicol Corporation; Chem. Abs,, 

1933, 27, 4942). 
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be removed from the absorbent with alcohol and ether, liquid sulphur dioxide, or 
other solvents. In one process, liquid hydrocarbons were obtained from olefins 
by heating them at about 350^ to 800° C. under a pressure of about 1000 atmos¬ 
pheres in contact with metals such as tin, zinc, aluminum, chromium, silicon, lead, 
or their alloys.^^® Catalysts such as aluminum chloride may also be present. 

Ethylene and its homologues, for example, cracked petroleum products or 
destructive hydrogenation products with olefin properties, can be polymerized to 
products boiling between 100° and 200° C. by heating them to 420° C. under a 
pressure of 45 atmospheres without catalysts in the presence of an inert liquid 
such as mineral or vegetable oil.^^^ Wagner polymerized cracked gaseous 
distillates to gasoline-like products- by heating to betweeo 175° and 375° C. under 
a pressure above 40 atmospheres in the presence of metals of Group VIII of the 
periodic system (platinum or palladium). 


Electric Discharges 

In a previous chapter (Chapter 9) the action of electric discharges on hydro¬ 
carbons was discussed. Feiler^^* prepared diolefins from ethylene and other 
lower olefins by exposing the gases at a high rate of flow to the action of high- 
temperature electric discharges. The process is carried out in a closed cycle 
with continuous removal of higher olefins by cooling. 

Polymerization products have also been obtained from gases which contain 
methane, ethylene, acetylene, and their homologues by subjecting them to the 
action of electrical fields such as high-frequency oscillations at high temperatures 
(above 900° 


Polymerization of Styrene and Other Aryl-Substituted Olefins 


The marked influence of the introduction of electronegative groups on the 
tendency of polymerization of unsaturated hydrocarbons is exemplified by styrene. 
The polymerization reactions of the aryl-substituted olefins, and particularly of 
styrene,C(,H 5 .CH=CH,, are of interest both because of the relative ease of 
polymerization and the resinous character of many of the polymers produced. 
The arylalkenes exhibit a behavior similar to that of the simpler conjugated 
diolefin hydrocarbons. Polystyrene,'^® which is the product of polymerization of 
serene either by heat, catalysts or under the influence of light, is a transparent 
vitreous substance of high molecular weight, insoluble in water, alcohol and petro¬ 
leum hydrocarbons, but soluble in benzenoid hydrocarbons, chlorinated hydrocar¬ 
bons and in esters. The physical properties of polystyrene are such as to render 
it a valuable synthetic plastic and, with the development of methods of producing 
styrene (e.g., by pyrolysis of ethylbenzene, formed by condensation of ethylene 



Sl?*"®***^* A.-G.; BntUh Patent 355,210, 1929; Chem. Abs., 1932. 26, 4065. 
in t't** compound are styrol. styrolene, vinylheneene, phenylethylene and cini 

* 1 . *!**.*^” referred to as '‘metastyrene’* in the past. It appears advisaUe to replace 

the prefix meta, which is used to denote a position of substitution in the benxene rina, by the ^fix 
su»din,er, “Die hoel>inolek»l.ren organlKhei VerNSdenfin^ 


cinnamene. 
replace 
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and benzene there can be no doubt that polystyrene will become of great 
technical importahce.^^^ 

The thermal polymerization of styrene proceeds rapidly hour) in a sealed 
tube at 200® C. and more slowly (3 days) at 100® At ordinary tempera¬ 

tures the polymerization of styrene proceeds extremely slowly in the dark,*^® 
although as demonstrated later, exposure to air results in the production of 
oxidized material which has a pronounced catalytic action on the speed of poly¬ 
merization. The polymerization of styrene is accelerated by exposure to light. 
Exposure of styrene to sunlight at room temperature brought about the produc¬ 
tion of polystyrene in 3 weeks.The photopolymerization of styrene is said 
to be incomplete and to lead to an equilibrium, xCgH8?=^ (QHg)^. The partial 
reconversion of polystyrene to styrene takes place under the influence of sunlight 
and also by distillation.^*^ 

The polymerization of styrene (to polystyrene) is accelerated by catalysts, 
such as sulphuric acid.^** According to Brooks and Humphrey,^®* 85 per cent 
sulphuric acid at 0® C. converts styrene into a hard resin. Polystyrene is pro¬ 
duced by heating styrene with an aqueous solution of sodium bisulphite at 100® 
to 120® C.i«* 

It has long been known that the presence of air or oxygen increases the tend¬ 
ency of styrene to polymerize.'*® Thus, Stobbe and Posnjak'*® found that 
styrene which had stood for 14 days was polymerized much more rapidly by heat 
and light than the freshly distilled hydrocarbon. Iloutz and Adkins also 
showed that the polymerization of styrene was accelerated by the presence of up 
to 2 per cent of ozonized diisobutylene. Though a polymerized styrene peroxide 
is simultaneously produced during the oxygen-activated polymerization of liquid 
styrene, it is doubtful whether this peroxide is the actual catalyst. Staudinger 
and Lautenschlager '** have adduced evidence in support of the view that the 
peroxide is not the actual catalyst but that a primary oxide, formed during 
autoxidation, is the principal agent. 

A number of other catalysts, such as anhydrous metallic halides, aryldiazonium 
fluoborates '®® and others,'®® promote the polymerization of styrene. Krakau'®' 
observed that the rate of polymerization of styrene is reduced by the presence of 
small amounts of elemental bromine, iodine, or sulphur. Pummerer and Kehlen'®® 
exposed styrene to visible or ultraviolet rays in the presence of a small amount 
of an aldehyde or ketone to effect polymerization. 

Besides polystyrene, a liquid dimer (distyrene) has also been obtained by 


Mark and Wulff, German Patent 550,055, 1929; Chem. Abs., 1932, 26, 4069; British Patent 
340,587, 1929; Brit. Chem. Abs. B, 1931," 335; French Patent 702,377, 1930; Chem. Abs., 1931, 25, 
4285; sec Chapter 4 for other methods of preparing styrene. 

Sec Ellis, “Synthetic Resins and Their Plastics,” Chemical Catalog Co., Inc., New York. 

Blyth and Hofmann, Ann., 1845, 53. 291, 311. Cf. Ostromislensky, U. S. Patent 1.683.402. 
Sept. 4, 1928; British Patent 236,891, 1925; Chem. Abs., 1926, 20, 1243. 

Lemoine, Compt. rend., 1897, 125, 530; Chem. Soc. Abs., 1898, 74 (1), 70. 

Lemoinc^ Compt. rend., 1899, 129, 719; Chem. Soc. Abs., 1900, 78 (1), 91. 

»“ Thus, Kronstein {Ber., 1903, 35. 4150, 4154) obtained a 60% yield of styrene and a residue 

soluble in benzene by distillation of polystyrene. 

*** Berthelot {Bull. soc. chim., 1866, (2) 6, 296) appears to have been the hrst to study the action 
of sulphuric acid on styrene. 

^•^J.A.C.S., 1918, 40, 825. 

*•* Miller, Ann., 1877, 189, 361; cf. Ber., 1876, 9, 1450; Chem. Soc. Abs., 1878, 34. 885. 

>“C/. Simon, Ann., 1839, 31, 267; see Gmelin, “Handbook of Chemistry’' (translated by Watts). 
Cavendish Society, London, 1859, 13, 1. 

1915* 9 **1755^^*^^’ 371, 259; Chem. Abs., 1910, 4, 2120. Stobbe, Ann., 1915, 409, 1; Chem. Abs., 

^J.A.C.S., 1931, S3, 1058; ibid., 1933, 55, 1609. Cf. Staudinger and Heuer, Ber., 1930. 63B, 222. 

1931. 488. 1; Brit. Chem. Abs. A, 1931, 1031. ’ ’ 

‘"•Bruson. U. S. Patent 1.892,101. Dec. 27. 1932^; assiened to Resinous Products and Chemical Co. 
‘••See, e.g., Schlenk, Appenrodt, Michael and Thai {Ber., 1914. 47, 476) on the use of metallic 
sodium and potassium. 

Rnss. Phys.-Chem. Soc., 1878, 10, 238; Ber., 1878. 11, 1259. 

•"German Patent 576,141, 1933; Chem. Abs., 1933, 27, 3721. 
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heating styrene to 170® C. with concentrated hydrochloric acid, or by the action 
of a mixture of concentrated sulphuric and glacial acetic acids on styrene.'®® 
Distyrene, which is not depolymerized to styrene by heating, is identical with 
1,3-diphenyl-l-butene which has the constitution: 

CeH..CH=CH.CH.CH, 

i.H, 


Staudingerrepresents polystyrene as a long chain of styrene groups formed 
by end to end combination at the olehn double bond, as follows: 


C.H» OH* 

c—c—c—... 

A A. A A.- 


It is therefore a long methylene-chain substituted alternately by phenyl groups. 
The number of these styrene units in the more highly polymerized forms has 
been estimated at several thousand. 

Of the homologues of styrene, a-methylstyrene (formula 1 below) is not 
readily polymerized by light or heat but is converted by the action of sulphuric 
acid into a crystalline dimer which probably has the formula: 


H.C. C.H. 

H.C^C—CH=</ 

\h. 


This dimer can be partly depol 3 rmerized to the parent hydrocarbon by heating. 
In a similar way, p’fnethylstyrene (formula 2) is polymerized by light or by 
catalysts, such as ferric chloride, to a crystalline saturated dimer.'®® 

Of the other aryl-substituted ethylenes, 1,1-diphenylethylene^^'^ (formula 3) 
is remarkably stable, whereas l,Udiphenyleneethylene (formula 4) is readily 
converted to a high molecular weight polymer even in diffused daylight.'®® 



a-methylstyrene 


( 2 ) 

/\-CH=CH 

I 

CH. 

v 

fi-methylstyrene 


(3) 

CH, 


V 

Itl-diphenyleihylene 


Stobbe and Poanjak, Ann., 1909, 371, 287; cf. Erlenmeyer, Ann.. 1910, 372. 247; Chetn. Abs. 
1910, 4, 2129; Stobbe, Ann., 1910, 372, 249; Chem, Abf, 1910, 4, 2129. 

Staudinger, “Die hochmolekularen organiachen Verbindungen,” Springer, Berlin. 1932. See also 
Ellia, Jnd. Eng. Chem., 1933, 23, 125. 

»» Perkin. t877, 32, 660; Klagea, 1902, 33. 2640; Tiflfeneau, Ann. chim. phys., 1907 

(8) 10, 157; Chem. Abs., 1907, 1,^3005. For a diacuasion of this formula see Bergmann. Taubadei 
and Weias, Bsr., 1931, 64, 1493; Chem. Abs., 1931, 25, 4239; Staudinger and Breusch, Bcr. 1929 
62, 442. 


Gass. 

1909, 


‘••Errcra, Cass. chim. Hal., 1885, 14, 504; Chem. Soc. Abs., 1885, 48, 772. Angeli and Mole 
ts. chim. Hal.. 1894, 24 (2), 128; Chem. Soc. Abs.. 1895, 68 (1), 24; Ciaraician and Silber Ber 
42, 1389; Dafert, Monatsh., 1883. 4, 623; Chem. Soc. Abs.. 1883, 44. 1093. * ' 

^Hildebrand, Dias. Strassbourg, 1909; Lebedev, Andrcevski and Matiuachkina. Ber. 1923 56 2349 
^••Wieland, Keindel and Ferrer, Ber.. 1922, S3, 3313; Ferrer, Anal. soc. espan. hn. auim ’ 1922* 
I, 459; Chem. Abs., 1923, 17, 3177. ^ 
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(4) 

CH. 

> 

V—V 

1,1-diphcnyleneethylmie 

Stilbene (sym.-diphenylethylene) (fornitila 5 above) is polymerized in benzene 
solution under the influence of sunlight to yield a dimer which is tetraphenylcyclo- 
butane.^®® This photopolymerization is said to be reversible, the position of the 
equilibrium 2 CJ 4 H 12 5=^ Cat,H 24 depending upon tfte wave length of the light. 

The polymerization products of styrene find application as plastic materials, 
for example, in the manufacture of cast, molded and lathe-turned articles and as 
coating materials. They have also been added to lubricating oils to improve their 
properties and increase their viscosity.®®® Hydrogenated polystyrene or hydro¬ 
genated polymerized diolefins can also be used for this purpose. Instead of adding 
polymerized styrene as such to the oil directly, styrene itself may be added, it 
then being polymerized and hydrogenated in the oil. 


Utilization of Olefin Polymers 

Large quantities of dimers of the simple monolefins are undoubtedly produced 
during the refining of cracked gasolines with sulphuric acid. Besides the uses 
already mentioned, these dimers appear to be quite valuable constituents of motor 
spirit since Howes and Nash ®®*^ found that diisobutylene and the diamylenes 
(especially the diamylene prepared from trimethylethylene) possess excellent 
antidetonating properties.®®® The conversion of olefins to high molecular weight 
oils capable of being utilized as lubricants, by polymerization under the influence 
of aluminum chloride or boron trifluoride, is an interesting development in the 
application of the olefins. An account of industrial developments in the pro¬ 
duction of lubricants from gaseous and liquid olefins by this method has been 
presented by Sullivan and Voorhees and their collaborators.®®® 

The production of a mixture of liquid paraffins and unsaturated drying oils^ 
for use in varnishes by polymerization of gaseous unsaturated hydrocarbons with 
sulphuric or phosphoric acid, has been effected.®®* A residue obtained by Zilber- 
man, Bolotin and Yakubovich from the residues of oil cracking, consisting 

Ciaraician and Silber, Ber.^ 1902, 35, 4129; Stobbe, Btr., 1914, 47, 2703; Z, angew. Chem., 
1922, 35, 578. 

Wulff, Moll and Breners, German Patent 557,306, 1930; Chem. Ahs., 1933, 27, 410; also 
British Patent 379,717, 1931; Brit. Chem. Abs. B, 1932, 971; Pungs and Frese, German Patent 567,350, 
1928; Chem. Ahs., 1933, 27, 1502; German Patent 574,753, 1933; Chem. Abs., 1933, 27, 4666; all 
patents assigned to I. G. Farbenindustrie A.*(j. 

^ J.S.C.I.j 1930, 49, 113T. Production of motor fuels by polymerization of olefins is described 
^ Wagner, British Patent 341,391, 1929; Chem, Abs., 1931. 25, 5007; Texaco Development Corp., 
French Patent 739,846, 1932; Chem, Abs,, 1933, 27, 2294; Reid, U. S. Patent 1,912,009, May 30, 1933; 
assigned to Columbia Engineering and Management Corp.; Chem. Abs., 1933, 27, 4058; Standard 
Oil Co. of Indiana, French Patent 746,265, 1933; Chem. .4bs., 1933, 27, 4654. 

C/. I. G. Farbenindustrie A.-G., French Patent 740,407, 1932; Chem. Abs., 1933, 27, 2293. 
Polymerized gaseous olehns as sources of liquid fuels are discussed by Bowen and Nash {World 
Petroleum Congress, July 19-25, 1933; Preprint No. 79). 

** Sullivan, Voorhees, Neeley and Shankland, Ind. Eng. Chem., 1931, 23, 604; Sullivan, Voorhees, 
Oak- and Barnard, J. Soc. Automotive Engrs., 1931, 29. 40; Chem. Ahs., 1932, 26, 5409. Production 
of oils by polymerization of olefins is described by I. G. Farbenindustrie A.-G., French Patent 709,734, 
1931; Chem. Abs., 1932, 26, 1435; Pungs and Hartmann, German Patent 544,292, 1929; assign^ to 
I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 26, 2471; Bataafsche Petroleum Maatschappij, French 
Patent 747,500, 1933; Chem. Ahs., 1935, 27, 5183; Howes, British Patent 372,763, 1932; assigned 
to Imperial Chemical Industries, Ltd.; Chem, Abs., 1933, 27, 3599; Pyhala, Mat. grasses Pitr. DMv.. 
1932, 23, 9312. 9340; ibid., 1932, 24, 9452; Chem. Zentr., 1933, I, 877; Brit. Chem. Abs. B, 1933. 819! 

New Oil Refining Process Ltd., British Patent 10.040, 1913; Chem. Abs., 1914, 8, 3500. 

Lakokrasochnuyu Ind., 1933, No. 1, 37; Chem. 1933, 27, 4695. 
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of fractions boiling between 185® and 243® C., was found to reduce the oil- 
absorption capacity of pigments and could be substituted to the extent of about 
75 per cent for linseed oil. This polymerized material had a specific gravity of 
0.858, iodine number of 80.7, acid number of 1.9, and saponification number 
of 28.66. 

The liquid polymerization products of olefins may be used as solvents for 
organic substances such as ethylcellulose, rubber, fats,^ waxes, and bitumens. 
For the preparation of varnishes and paints, Chittick heated for 1 hour at 
150° to 260° C., 4 parts by weight of a drying or semi-drying oil (linseed or 
tung oil) with 6 parts of reduced hydrocarbon polymers obtained by catalytic 
action of unsaturated residues from petroleum at high temperatures. The mix¬ 
ture was subsequently cooled to 95° C. and 1 part of japan drier and 0.5 part 
of turpentine or naphtha were added. Robinson used polymers resulting from 
washing oil gas with sulphuric acid for the denaturing of alcohol. 

The numerous methods for the production of liquid hydrocarbons by the* 
thermal treatment of gaseous or low-boiling olefins are discussed elsewhere (see 
Chapters 2, 5 and 6). 

Polymerization of Diolefins 

Unsaturated hydrocarbons with two ethylene linkages in the molecule exhibit 
a great tendency to polymerize under the influence of many comparatively mild 
reagents. This is particularly true in the case of conjugated dienes like butadiene, 

CH^H—CH=CH, 

and its derivatives, which polymerize readily to high molecular weight, amorphous, 
rubber-like substances. In polymerizing diolefins, comparatively mild conditions 
must be employed, since the use of reagents which are successful in polymerizing 
monolefins, such as aluminum chloride and sulphuric acid, leads to the formation 
of tars and resins of less value.*®* 

Two main types of polymerization may be clearly distinguished in the diolefin 
series, namely,*®^ (1) the allene type in which hydrocarbons of the type 
>C=C=C< yield cyclobutane derivatives, and (2) the 1,3-butadiene or isoprene 
type, which tend to furnish unsaturated cyclohexane hydrocarbons, as well as 
amorphous polymers of high molecular weight, some of which are rubber-like 
masses. 


Allenes 


When heated in the liquid state at 140° C. under pressure for 3J4 days, allene 
(propadiene, CH 2 =C=CH 2 ) is converted to the extent of about 50 per cent into 
a mixture of polymers consisting of 5 per cent dimer, 15 per cent trimer, 5 per 
cent a-tetramer, 22 per cent )8-tetramer, 18 per cent pentamer, 10 per cent 
hexamer, and 25 per cent of a colorless gum-like solid.*®* When pyrolyzed at 
higher temperatures at atmospheric pressure both allene and methylallene yield 
large quantities of liquid polymers. A temperature of about 500° C. was found 
most appropriate for the formation of liquids from allene by pyrolysis in a pyrex 
tube. Above that temperature considerable cracking occurred with the formation 


I. G. Farbenindustrie A.-G., French Patent 681,677, 1929: Chetn. Abj., 1930 24. 4343 
U. S. Patent 1,891,079, Dec. 13, 1932; assigned to Pure Oil Co.; Brit. Chem. Abs B 1933 75S 
U. S. Patent 1,545,927, July 14, 1925; assigned to Standard Development Co.; J.S.C.I., 1925 
44, 778B. * * 


The polymerisation of acetylene, as well as vinyl compounds, is discussed in Chanter 28 
Le^v and Mereshkowski. L Russ, Pkys.-Chem. .Joe, 1913, 43, 1249; AbZ 1914%, 

^ Lebedev and Mereshkovski, he. at. 


320 . 
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of liquid products,*®® With methylallene, complete decomposition was effected at 
500® to 550® C. in 36 seconds and 75 per cent of the hydrocarbon was converted 
into liquids of a polymeric nature. These were separated as efficiently as possible 
into fractions each containing one polymer. The lowest fraction boiled at 110® 
to 115® C. and was apparently a dimer although attempts to prove its structure 
by oxidation methods were fruitless. 

Polymerization of the two dimethylallenes and also of trimethylallene and 
tetramethylallene has been carefully investigated by Lebedev and Mereshkovski,*“ 
who have shown that dimerization results in the production of cyclobutane deriva¬ 
tives. Polymerization of symmetrical dimethylallene by heating at 150® C in 
the absence of catalysts, was complete in 4 to, 5 days and the products consisted 
of 90 per cent of a dimer (boiling point 163® C.) and 5 per cent of an odorless 
liquid trimer (boiling point 108® to 110® C. at 17 mm. pressure). The dimer 
was proved to be l,2-dimethyI-3,4-diethylidene-cyclobutane, of which the graphic 
formula is: 

CH,—CH—C=CH. CH* 

CHt—(in—i=CH. CH, 


Three isomeric dimers were obtained by I^bedev by heating unsymmetrical 
dimctliylallene in sealed tubes at 100® to 225® C. for 2 to 20 days. The suggested 
structures of the polymers so produced are shown by the following formulas: 


I 

H,C-C==C(CH0* 

(!:=c(ch,), 

colorless liquid of aromatic 
odor: b.p. 179"-18r C. at 
753 mm. 


II 

(CH.),C-C=CH, 

H,(!-C=C(CH,), 
colorless liquid with a 
kerosene-like odor; b.p. 
149"-150® C. at 753 mm. 


Ill 

CHr=C—C(CH,), 

CH,=C-C(CH,). 
colorless liquid of terpene- 
likeodor; b.p. 140M4rC. 
at 753 mm.; very*readily 
polymerized. 


At 130° C. the relative amounts of the polymers produced from dimethylallene 
were: 40 per cent of dimer I, 18 per cent of II, 3 per cent of III, 33 per cent of 
a trimer boiling at 100° C. at 8 mm. and 6 per cent of a petrolatum-like residue. 

When trimethylallene was heated in a sealed tube at 150® C. both polymeriza¬ 
tion and isomerization reactions occurred. The mixture of dimers formed con¬ 
sisted mainly of the hydrocarbon; 


CHi.CH—C=C(CH,), 
CH..CH—<!:=C(CH,). 


a colorless liquid of boiling point 190® to 191° C., but about 10 per cent of higher 
polymers were also produced.*** Similarly, tetramethylallene, on heating, con¬ 
densed to the dimeric form: 


2(CH,).C=C==C(CH.), 


(CH,)tC~C=C(CH,), 


Mcincrt and Hurd. J.A.C.S., 1930, S2, 4540. 

«®y. Russ. Phys.-Chem. Soc., 1913, 45. 1249; Chem. Abs., 1914. 8, 320; Lebedev. iWrf.. 1913. 45. 
1357*; Chem. Abs., 1915, 9. 799. For the rate of polymerization of allene hydrocarbons see Gapon, 
ibid., 1930. 62. 1385; /. Gen. Chem, Russia, 1931, 1. 770, 779; Brit. Chem. Abs. A, 1932, 232; Chem. 
Abs., 1931, 25. 2968; ibid., 1932, 26, 3229, 4580, 

Russ. Phys.-Chem. Soc., 1911, 43, 820, 1735; Chem. Abs., 1912, 6, 478, 1373; Lebedev and 
Mereshkovski, J. Russ. Phys.-Chem. Soc., 1913, 45. 1249. 

*** Lebedev and Mereshkovski, /. Phys.-Chem. Soc., 1913, 45, 1249. 
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The stability of the niethylallenes diminishes with increasing number of 
methyl groups and the substituted allenes show great tendency to isomerize 
to the corresponding isomeric acetylene hydrocarbons under the influence of 
catalysts, such as sodium. 

Conjugated Dienes 

A vast amount of work has been carried out on the conversion of the diolefins 
into synthetic rubber-like substances. The large number of proposed processes 
testifies to the great commercial interest in the production of .synthetic rubber 
from these sources. Before presenting a brief summary of this aspect of. the 
polymerization of conjugated dienes, it is well to consider the formation of the 
simpler liquid polymers of these hydrocarbons. Liquid polymers are frequently 
formed during the polymerization of 1,3-dienes by heat and other agents, and a 
study of their properties suggests that many of them are not intermediate products 
of rubber formation but are formed by polymerization reactions unlike those 
which result in the formation of rubber-like materials. 

It appears that the maximum production of high molecular weight and rubber¬ 
like polymers is obtained by carrying out the polymerization at the lowest possible 
temperatures. Thus, it has been shown that in the case of isoprene and 2,3-di- 
methylbutadiene, with increasing temperature the proportion of dimers increases 
and that of the higher polymers diminishes. 

The diolefin, 1,3-butadiene, undergoes polymerization to high molecular weight 
substances when heated to above 90® to 100° C. in an autoclave with or without 
a catalyst. When heated in a sealed tube at 150® C. for 10 days, butadiene yielded 
a dimer as well as resinous materials. This dimer, which is a liquid of sharp 
mustard-like odor and boiling point 129.5° to 130.5° C. at 760 mm., probably 
has the constitution 

CH 

/\ 

H,C CH 

I I 

H,C CH, 



CH=CH, 

since it is hydrogenated to ethylcyclohexane and with bromine forms a tetra- 
bromide.2^* Harries studied the dimer produced from butadiene by heating 
under pressure and concluded from ozonization experiments that it was identical 
with 1,5-cyclooctadiene.*^® ’ Vinylcyclohexenes or other oily polymerization prod¬ 
ucts are said to be produced by. heating butadiene or its homologues to 400° C. or 
higher, with or without catalysts.*^^ 

A kinetic study of the thermal polymerization of butadiene in the vapor phase 
in pyrex tubes in the temperature range 326° to 436° C. and at pressures of 720 
to 1.5 mm. has been made by Vaughan.*^* The reaction was found to be homo- 

Mereshkovski, /. Russ. Phys.'Ckem. Soe., 1913, 4S, 1940; Chem. Ahs., 1914, 8, 1420. 
Lebedev, /. R%ss. Phys.-Chem. Soc., 1911, 43, 820, 1735; Chem. Abs.» 1912, 6, 478, 1373; 
Lebedev and Skavronskaya, J. Russ. Phys.-Chem. Soc., 1911, 43, 1124; Chem. Abs.^ 1912, 6, 855; 
/. Russ. Phys.-Chem. Soc.. 1913, 43, 1296; Chem. Abs.. 1915, 9, 798. 

augew. Chem.. 1912, 23, 1457; Cfhem. Soc. Abs.. 1912, 102 (1). 706; Chem. Ztg.. 1912, 
38, 654; Chem. Abs.. 1912. 8, 2331; Hofmann, Z. angew.' Chem., 1912, 23, 1462; Chem.-Ztg., 1912, 
38 , 655; Chem. Abs.. 1912, 8. 2331. 

Constitution ot this compound was proved by Harries, Ber., 1908, 41, 671. 

G. Farbenindustrie A.-G., British Patent 343,116, 1929; Brit. Chem. Abs., B, 1931, 579. 
*^J.A.C.S.. 1932, 34, 3863. 
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geneous and strictly biniolecular over the greater part of its duration. The 
presence of oxygen in the reacting gas did not accelerate the polymerization 
rate. The second order velocity constants, k, were related to the temperature, T, 
by the expression 

log» * = - 5680 (i) + 7.673 

k being expressed in liters per mole per second. The energy of activation is 
calculated as about 25,000 calories. 

Liquid polymerization products are said tq be obtained as Sole products by 
heating butadiene above 40® C. under a pressure of 200 atmospheres*^* with 
aliphatic or aromatic amines or finely divided metals and in the presence of a 
diluent. A colorless oil may be obtained from butadiene at 150® to 220® C. and a 
more viscous oil at ^temperatures above 220® C. The oil may be employed to 
improve the adhesion of lacquers and binding agents such as glue. 

In the polymerization of isoprene (2>methyl-l,3>butadiene) at least two dimers 
appear to be formed, one of which is the well-known hydrocarbon dipentene, 
having the constitution: 

CH. 



Various divergent opinions concerning the identity of the second dimer have 
been advanced. By the carefully controlled thermal polymerization of isoprene> 
Harries **^ obtained a rubber-like substance together with dipentene and a dimer 
which he regarded as 2,6-dimethyl-l,57‘'OCtatriene. Similarly, Ostromislensky 
and Koshelev obtained a hydrocarbon which they called /5-myrcene and re¬ 
garded as an open-chain triene, by heating isoprene at 80® to 90® C. for 3 days. 
Another dimer, prepared by Aschan,*** by the autopolymerization of isoprene and 
called *‘diprene,” corresponded to a m-menthadiene. Wagner-Jaiiregg *** indi¬ 
cated that the so-called octatriene of Harries contains only two double bonds and 
can be catalytically reduced to m-menthane; and also that Ostromislensky*s 
jS-myrcene is identical with the m-menthadiene (diprene) of Aschan. The 
identity of these hydrocarbons with the octatriene of Harries is regarded as 
established since, like them, it affords carvestrene dihydrochloride on treatment 
with hydrogen chloride in acetic acid. It appears, therefore, that at least two 
dimers are formed from isoprene, namely, dipentene and a m-menthadiene of the 
following constitution (proposed by Lebedev and Mereshkovski ***) : 

”*1. G. Farbenindustrie A.-G., British Patent 328,908, 1929; Brit. Chem. Ahs. B, 1930, 754. 

^ Ann., 1911, .383, 157; Chem. Ahs., 1911, 3, 3519. 

«»/. Rnss. Phys.-Chem. Soc., 1915, 47, 1928; Chem. Ahs., 1916, 10, 1947. 

^Ann., 1924, 439, 221; Chem. Ahs., 1925, 19, 52; Ber., 1924, 57, 1959. 

^Ann., 1931, 488, 176; Brit. Chem. Ahs. A, 1931, 1031. 
kuss. Pkars.-them, Soc., 1913, 45, 12^. 
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CH, 



According to Wagner-Jauregg, this ni-menthadiene or ^-niyrwne is the sole 
dimer formed by heating isoprene at 80® to 90® C. for several days. I^^bedev 
observed that when isoprene was heated in sealed tubes at 150® C. for 6 to 7 days, 
both dipentene and the isomeric dimer, which boiled at 160® to 161® C., are formed, 
together with resinous substances. 

Whitby and Crozier^^s found that the polymerization of pure isoprene at 
temperatures of 10® to 145® C. does not afford a polymerizable dimer such as 
the jS-myrcene of Ostromislensky. The products isolated by these investigators 
were oily cyclic dimers, which are not intermediate steps in the conversion of 
isoprene into rubber-like polymers. Dipentene was shown to be present in con¬ 
siderable proportion in these oils, together with one or more oily cyclic dimers. 
Certain inorganic salts, such as antimony pentachloride or tin tetracliloride poly¬ 
merize these dimers rapidly in the cold, with the production of polymers which 
may be isomers of the ordinary synthetic caoutchouc. 

Capon 226 stated his belief that the primary polymerization reactions of di¬ 
olefins occur by the production of activated molecules which can then react with 
unactivated molecules but not with other activated molecules. The possible num¬ 
ber of dimers produced is therefore a function of the number of activated types 
capable of being formed. The initial activation step is believed to consist in the 
breaking of one double bond with the momentary production of tervalent carbon 
atoms. The rate of polymerization of isoprene in sealed tubes at temperatures 
of 100®, 110®, 130® and 150® C. in the dark was also studied by Gapon.--^ It was 
concluded that, in the activation of isoprene, three active forms are produced 
which, by addition to inactivated isoprene molecules, lead to the formation of 
dipentene, l,3-dimethyl-3-vinyl-6-cyclohexene, and two polymers. 

The polymerization of isoprene and similar conjugated diolefins under the 
influence of catalysts takes place very readily at low temperatures and usually 
results, in the production of rubber-like polymers of high molecular weight. A 
full discussion of the specific action of various polymerizing catalysts is beyond 
the scope of this work but mention may be made of the following materials which- 
are active in promoting low-temperature polymerization of these hydrocarbons: 
anhydrous inorganic halides such as aluminum chloride 2 -®; tin tetrachloride, 
antimony pentachloride, boron trifluoride * 2 ®; strong acids, metals or oxides, 

"Cflnai. /. Research. 1932, 6 , 203; Brit. Chem. Abs. A, 1932, 361. 

Russ. Phys.-Chem, Soc., 1930, 62, 1385; C'Acm. Abs., 1931, 25, 2968. 

***/. Russ. Pkys.‘Chem. Soe., 1930, 62, 1395; Chem. Abs., 1931, 25, 2968. 

2‘*E.g., Bataafiche Petroleum Maatschappij, British Patent 358,068, 1931; Brit. Ghent. Abs. B, 
1932, 172; see Chapter 5 for examples of other catalytic materials. 

•• Farbenfabrik vorm, F. Bayer und Co., German Patent 264,925, 1912; Chem. Abs., 1914, 8, 267. 

*** For example, butadiene; is jwlymerized in the presence of sodium balls of 1.1 mm. diameter 
by Ebert, Fries and Garbsch (U. S. Patent 1,880,918. Oct. 4, 1932; assigned to I. G. Farben- 
industrie A.-G.; Chm. Abs., 1933, 27, 514). In'the polymerization of dioleBns by alkali or alkaline 
earth metals, alkali metal hydrides, or organometallic compounds, additions of dioxan or substances 
capable of substituting the metallic atoms of organometallic compounds, such as thiophene, hydrocyanic 
acid, benzyl cyatiide and methylacetylene are of advantage, according to Ebert and Fries (U. S. Patent 
1,832,450, Nov. 17, 1932; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs,, 1932, 26, 1157; 
I. C. Farbenindustrie A.-G., French Patent 710,791, 1931; Chem. Abs., 1932, 26. 1615). Sec also 
Ebert, Fries and Reppe, U. S. Patent 1,827,285, Oct. 13, 1931; Chem. Abs., 1932. 26, 479; French 
Patents 688,592 and 688,593, 1930; Chem. Abs., 1931, 25, 710; all patents assigned to I. G. Fatben* 
Industrie A.-G. 
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ozoiiides and peroxides of the alkalies or alkaline earths. In addition to these 
well-known polymerizing agents, many apparently unrelated materials have been 
stated to catalyze the polymerization of dienes, for example, alkaline earth 
alkyls,2«2 glycerol, starch, urea, and caoutchouc-like substances. 2 ®® 

The catalytic influences of peroxides, per-acids, and oxidized substances formed 
during autoxidation of dioleflns, on the polymerization of isoprene and its con¬ 
geners has been known for many years.*®^ Conant and Tongberg®*® showed 
that the rate of polymerization of isoprene under high pressure is greatly in¬ 
creased by the presence of ozonized isoprene. The rate is approximately in 
accord witfl a first order reaction probably because of an autocatalytic effect. 
From experiments on the polymerization of Isoprene, dimethylbutadiene, cyclo- 
pentadiene, myrcene, and other hydrocarbons in the presence of oxygen at 80° C.,* 
Staudinger and Lautenschlager -®® concluded that in all cases autoxidation accel¬ 
erates polymerization. Though addition of peroxides catalyzes polymerization, 
the result is not as great as with oxygen, hence the active agent is probably a 
compound resulting from the autoxidation. 

Increase of pressure increases the velocity of the (uncatalyzed) polymeriza¬ 
tion of isoprene, dimethylbutadiene, and other diolefins, and also reduces the 
temperature of initial polymerization. The reaction was found by Tammann and 
Pape to follow the unimolecular law. This suggested that before union the 
molecules undergo some change and that the speed of the complete process is 
determined by the rate of this initial reaction.*®® 

The other methylated derivatives of butadiene, most important of which are 
piperylene (1-methylbutadiene) and 2,3-dimethylbutadiene can be polymerized 
more or less readily to rubber-like polymers. Certain other dienes, such as 1,1- 
dimethylbutadiene, 1-phenylbutadiene, 1,2,3,4-tetraniethylbutadiene, and 1,2-di- 
methylbutadiene, also possess a great tendency to polymerize but the products are 
not rubber-like. An increase in the number of methyl substituents in butadiene 
diminishes the ease of polymerization. Methyl substitution in the terminal car¬ 
bon atoms, compared with substitution in the middle positions, also exerts an 
unfavorable influence on the polymerization to high molecular weight products.*®® 
The introduction of phenyl groups into the butadiene chain favors polymerizat 
tion to dimers but inhibits further polymerization to rubber-like or resinous 
polymers.**® 

Very few of the simple polymers of these higher conjugated dienes have been 
definitely identified. A dimer of 2,3-dimethyl-l,3-butadiene closely resembling 
dipentene, can be produced by careful polymerization of that diene or by thermal 
depolymerization of 2,3-dimethylbutadiene rubber.**^ According to Lebedev and 
Mereshkovski,*** this dimer, boiling at 85° C. at 13 mm. and at 205° C. at 750 
mm., with a density 0.8741, probably possesses the structure: 

Holt, Z. angew. Chem., 1914, 27, 1*53; Holt and Steimmig, U. S. Patent 1,189,110, June 27, 
1916; Chem. Abs., 1916, 10, 2162. The polymerization of vinyl esters with these catalysts is de¬ 
scribe, for example, by Klatte and Rollett, U. S. Patent 1,241,738, Oct. 2, 1917; Chem. Abs., 1918, 
12, 231; Chemische Fabrik Griesheim-Elytron, German Patent 281,688, 1914; J.S.C.I., 1915, 34, 623. 

Radische Anilin- und Soda-Fabrik, German Patent 255,786, 1912; Chem. Abs.. 1913, 7, 1815. 

Farbenfabrik vorm. F. Bayer und Co., German Patent 248,399, 1911; Chem. Abs., 1912, 6, 2856. 

Cf. Kngler. Repts. 8th Jnt. Congr. Appl. Chem., 1912, 25, 661. 

•^J.A.C.S., 1930, 52, 1659. 

*^Ann.. 1931, 488, 1; Chem. Abs., 1931, 25, 5138. 

Z. anorg. Chem., 1931, 200, 113; Brit. Chem.' Abs, A, 1931, 1239. 

**• C/. Gapon, J. Russ. Phys.-Chem. Soc., 1930, 62, 1395; Chem. Abs., 1931, 25, 2968; J. Gen. 
Chem. Russia, 1931, 1. 496; Chem. Abs., 1932, 26, 4580. 

Macallum and Whitby, ^rans. Roy. Soc. Canada, 1928, 22, 39; Chem. Abs., 1928, 22, 2080. 

Whitbv and Gallay, Canad. J. Research, 1932, 6, 280; Chem. Abs., 1932, 26, 3479. 

Kondakov, 7. prakt. Chem., 1901, 2 (64), 109; Chem. Soc. Abs., 1901, 80 (1), 625; Richard, 
Compt. rend., 1911, 153, 116; Chem. Abs., 1911. S. 3227. 

»«7. Russ. Phys. Chem, Soc., 1913, 45, 1249; Chem. Abs., 1914, 8, 320. 
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CH, 


h 

CKr-(f \h, 





The diolefins which do not possess a conjugated system of double bonds are 
much more resistant to polymerization than those of the butadiene type. Thus, 
diallyl (1,5>hexadiene), 

CH.=CH. CH,. C H,. CH-=CH, 

was completely unchanged by heating for 8 days at 140° to 200° C., but heating 
for 10 days at 250° C., 40 per cent of the hydrocarbon became converted into 
polymers and isomerization also occurred. The crude product of the reaction 
contained about 15 per cent of a liquid dimer (boiling point 97°-98° C. at 20 
mm.) and 85 per cent of a colorless insoluble resinous polymer.®*® 

Whitby and Gallay ®** prepared a number of dimers of various substituted 
butadienes by the action of heat on these hydrocarbons. Besides higher polymers 
the dimers given in Table 113 were obtained: 


Table 113 .—Dimers of Substituted Butadienes. 


Parent Diolefin 

2.3- Dimethylbutadiene . 

1,2-Dimethylbutadiene . 

1,1-Dimethylbutadiene . 

l,3>Diniethylbutadiene . 

1.4- Dimethylbutadiene . 


Boiling 

Point 

Boiling Point of Dimers 

°C. 

°C. 

69-70 

95 at 17 mm. 

80-82 

(1) 97-100 at 16 mm. 

76-77 

(2) 108-110 at 16 mm. 
(1) 94-97 at 16 mm. 

76-77 

(2) 105-108 at 16 mm. 
90-92 at 16 mm. 

— 

(1) 90 at 20 mm. 


(2) 96-98 at 20 mm. 


Tetramethylhutadicne shows no tendency to polymerize on heating under con¬ 
ditions which readily convert isoprene to rubber-like material, but a dimer may 
be produced by the action of sulphuric acid.®*® The cyclic conjugated diolefins 
as a class are very readily polymerized, the usual products being high molecular 
weight resinous polymers, though the lower polymers are also formed under 
favorable conditions. 

Cyclopentadiene is remarkable for its ease of polymerization and for the large 
number of polymers which have been prepared, though the question of the 
constitution of these compounds has aroused considerable controversy. The po> 

Lebedev and Mereshkovski, J. Russ. Phys.’Chem. Soc., 1913, «45, 1249; Chem. Abs., 1914. 
8 , 320. 

***Canad. J. Research, 1932. 6. 280; Chem. Abs., 1932, 26. 3479. 

*** Macallum and Whitby, Trans. Roy. Soc. Canada, 1928, 22, 39; Chem. Abs., 1928, 22, 2080: 
cf. Whitby and Gallay, ioe. cit. 
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Ijrmerization of cyclopentadiene to solid polymers proceeds spontaneously on 
standing at ordinary temperature, particularly in the presence of air or oxygen, 
but is much more rapid at higher temperatures.-** Exposure to light has little 
influence on the reaction.®*^ When cyclopentadiene is heated to 135® C., dicyclo- 
pentadiene is formed mainly, but by prolonging the heat treatment and by using 
somewhat higher temperatures, Staudinger and his collaborators -** have been 
able to prepare a whole series of polymers which include the dimer, trimer, 
tetramer, pentamer and also possibly a hexamer. 

These polymers, the first four of which are crystalline solids, may be sepa¬ 
rated from one another by fractional distillation in vacuo, l^ch compound 
possesses two double bonds and the corresponding dihydro- and tetrahydro-deriva- 
tives are readily obtained by catalytic hydrogenation. Perhaps the most remark¬ 
able feature of this series of polymers is the reversible character of the polymeri¬ 
zation process. When heated at atmospheric pressure the polymers are partly 
dissociated to yield cyclopentadiene and the other (lower) polymers. Dicyclo- 
pentadiene yields mainly cyclopentadiene by distilling at atmospheric pressure, 
but tricyclopentadiene is more stable to heat than either dicyclopentadiene or 
tetracyclopentadiene. The melting points of these polymers are given in Table 114: 


Table 114 .—Polymers of Pcutadicne. 


Compound 


Dicyclopentadiene .. 

Tricyclopentadiene . 
T etracyclopentadiene 
Pentacyclopentadiene 
Polycyclopentadiene 


Melting Point 
“C. 

(32.5 a-form 
( 19.5 /8-form 
60 

188-190 

270 

decomposes above 300 


The question of the chemical constitution of these crystalline lower polymers 
of cyclopentadiene appears to be undecided. If 1,2 addition takes place, the con¬ 
stitution of dicyclopentadiene can be represented by the graphic formula 

CH, CH, 

CH CH—CH CH 

II I I II 

CH-CH—CH—CH 

This formula, first proposed by Kraemer and Spilker,**® is also supported by 
Staudinger and Rheiner,^^*'" who assign to tricyclopentadiene the constitution 


CH, CH, CH, 

CH \h— cfl \h— cil 
CH—CH—CH—<j:H—CH—CH 


Roscoe, J.C.S., 1885, 47, 669; Ann., 1886, 232, 348; Chem. Zentr., 1886, 449; Etard and 
Lambert, Compt. rend., 1891, 112, 945; Chem. Sac. Abs., 1891, 60, 1085; Krunstein, Ber., 1902, 
3S, 4150; Stobbe and Reuss, Ann., 1912, 391, 151; Chem. Abs., 1912, 6, 3275; Stobbe and Ditnnhaupt, 
Ber., 1919, 52, 1436. 

*« Stobbe and Reuss. Ann., 1912, 391, 151. 

**• Staudinger and Rneiner, Hetv. Chim. Acta. 1924, 7, 23; Chem. Abs., 1924, IB, 1275; Staudinger 
and Bruson, Ann., 1926, 447, 97; Chem. Abs., 1926, 20, 2148; Jnd. Eng. Chem., 1926, 18. 381; 
Bruson, Di8.sertation, Zurich, 1925. 

*^Ber., 1896, 29, 552; see also Ber., 1890, 23. 3283. 

"•Loc. cit. 
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On this basis the general formula for the non-resinous polymers of cyclopentadicne 
becomes 


CH, 

CH \:h— 
(!h—CH— 


CH. 


—cJh \h—L cii \h 
— in—(! h— i 


CH. 


I 

-CH- 


CH 


Jx 


where jr is a relatively small integer. The depolymerization of these cyclopen- 
tadiene polymers is considered to take place by rupture of the cyclobutane ring 
systems under the influence of heat. 

An alternative formula for dicyclopentadiene is that originally proposed by 
Wieland,*®^ namely, 

CH CHa 

/J\/\ 

CHI CH CH 

II CHa I II 

CHI CH—CH 

\ 1 / 

CH 

which may be regarded as the result of the addition of a cyclopentadicne molecule 
activated in the 1,4 position to a second molecule at the 1,2 position. A good 
deal of evidence in support of this configuration for dicyclopentadiene, and of 
similar structures for the other polymers, has been put forward by Alder, Stein 
and Fmzenhagen,*®* who found that dicyclopentadiene readily yields an addition 
compound with phenyl azide and oxidation of its dihydro-derivative affords cyclo- 
pentane-1,3-dicar boxy lie acid. Later, Alder and Stein®*® showed that tricyclopen- 
tadiene and tetracyclopentadiene also form addition compounds with phenyl azide 
and adduced evidence in support of the contention that tricyclopentadiene is also 
formed by 1,4- addition of cyclopentadicne to dicyclopentadiene and thus pos¬ 
sesses the configuration 


CH CH CH, 

CH 'cH 

* II CH. I CH.T 
CH ) CH | C 

'^k 




Polymerization can continue indefinitely on account of the highly reactive ethyl¬ 
ene linkage (marked *) and the general foVmula of the higher polymers, on 
the basis of this mode of coupling, can be written as 

CH. 

H \h 



CH 

CH 


HC'^I'^ 

CH 1"^ 


1 CH. 

T CH. 


HC 1 

CHI 



Ni/ 


<:h 

CTH 


da 
^n-hn 


where x is a small integer. 


i''Ber 1 

■ ' ^Ann!, 1931, VSS,* 223; Brit. Chem. Abs. A, 1931, 473. The stereochemistry of cyclopentadicne 
polymerization is discussed by Alder, Stein, Eckhardt, von Buddenbrock and Schneider, Ann., 1933, 
504. 21 Brit. Chem. Abs, A. 1933, 941. 

(With Reese and Grassmann), Ann., 1932, 496, 204; Brit. Chem. Abs. A, 1932, 938. 
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Higher Polymers of Cyclopentadiene 


Another and different type of condensation occurs when cyclopentadiene is 
polymerized in the presence of catalysts such as anhydrous metallic halides. 
There is produced a white amorphous powder of the formula (QH#)*, in which 
X may vary from 20 to 100. When dried at 50® C. in a high vacuum it swells 
to a spongy brittle mass which can be powdered. This so-called “cyclopentadiene 
rubber^ takes up oxygen on exposure to air and shows other evidences of being 
unsaturated. The probable structure of this material is; *** 


/ 


CH, 


/ 


\ 


-CH—CH=CH-CH- 


/^\ * ' 
CH—CH=CH^CH 


CH, 

l-CH'fcH^CH^H- 


The polymerization of cyclopentadiene to this resinous material has been in¬ 
vestigated by Staudinger and Bruson.-’*® I'he following substances were found 
effective as catalysts: the halides of the amphoteric elements such as the tetra- 
halides of tin and titanium, the tri- and pentahalides of antimony, boron trichlo¬ 
ride, arsenic halides, ferric and bismuth halides and also certain strongly negative 
substances such as sulphuryl chloride, phosphorus pentoxide and phosphorus 
pentachloride. The reaction is so rapid in the case of tin tetrachloride (the 
best catalyst found) and of antimony pentachloride and boron trichloride, that 
it was necessary to use a liquid diluent, such as benzene, chloroform and carbon 
tetrachloride, and to cool vigorously. 


Cyclohexadiene 

The work of Hofmann and Damm on 1 ^-cyclohexadiene indicates that 
this hydrocarbon exhibits considerably less tendency to polymerize than butadiene 
or its 2- or 3-substituted homologues, thus it is more closely related to 1- and 4- 
substituted butadienes. Sodium is without influence on this compound, though 
ferric chloride exerts a pronounced accelerating action on its polymerization. On 
heating at 200° to 220° C. for several hours the hydrocarbon is largely polymerized 
with the production of a solid rubber-like polymer (“dihydrobenzene rubber”) 
and a terpenic dimer. Practically no polymerization occurs at temperatures below 
about 120° C. The dimeric cyclohexadiene differs from the corresponding dimer 
of cyclopentadiene in that the former cannot be solidified in a freezing mixture 
and is not decomposed when boiled at atmospheric pressure. To this dimer, which 
contains two ethylenic linkages and is resinified by concentrated sulphuric and 
nitric acids, Hofmann and Damm assigned the constitution. 



Hruson and Staudinscer, Ind. Ena. Chem., 1926. 18, 381. 

»•/«</. Eng. Chem., 1926, 18, 381; Ann.. 1926, 447. 110; Chem. Abs.. 1926, 20. 2148. 

»«U. S. Patent 1,720,929, July 16, 1929; Brit. Chem. Abs. B, 1929, 972. 

^ Mitt, schlcsischcn Kohfenforsek. Kaiser-Wilhslm G«., 1925, 2, 97; Cktm. Zentr.. 1926. 1. 
2242; Chem. Abs., 1928, 22, 1249. 
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This structure has been confirmed by Alder and Stein *** by oxidation of the 
corresponding dihydro-derivatives to cis-hexahydroterephthalic acid. 

Cyclohexadiene gives tars immediately when treated with sulphuric acid.*®® 

Cyclohexene, when treated with 96 per cent sulphuric acid at 2° to 5° C, 
yielded 37 per cent of an oil. From this oil Nametkin and Abakumovskaja 
obtained three fractions, which consisted of ( 1 ) a hydrocarbon, C 12 H 22 , boiling 
at 216°-219® C. at 739 mm., which gave a small amount of naphthalene on dehy¬ 
drogenation; (2) a hydrocarbon, which boiled at 145°-147° C. at 1.5-2 

mm.; and (3) a hydrocarbon, C 24 H 20 , with one unsaturated linkage which was 
a very viscous liquid and boiled at 200°-203® C. at 1.5-2 mm. 

Mutual Condensation of Olefins and Diolefins 

Closely allied with the polymerization process proper is the condensation of 
two different unsaturated hydrocarbons with the production of a more complex 
molecule. Both types of reaction are essentially the same, and both owe their 
occurrence to the unsaturated linkages present in the hydrocarbons reacting. The 
condensation of a conjugated diolefin hydrocarbon with various monolefin hydro¬ 
carbons, a reaction which was also noted by Aschan,*®^ has been utilized as a 
source of new synthetic resinous materials. Thomas and Carmody *®* observed 
that, though the polymerization of pure isoprene in the presence of anhydrous 
aluminum chloride was slow at ordinary temperature, the addition of an olefin, 
such as 2 -pentene or trimethylethylene, caused a reaction to commence immedi¬ 
ately. Two types of polymers were obtained by decomposing the aluminum 
chloride complex with water: namely, a white granular resin of the formula 
insoluble in most organic solvents, together with a light straw-colored 
resin soluble in many organic solvents and with a carbon-hydrogen ratio which 
varied with the relative proportions of diolefin and monolefin employed. The 
insoluble resin is evidently a polymer derived mainly, if not entirely, from the 
polymerization of the isoprene, whereas the’soluble product,is probably the result 
of mutual condensation of diolefin and monolefin. The yield of the soluble 
polymer is a function of the proportion of monolefin present though its hardness 
is inversely proportional to that amount. On the other hand, the amount of in¬ 
soluble polymer is an inverse function of the monolefin present in the diolefin- 
monolefin mixture. The production of resins for use, for example, in varnish 
formulation, by the action of aluminum chloride on cooled highly unsaturated 
cracked distillates containing both diolefin and monolefin constituents, has been 
carried out by Thomas and Carmody.*®® Thomas and Hochwalt described a 
process for the production of a non-acid, unsaponifiable resin by subjecting a 
cracked distillate, which boils below 180® C. and contains 25 to 50 per cent of 
olefins and diolefins, to the action of aluminum chloride. The product is treated 
with water and distilled to remove volatile constituents. The residue is dissolved 
in a hydrocarbon and the resin is then precipitated from the solution by the 
addition of alcohol and acetone. 

Hugh*®* obtained a material resembling rubber or deresinated gutta percha, 

*»Ann., 1932, 496. 197; Chem. Abs., 1932, 26, 5093. 

»®« Baever, Ann., 1894, 278. 88. 

*»/. Gen. Chem. Russ., 1932, 2, 608; Chem. Abs., 1933, 27, 1620; Ber., 1933, 66, 358. 

^ Ofversigi Finska Vetenskaps Soc., 1916, 58. 42; Chem. Abs., 1920, 14, 3823. 

•»J.A.C.S., 1932, 54, 2480; see also Chapter 6. 

Hng. Chem.. 1932, 24, 1125. 

U. S. Patent 1,836.629, Dec. 15, 1931; assigned to Dayton Synthetic Chemicals, Inc.; Chem. 
Abs., 1932, 26, 1144; Thomas and Hochwalt Laboratories, Inc., French Patent 679.402. 1929: 
Chem. Abs., 1930, 24, 3915; British Patent 340,001, 1929; Chem. Abs., 1931, 25. 2867. 

British Patent 345,939, 1929; assigned to Standard Telephones and Cables, Ltd.; Brit. Chem. 
YtbSm Bf I 93 I 9 710* 
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by polymerizing at 20® to 201® C. a mixture of a diolefin (butadiene, isoprene, 
or dimethylbutadiene) and an aromatic olefin (styrene, naphthylethylene, divinyl- 
benzene, or their homologues) in the presence of sodium, sodium-amalgam, or 
other catalyst, and also, if necessary, of an antioxidant such as phenyl-a- or 
jS-naphthylamine. A non-volatile hydrocarbon swelling agent may be added to 
render the product thermoplastic. These materials are intended for use in the 
insulation of submarine cables.*®® 


The Production of Synthetic Rubber 

The fact that isoprene, prepared by the destructive distillation of rubber, 
could be converted to spongy elastic material closely resembling natural rubber 
was observed by Williams *®* and, 19 years later, by Bouchardat.*®® The latter 
investigator employed hydrochloric acid as the condensing material. The credit 
of first actually synthesizing an artificial rubber-like material belongs, however, 
to Tilden.*®® Tilden found that hydrochloric acid and also nitrosyl chloride were ef¬ 
fective in promoting polymerization of synthetic isoprene to rubber-like materials. 
He noted later that, under the influence of light, polymerization also resulted. 
Tilden stated that the action of hydrochloric acid on isoprene converts it par¬ 
tially into caoutchouc. The latter seems to be produced most readily from the 
oily polymer, resulting from the action of heat. This important fact was com¬ 
pletely substantiated later by Ostromislensky and Koschelev,**® who found that 
the character of the synthetic isoprene rubber was markedly influenced by its 
mode of polymerization, for, on heating isoprene to 80® to 90® C., it was found 
to polymerize spontaneously to a dimer called /9-myrcene, which then yielded a 
normal isoprene caoutchouc when polymerized with sodium and barium peroxides 
at 60® to 70® C., whereas isoprene itself, when treated with these reagents, gave 
an abnormal caoutchouc product. 

The polymerization of 2,3-dimethyl-1,3-butadiene (diisopropenyl), a homologue 
of isoprene, to a rubber-like product was effected by Kondakov by subjecting 
this hydrocarbon to the action of alcoholic potash for three days. Kondakov 
also observed that the polymerization of this unsaturated hydrocarbon occurred 
spontaneously and was much more rapid than the polymerization of isoprene or 
butadiene. During the polymerization of this hydrocarbon, either spontaneously 
or under the influence, of alcoholic potash, dimers and trimers were formed also. 
Like natural Para rubber, Kondakov's rubber can be depolymerized by heat to 
yield a dimer of 2,3-dimethyl-1,3-butadiene, identical with the product obtained by 
the careful polymerization of 2,3-dimethyl-1,3-butadiene. 

The rapid conversion of unsaturated hydrocarbons to rubber-like substances was 
also reported by Wallach and Lebedev,*^® with daylight; by Ostromislensky,*^® 


*“Scc also Le Materiel Telephonique Soc. anon.; French Patent 707,692, 1930; Chem. Abs 
1932. 26, 734. 

^ Proc. Royal Soc., 1860, 10. 516; Phil. Trans., 1860, 245; Jahresber.. I860. 495. 

^ Compt. rend., 1879, 89, 1117; Chem. Soc. Abs., 1880, 38, 323. 

^Chem. N^s, 1882, 46, 120; Chem. Soe. Abs., 1883, 44, 75. Jahresber., 1882. 406. J.C.S. 
1884, 45, 410; Chem. News, 1892, 65, 265; Chem. Soc. Abs., 1892. 62, 1482; Ber., 1892. 25 Ref 644 
"oy Russ. Phys. Chem. Soc., 1915, 47, 1928; Chem. Soc. Abs., 1916. 110 (1), 274; cf. Ostro- 
mis^nsky, J. Russ. Phys.-Chem. Soc., 1916, 48, 1071; Chem. Soc. Abs., 1917, 112 (1). 399 

Chem., 1901, (2) 64, 109; Chem. Soe. Abs., 1901, 80 (1), 625; cf. Hofmann, Delbrtick 
Md Meisen^rff, U. S. Patent 1,178,721, April 11, 1916; Chem. Abs., 1916, 10, 1718; Hofmann and 
Delbruck, U. S. Patent, 1.081.6U and 1,081.«14. bee. 16. 1913; Chem. Abs.. I9M, S. 585 
”lAnn., 1887, 238. 78; Chem. Soc. Abs., 1887, 52, 595. 

Soc., 1909, 41, 1868; cf. ibid., 1910, 42. 949; Chem. Soc. Abs., 1911, 

luO \ 1/ f Zo« 

Sh*'‘Chem. Soc., 1912, 44, 204; Chem. Soe. Abs., 1912, 102 (1), 280; Chem.-Zia.. 
^12, 36, 199; Chem. Abs., 1912, 6, 2184. Danish Patent 16,533, 1912; Chem. Abs., 1913 7 1299 

mT". c*»m: w”; 
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with ultraviolet radiation; and by Collie,who employed the silent electric 
discharge. 

The rise in the price of natural rubber after 1905, which resulted from the 
greatly increased demand for this material, stimulated research on the polymeri¬ 
zation of dienes to rubber-like materials. In 1911, Harries-^® reported that the 
polymerization of isoprene to rubber-like substances took place when isoprenc 
was heated in a sealed tube with acetic acid for 8 days at 90° to 100° C., though 
the yields were variable. Hofmann and Coutelle also observed that pure iso¬ 
prene or its homologues could be polymerized to caoutchouc in good yield when 
subjected to heat, with or without catalysts. Perhaps the most important dis¬ 
covery was that of Matthews and Strange (1910), who found that metallic 
sodium was a very active polymerizing agent. Harries,®^® who appears to have 
made this same discovery towards the end of 1910, stated that butadiene is con¬ 
verted into synthetic rubber at ordinary temperature in a few hours under the 
influence of metallic sodium and isoprene is converted at about 60° C. almost 
quantitatively without the production of dimers or trimers, in from 50 to 100 
hours.The sodium is for the greater part quite unchanged. Harries found, 
however, that the sodium-condensed caoutchouc has a structure differing from 
that possessed by synthetic rubbers produced by the action of heat or by the 
aid of acetic acid. Certain other catalytic agents, such as acetic anhydride,^’*® 
perborates, ozonides of isoprene, or other oxygen carriers,®®^ sodamide,^®- and 
sulphur,2®® have also been proposed. 

According to Harries,-®^ there are three well-known methods of polymerizing 
butadiene and its simple homologues to rubber-like products, namely, (1) heating 
alone, or in acetic acid solution, in a sealed tube for a period at 60° to 100° C.; 
(2) heating, or allowing to stand, in the presence of metallic sodium in an at¬ 
mosphere of carbon dioxide; and (3) heating in tlie presence of peroxides, espe¬ 
cially benzoyl peroxide. 

As regards the quality of the synthetic rubbers produced by the polymeriza¬ 
tion of the simple butadiene derivatives, it must be clearly borne in mind that 
though these substances may possess many of the characteristics of natural rub¬ 
ber, they are not identical by any means. Even with the isoprene polymers, the 
identity with natural rubber is not proved. Harries has attempted to assign 
structures to natural and synthetic rubbers on the basis of the products obtained 
by decomposing their ozonides with water. 

Briefly, natural rubber or caoutchouc is a transparent tough elastic material, 
soluble in various organic solvents, and its composition may be expressed by the 


»«y.C.S., 1905, 87, 1540. 

”^Ann.. 1911, 383, 157; Chem. Abs.. 1911, 5, 3519. 

See, for example, Canadian Patent 143,493. 1912; Chem. Abs., 1913, 7. 427 ; cf. Cannrlinn 
Patents 143,489 to 143,492, 1912; Chem. Abs., 1913, 7, 426. U. S. Patent 1,062,915, May 27 , 1913; 
Chem. Abs., 1913, 7, 2485; cf. U. S. Patents 1,062,828, 1,062.912. 1,062,913, and 1 . 062 , 914 , May 
27, 1913; Chem. Abs., 1913, 7, 2485. U. S. Patents 1,069,951, 1,070,120 and 1,070,258, Aug. 12, 
1913; Chem. Abs., 1913, 7, 3424. Farbenfabr. vorm. F. Bayer & Co., British Patent 6.540. 1911; 
Chetn. Abs., 1912, 6, 2548; Addn. 13.931 to French Patent 419,316, 1911; Chem. Abs.. 1912. 6. 
2548. German Patent 235,423, 1909; Chem. Abs., 1912, 6, 2548. 

Sec, for example. British Patent 24,790, 1910; Chem. Abs., 1912, 6, 1542. German Patent 
249,868, 1911; Chem. Abs.. 1912, 6, 3200. 

C/. Dubose, Sealed Note 1012, 1912; BmH, soe. ind. Rouen, 1926, 54. 220; Chem. Abs.. 1927. 
21. 673. 

“•See, for example, Chem. Fabrik. auf. Actien vorm. E. Sobering, French Patent 433.825, 1911; 
Chem. Abs., 1912. 6, 2332. 

See, for example, Badische Anilin' und Soda-Fabrik, British Patent 22,454, 1911; Chem. Abs 
1913. 7, 1109. 

*“ See, for example, Hodgkinson, British Patent 9,219. 1910; J.S.C.I., 1911, 30, 1075 
^See. for example,_Badische Anilin- und Soda-Fabrik, French Patent 434,587, 1911; Chem. Abs.. 

10,914. 1911; Chem. Abs., 1912, 8, 3026. Holt, U, S. Patent 1,062,973 
May 27. 1913; Chem. Abs., 1913, 7, 2486. 

*•* “Gntersucjiungen fiber die naturlichen und kunstlkhen : 

1919, 170. 


Kautschukarten,*’ Julius Springer, Berlin, 
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formula (CgHg)*. It is unsaturated in nature and on destructive distillation 
yields a mixture of hydrocarbons, of which the most important are isoprene and 
dipentene. When heated with sulphur, or when treated with solutions of sulphur 
dichloride in carbon disulphide it becomes “vulcanized.” This latter important 
property is also possessed by the synthetic rubbers prepared by the polymeriza¬ 
tion of diolefins. The synthetic rubbers prepared by the polymerization of dienes 
under various conditions give rise to ozonides which exhibit different rates of 
hydrolysis with water and give different decomposition products. According to 
Harries, 1,3-butadiene, isoprene, and piperylene give rise, on polymerization, to 
synthetic rubbers which are superior from a practical point of view to those ob¬ 
tained by the polymerization of 2,3-dimethyl-1,3-butadiene, a conclusion also 
arrived at by Fisher and Chittenden.*®® 

It appears that, though many diolefins have been stated to polymerize to rub¬ 
ber-like substances, the possibilities are in reality quite limited to simple butadiene 
derivatives, notably butadiene, isoprene, piperylene (1,3-pentadiene), and 2,3-di- 
methyl-1,3-butadiene. For example, Harries found that both l,l-dimethyl-l,3- 
butadiene and 1-phenyl-1,3-butadiene presented difficulties in polymerization to 
rubber. Macallum and Whitby *®® concluded that, (1) methyl substitution in the 
terminal carbon atoms of butadiene, compared with such substitution in the mid¬ 
dle positions, exerts an unfavorable effect in the ease of polymerization to rubber¬ 
like substances, and (2) an increase in the number of methyl substituents in 
butadiene diminishes the ease of polymerization. In support of the latter statement 
it was shown that 1,2,3,4-tetramethyl-1,3-butadiene, 

H,CCH=C(CH,)~-C(CH.)==CHCH, 

had little or no tendency to undergo polymerization to a rubber. Recently Fisher 
and Chittenden*®^ prepared 3-methyl-1,3-pentadiene (1,2-dimethyl-l,3-butadiene), 

CH,CH=C(CH,)~CH=CH, 

and found that this hydrocarbon did not polymerize to an elastic, resilient, rub¬ 
ber-like product. These workers concluded that the polymerization of dienes to 
rubber-like products does not depend solely upon the presence of the vinyl group. 

It must not be supposed that these and other diolefins cannot be made to 
polymerize. In actual fact many of these substances polymerize with greater 
ease than butadiene or its simple homologues, but the products are not rubber-like 
in nature. 

Results of theoretical and practical interest were obtained by Ostromislensky *®* 
on the polymerization of vinyl bromide, a process which resulted in the produc¬ 
tion of three polymeric substances which he called caouprene bromides. On 
treatment with zinc dust they yielded a substance apparently identical with the 
butadiene-rubber of Harries. Similarly the bromide of Harries' butadiene-rubber 
was found to exist in three modifications, identical or isomeric with the caou¬ 
prene bromide of Ostromislensky. 

Since the World War there has been a renewal of interest in the polymeri¬ 
zation of diolefins, produced by the pyrolysis of petroleum hydrocarbons, to rub¬ 
ber-like substances and rubber substitutes. Processes for polymerizing isoprene 
in which this diolefin is treated, for example, with colloidal suspensions or solu- 

Kng. Chem., 1930. 22, 869. 

Trans. Roy. Soc. Canada, 1928, (3) 22, 39; Chem. Abs., 1928, 22, 2080. Whitby and Kats 
(Ind. Eng. Chem., 1933, 2S, 1204, 1338) reviewed the production of synthetic rubber. 

Lo'c. cit. 

*»y. Russ. Phys.‘Chem, Soc., 1912, 44, 204; Chem. Soc. Abs., 1912, 102 (1), 280; Chem. Abs„ 
1912, 6, 1538. 
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tions of substances such as egg albumin, sodium oleate, or turkey-red oil, in the 
presence of electrolytes, together with oxygen or compounds which yield oxygen, 
such as perborates, have been proposed.-®® The rubber so obtained is rolled into 
sheets, mixed with sulphur, and vulcanized in the ordinary way, and the products 
are said to be distinguished by high elasticity and strength. 

In another method *®® for the production of rubber-like products, the polym¬ 
erization of diolefins is effected in the presence of an emulsion which has previ¬ 
ously been passed through a homogenizer. Polymerization is thereby facilitated 
and the yield of rubber-like product is improved. Diolefins in the form of creamy 
or gelatinous mixtures with aqueous solutions (these mixtures containing at least 
75 per cent by volume of the hydrocarbons) also may be polymerized to rubber¬ 
like products.®®^ Additional substances such as oxidizing agents, buffer mixtures, 
and materials capable of modifying the surface tension of emulsions may be 
present also. The polymerization of diolefins likewise can be effected in the 
presence of latex or similar vegetable saps and of oxidizing or emulsifying* 
agents.*®® 

The polymerization of butadiene hydrocarbons with the aid of sodium hydride 
is slower than with metallic sodium, which sometimes induces polymerization with 
almost explosive violence.*®* With sodium hydride, it is said that a more homo¬ 
geneous product is obtained. The process is conveniently conducted in the 
presence of an indifferent solvent such as benzene, with agitation. 

Plastic or elastic products of polymerization with exceptional stability on 
storage, can be made from diolefins such as isoprene or butadiene, by adding a 
dissolved or emulsified antioxidant to the latex or latex-like products from which 
the polymerized material is to be separated.*®* The antioxidant may be intro¬ 
duced before or during coagulation of the latex-like suspension and is used in 
such proportions that 0.5 to 2 per cent is present in the coagulated product. 
Prior to coagulation, compounding ingredients also may be introduced. 

The polymerization of butadiene or its homologues sometimes leads to rubber¬ 
like products which are insoluble in benzene and do not readily become plastic 
when milled. These undesirable features can be removed by treating with an 
organic nitro-compound, e.g., mono-, di-, or trinitrobenzene, advantageously in 
the presence of a solvent such as benzene and at temperatures of about 140® 
to 150® C.*®® 

Since the polymerization of diolefins is sometimes extremely violent, it has 
been proposed*®® to connect a second chamber, containing no polymerizing cat¬ 
alyst, with the actual reaction vessel. If violent reactions do occur, the starting 
material distils into the second chamber where it may be returned, e.g., by dis¬ 
tillation or by gravity, when convenient, into the reaction vessel. 

According to Kleiber and Gilardi ®®* an elastic mass, capable of being vul¬ 
canized and used as a rubber substitute, is obtained by treating petroleum with 
an oxidizing agent such as nitric acid or sodium peroxide for several days in 


See, for example, I. G. Farbenindustrte A.-G., British Patents 
Brit. Chcm. Abs. B, 1929, 48.S; British Patents 286,272 and 300,167, 

1929, 652; British Patent 294,963, 1928; Brit. Chem, Abs. B, 1930, 471. 

** I. G. Farbenindustrie A.-G., British Patents 307,937 and 307.938. 

1930, 830. 

** I. G. Farbenindustrie A.-G., British Patent 312,949, 1928: Brit. Chem. Abs B 1929 6S2 

Cf. British Patent 368,256, 1930; Chem. Abs., 1933, 27, 2339. ’ ’ ® 

•* I. G. Farbenindustrie A.-G., British Patent 313,188, 1928; Brit. 

•*1. G. Farbenindustrie A.-G., British Patent 315,356, 1929; Brit. 

*•*1. G. Farbenindustrie A.-G., British Patent 329,969, 1929; Brit. 

I. G. I'arbenindustrie A.-G., British Patent 330,922, 1929; Brit. 

*• I. G. Farbenindustrie A.-G., British Patent 331.265, 1929; Brit. 

»» British Patent 312,741, 1928; Brit. Chem. Abs. B, 1929, 652. 


283.840 and 283,841, 1927; 
1927; BHt. Chem. Abs. B, 

1928: Brit. Chem. Abs. B, 


Chem. Abs. B, 1929, 652. 

Chem. Abs. B, 1930, 830. 

Chem. Abs. B, 1930, 781. 

Chem. Abs. B, 1930, 830. 

Chem. Abs. B, 1930, 939. 
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the presence of soda-lime or sodium acetate.*®* The liquid is neutralized and 
repeatedly distilled over colophony. The distillate is treated with dilute alkali 
and allowed to stand, when three layers are formed. The two upper layers are 
treated with glacial acetic acid or formaldehyde, together with raw rubber as a 
catalyst. The mixture is heated to 60® C., and a syrupy substance is obtained 
from which an elastic substance can be precipitated with acetone or alcohol. 

On oxidizing petroleum or its residues with sodium peroxide, or for several 
days with nitric acid, it separates into two layers. Kleiber and Gilardi *®® found 
one layer to be composed of octanaphthenes, which on treatment with sulphur 
were transformed to xylenes, whereas the otjier, a turbid aqueous layer, was 
converted by oxidation with fuming HNOj to cyclohexanes first, and then to 
adipic acid. The xylenes also are oxidized to adipic acid. Terpenes can then 
be added and, after heating to about 150® C., isoprene and butadiene are formed. 
From these, artificial rubber can be obtained; 

In a process described by Hultman*®® for the partial polymerization of a 
mineral oil material, such as “Dubbs pressure distillate,” topped Californian 
crude, or similar oil or fraction, oxides of cerium or tin at a temperature of 
about 95° C. are used. The products are cooled and treated with carbon monox¬ 
ide or methane in the presence of nickel, palladium or other catalysts at about 
32° C., and then with a halogenating agent such as chlorine, bromine, or boron 
fluoride. A soft, rubbery product is formed, which is separated from the oily 
material. The distillation of shale and treatment of the condensate to obtain a 
crude rubber-like material suitable for admixture with rubber has been consid¬ 
ered by Camberu, Langstaff and Stapelfeld.*®^ 

By passing ethylene or its homologues through a heated mixture of acetone 
or its homologues with fuming sulphuric acid. Stern®®* also obtained rubber-like 
substances. 

Alkali metals in the presence of a limited amount of water have been sug¬ 
gested as catalysts in the production of synthetic rubber from diolefins.*®* The 
water is added as water of crystallization, using salts such as hydrated calcium 
chloride, sodium carbonate, sodium sulphate, or magnesium sulphate. Polymeric 
zation of diolefins with alkali or alkaline earth metals in the presence of hydrogen 
and in the absence of organic oxygen compounds has also been described.*®* 
Nitrogen, carbon dioxide or other inert gases may be present. 

Rubber latex mixtures have been prepared by polymerization of emulsions of 
vegetable oils, fats, or their derivatives, and unsaturated hydrocarbons in the 
presence of oxygen or oxygen-splitting compounds.*®* For example, butadiene 
and oleic acid emulsified in water with turkey-red oil are polymerized with 
benzoyl peroxide at 60° C. 

Vinylcyclohexenes and other oily polymers have been obtained by the polym¬ 
erization of butadiene and its homologues by heat at about 400° C. in the pres¬ 
ence of iron, aluminum, copper, nickel or silica gel as catalysts.*®* Eisele and 

"*Cf. Dubose, Sealed NoW 1012, 1912; Buli. soc. tnd. Rouen, 1926. 54, 220; Chem, Abs., 1927, 
21, 673. 

•••French Patent 651,824. 1928; Chem. Abs,, 1929, 23, 3600. 

•«®U. S. Patent 1,704,194, Mar. 5, 1929; assigned to Hultman, Dunciclee, Monteleone and Simons; 
Chem. Abs., 1929, 23, 2071. 

*•* French Patent 656.094, 1928; Chem. Abs., 1929, 23, 4102. 

««French Patent 477,956, 1914; Chem. Abs., 1916, 10. 1446; British Patent 297, 1915; Chem. 
Abs.. 1916, 10, 1717; Swiss Patent 70,285, 1915; Chem. Abs., 1916, 10, 2417. 

»»I. G. Farbenindustrie A.-G.. British Patent 357,488, 1929; Chem. Abs., 1932, 26, 6183. 

•®* I. G. Farbenindustrie A.-G., British Patent 363,810, 1930; Chem. Abs., 1933, 27, 1784. 

I. G. Farbenindustrie A.-G., British Patent 362,845, 1930; Chem. Abs., 1933, 27, 1535. 

^1. G. Farbenindustrie A.-G., British Patent 343,116, 1928; Chem. Abs., 1931. 2$, 5435. 
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Stohrel have prepared products which can be used in plastics and paints by 
.the polymerization of butadiene or its methyl derivative at 150° to 220° C. under 
pressure in the presence of a diluent and catalysts such as organic amines or 
hnely divided metals. 

Rubber-like plastics have been prepared by polymerizing 2-halogen-1,3-bu- 
tadienes in the presence of air, oxygen, heat, light, catalysts (benzoyl peroxide, 
peroxides of sodium, lead or hydrogen, or oxidized turpentine) or under pres- 
sure.*®^** The polymerization can be controlled by the addition of solvents or 
inhibitors (phenols, quinones, amines, nitro-compounds, or mercaptans) and the 
resulting products cured at 50° to 180° C. 

German Patent 539,589. 1928; Chem. Abs., 1932. 26, 2333; British Patent 328.908| 1928; 
Brit. Chem. Abs. B, 1930. 754; German Patent 540,998, 1928; Ckcm. Abs., 1932, 26, 2333; all patents 
assigned to I. G. Farbenindustrie A.-G. 

*** £. I. du Pont de Nemours and Co., Inc., British Patents 387,363 and 387,340, 1931; Brit. 
Chem. Abs. B, 1933, 318. See Chapter 27. 



Chapter 27 

Some Important Reactions of Diolehns 

4 

The diolefins are hydrocarbons of the general formula C^ 2 n- 2 t with two 
ethylene linkages in their .molecular structure. They are isomeric with the 
acetylene series of hydrocarbons. For purposes of classification, the diolefins may 
be divided into three types which differ in the mutual orientation of the two 
double bonds and possess somewhat different properties. These three main 
types are: 

(1) The allcnes, possessing the characteristic structure, 

>c=-c=c< 

(2) The conjugated dienes (or butadiene type), with the structure, 

>c=i-(!:=c< 

(3) Other diolefins in which the double bonds are separated from one another by one 
or more CHj groups, among which may be specially mentioned the 1,4- and 1,5-dienes. 

Of these three classes the conjugated dienes are by far the most important, 
both from the point of view of their greater reactivity and power of condensa¬ 
tion and because they probably constitute the preponderating diolefin in the 
products of pyrolysis of hydrocarbons and, therefore, promise to become avail¬ 
able commercially in significant quantities. 

The gases from both vapor phase and liquid phase cracking processes fur¬ 
nish the principal industrial source of butadiene. For example, Wagner ^ in 
giving the analysis of a gas from a vapor phase process (Gyro) showed that 
it contains 1 per cent butadiene. Other analyses of gases from both liquid phase 
and vapor phase processes indicate that these gases contain from 4.5 to 5.5 per 
cent collectively of butylenes and butadiene.* As the fraction, of which prob¬ 
ably about one-seventh is butadiene, can be further separated into butylenes and 
butadiene by distillation under pressure, the chemical properties and possible 
utilization of butadiene become of interest to the petroleum technologist. 

Flood, Hladky and Edgar * pointed out that, of the possible types of unsat¬ 
urated compounds present in cracked gasolines, the dienes were the most unstable, 
particularly if the double bonds were not too far apart in the molecule, and 
that such substances formed gum during storage. The polymerization of the 
dienes is a well-known phenomenon and part of the sludge formation obtained on 
treating cracked distillates may be due to the dienes present. From these con¬ 
siderations it is apparent that, the chemical properties of the dienes are of im¬ 
portance to the refiner of . petroleum products. 

*7. Inst. Pet. Tech., 1929, 15. 484. 

•Wagner, Hehncr, 1930, 9 (6). 70; Chem. Ahs., 1930. 24, 5142. 

* Ind. Eng. Chem., 1933, 25, 1234. See Kaltchevsky and Stagner, ''Chemical Refining of Petro¬ 
leum," Chemical Catalog Co., Inc., New York. 1935, 316. 
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Allenes 


The allene type of diolehns has not been recognized among the products of 
pyrolysis. This is probably to be ascribed to the ease with which these hydro¬ 
carbons isomerize to the corresponding conjugated diolefins. Tims, unsymmetri- 
cal-dimethylallene rearranges to isoprene when passed over alumina at 300° C., 
especially under diminished pressure.^ The allenes also isomerize to the cor¬ 
responding acetylene hydrocarbons when allowed to stand in the presence of 
metallic sodium, a reaction discovered by Favorsky.® These" two isomerizations 
may be represented as follows: 

Ai,o, . CH« 

(CH.),C=C=CH. —^ I 

300* C. CHr==C— CTI—CH, 

unsym.-dimethylallene isoprene 

Na 

(CH,),C=C=CH, —(CH,),CH-CsCH 

wxsym.-dimethylallene isopropylacetylene 

The conversion of methylallene into ethylacetylene under the influence of 
metallic sodium has been described by Jocicz.® At high temperatures, however, 
the reverse reactions occur and the thermal isomerization of methylacetylene to 
allene at 500° to 650° C. has been observed by Hurd and Meinert.^ A number 
of methods are available for the synthesis of the allene hydrocarbons. For lab¬ 
oratory preparation the general method of Bouis ** seems to possess definite ad¬ 
vantages and was the one employed by Hurd and his collaborators in the prepara¬ 
tion of pure allene and methylallene. The method is exemplified by the synthesis 
of methylallene from crotonaldehyde through the following stages: 


CH, 
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<!hcho 
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CH, 
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CH HBr 

CH Br. 
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CHBr KOH 
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CHBr 

CBr 

II 

in alcohol 

c 

II 
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CH,OH 

CH,Br 

j 

CH,Br 

II 

CH, 


II 

CH, 


In a similar way, allene may be produced by the action of zinc dust on 2,3- 
dibromo-l-propene, when dissolved in alcohol: ® 

CH,BrCBr=CH, -f Zn -ZnBr, 4* 

Allene itself is a gas at ordinary temperature (boiling point, —32° C.) and 
methylallene (1,2-butadiene) is a liquid (boiling point, 19° C). All the allene 
hydrocarbons combine readily with bromine (particularly in carbon tetrachloride 
solution at 0° C.) to yield a dibromide, and ultimately in the presence of excess 
bromine, to form a tetrabromide. Allene tetrabromide boils at 116° C. at 9 mm. 
and when pure melts at 10.7° C.'® Methylallene tetrabromide boils at 97.5° C. 
at 7 mm. and has a melting point of —^2° 

Subsequently, Bouis developed a general method of making alkylallenes by 
the action of the appropriate Grignard reagent on acrolein, followed by treatment 

* Webel, U. S. Patent 1,083,164, Dec. 30, 1913; Chem. /lbs., 1914, 8. 830. 

•/. Russ. Phys.-Ckem. Sac., 1887, 19, 558; Chem. Soe. Ahs., 1888, 54, 1168. 

•/. Russ. Phys.-Chem. Soc., 1897, 29, 90; Chem. Zentr,, 1897, 1, 1011. 

^J.A.C.S., 1931, 93, 289. 

* Compt. rend., 1926, 182, 

* Hurd, Meinert and Sp< 

** Hurd, Meinert and Sit 

(7) 11, 252; Gustavson and 
Hurd and Meinert, /.A.C 

••Ann. chim., 1928, (10) 


, 788; ibid., 1926, 183, 133; Chem. Abs., 1926, 20, 2145, 3155. 
fnce, J.A.C.S.. 1930, 52, 1138. 

nee, J.A.C.S., 1930. 52, 1138; cf. Lespieau, Ann. chim. phys., 1897, 
Demjanov, /. pr. Chem., 1888, (2) 38, 201. 

'.S., 1931, 53, 289; cf. Norton and Noyes, Amer. Chem. J., 1888, 10, 430. 
9. 402. 
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of the resulting alcohol with phosphorus bromide in pyridine. The pure allyl 
bromides, R • CH: CH • CHgBr, so formed are brominated at 0° C. to furnish 
1,2,3-tribromo-compounds of the type R'CHBrCHBrCHjBr, which are then fused 
with potash to yield allene dibroniides of the formula RCHBrCBr: CH 2 . De~ 
halogenation of such dibromidcs by means of zinc dust and alcohol furnishes the 
pure allene hydrocarbon. By this series of reactions, Bouis has prepared, inter 
alia, the following allenes: ethylallene, boiling at 45® C. ,* n-propylallene, boiling at 
78® C.; and n-butylallene, boiling at 106® C. 

Conjugated Dienes 

4 

The conjugated diolefins, notably butadiene, isoprene and 2,3-dimethylbutadiene, 
have been the object of considerable study, almost entirely, however, from the 
viewpoint of the production of synthetic rubber. A number of methods of 
manufacture and synthesis, starting with sucrrabundant raw materials as ethanol, 
acetone, butanol, fusel oil, and phenol has been worked out but, at present, the 
synthesis of rubber-like materials from such products, though readily realizable 
in the laboratory, is still economically impracticable (See Chapter 26). The 
recognition that the simple diolefins (butadiene and isoprene) are present in 
not inconsiderable quantities in the products of the pyrolysis of oils and petroleum 
gases, has again stimulated interest in these substances. The application of the 
diolefin hydrocarbons in the immediate future seems to be in their conversion 
into chemical products of the type of solvents and perfumes and similar sub¬ 
stances, or in the manufacture of synthetic resins. The conjugated diolefins pos¬ 
sess high chemical reactivity so that the difficulties reside not in effecting their 
combination with other materials but rather in controlling such changes. There 
is no doubt whatever that when the whole chemistry of the addition reactions of 
the diolefins, a much neglected subject in aliphatic chemistry, has been well ex¬ 
plored, many uses in the synthesis of new and valuable industrial organic products 
will be discovered. 

The production of conjugated diolefins by pyrolysis has already been dis¬ 
cussed in some detail (Chapter 4) so that only a brief description of other 
processes of manufacture is necessary at this point. 

Butadiene 

Besides being a constituent of vapor phase cracking gas, butadiene also occurs 
in the pressure condensate of coal carbonization gases and in the products of 
pyrolysis of many organic compounds, notably of cyclohexane, butanol,^^ the 
lower aliphatic alcohols,'** fusel oil,'® and of many dichlorinated products.'® 

Butadiene may also be formed by the elimination of two molecules of hydro¬ 
gen bromide under the influence of hot soda-lime, from the dibromide of 2-butene: 

CH8CH=CHCH« (from sec.-butyl alcohol) 

|Br, 

CH,CHBrCHBrCH, 

^ soda lime 

CH,=CHCH=CH, 4- 2HBr 

“Perkin and Matthews, British Patent 17,235, 1912; JS.C.L, 1913, 32. 884. 

“Lebedev, British Patent 331,482. 1929; Brit. Ckem. Abs. B, 1930, 939. 

“Caventou, Ann., 1863, 127, 93; Compt. rend.. 1863, 56. 646, 712. 

** See Chapter 34 for pyrolysis of chlorinated hydrocarbons. 
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In the original method, due to Harries,^^ 2.,3-dibromobutane was dropped onto 
soda-lime contained in an iron pot at 600® C. The product thus prepared is 
not pure and it is necessary to purify it through its tetrabromide, which can be 
converted to butadiene by zinc and alcohol by the method of Thiele.^® Jacobson 
employed a tube furnace and found that ^tter results and less charring were 
obtained by heating the soda-lime to 530® to 550® C. instead of 600® C. If 
crotonyl (crotyl) bromide is used as a starting material instead of 2,3-dibromo- 
butane, better yields of butadiene are obtained at lower temperatures (400® to 
550® C). 

n-Butanol is the starting point of a synthesis of 1,4-butadiene originally sug¬ 
gested by Perkin and later developed as a convenient laboratory method of 
preparation by Muskat and Northrup.*^ Butanol is converted into its chloride 
which is chlorinated to yield a mixture of dichlorobutanes. Decomposition of 
the latter by soda-lime at high temperatures furnishes butadiene. The best 
yield (about 30 per cent) is obtained in this last stage by passing the 1,4-dichloro- 
butane fraction over soda-lime at 700® to 730° C. 

Another synthesis of butadiene starts with phenol. This is reduced by the 
Sabatier method to hexahydrophenol which can be oxidized readily (with nitric 
acid) to adipic acid.®® Treatment of the amide of this acid with hypochlorite 
furnishes the diamine and exhaustive niethylation of the latter then yields finally, 
butadiene: 


CH,CH,COOH 


CH,CH,COOH 
adipic acid 


CH,CH,CONH, HOG CH.CH,NH, exhaustive CH=CH, 

CH.CH.CONH. CH.CH.NH, ■»«hyl»tior CH-CH, 

amide ictramethylene 

diamine 


One interesting synthesis of butadiene is that in which acetaldehyde (or 
ethanol) is employed as the raw material. Treatment with dilute alkali converts 
acetaldehyde into aldol, which may be hydrogenated to 1,3-butylene glycol.®^ De¬ 
hydration of this glycol furnishes a good yield of butadiene, thus: ®* 


CH. 

CH. 

CH, 

11 

1 

CHOH 

1 

H, CHOH -2H*o 

11 

CH 

1 

' ' 1 - ^ 

1 

CH, 

CH, 

1 

CH 

II 

1 

CHO 

CH,OH 

II 

CH, 

aldol 

glycol 



Very good yields of butadiene are obtained by passing 1,3-butylene glycol 
together with steam over certain dehydrating catalysts. By conducting 80 per 
cent glycol and 20 per cent steam (at a rate of 100 grams per hour per litre of 
catalyst) at 270® C. over a catalyst of primary sodium phosphate a yield of 85 


^^Ann., 1911, 383. 176, 181. 

“Thide, Ann., 1899, 308, 333; Birch, Jnd. Eng. Chem., 1928, 20, 474; Farmer, Lawrence and 
Thorpe, J.C.S., 1928, 729. 

^J.A.C.S., 1932, 54, 1545. 

1912, 31. 616. 

*^J.A.C.S., 1930, 52, 4050. 

** Bouveault and Loequin, Bull. soc. chim., 1908, (4) 3, 437; Chem. Abs., 1908, 2, 1821. 

"Harries, Ann., 1911, 383, 179; Chem. Abs., 1911, 5, 3519. 

"According to I. G. Farl)enindustie A.-G, (British Patent 328,083, 1929) the reduction of 
aqurous aldol to 1,3-butylene glycol can readily be effected in the presence of reduced cupper on 
silicic acid by hydrogen at 40•-90* C. and 50 to 200 atmospheres pressure. 

" Ofttromislen-Hky, /. Russ. Phys.-Chem. Soc., 1916, 47, 1947; J.S.C.I., 1916, 35, 369. German 
Patent 314,364. 1914; J.S.C.I., 1920, 39, 83A. Kyriakides, J.A.C.S., 1914, 36, 980; see Chapter 4. 
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to $0 per cent of butadiene is said to result.*® A dehydration catalyst consisting 
of phosphoric acid on pumice in conjunction with a pressure of 2 to 20 atmos¬ 
pheres at 250® to 400® C. has been suggested by Mueller-Cunradi and Ober.*®* 

Other catalysts, such as an oxide or borate with or without activators (copper 
sulphate or red phosphorus) have also been proposed for this purpose.*^ 

A process of Ostromislensky and Kelbasinsky,*® in which a mixture of acetal¬ 
dehyde and ethanol is passed first over heated copper and then over heated alumina, 
probably involves the intermediate formation of aldol, and butylene glycol. 

The production of butadiene by passing vinyl bromide through a bath of 
molten tin has been described by Leyes.*^ The reaction can, presumably, be 
expressed by the following: 

2CH.=CHBr -f Sn —CH/=CHCH--CH. + SnBr, 

Lebedev suggested the preparation of butadiene by dehydration of the lower 
aliphatic alcohols over heated catalysts. Butadiene is said to be obtained by pass¬ 
ing 95 per cent ethanol over a mixture of aluminum and zinc oxides at 400® C., 
under a pressure of 0.25 atmospheres. . Here again the reaction probably proceeds 
through the intermediate formation of aldol and butylene glycol. 

It is of interest that butadiene was also obtained in a pure condition by the 
exhaustive methylation of pyrrolidine.®^ 

ISOPRENE 

Isoprene can be obtained by the pyrolysis of a large number of organic sub¬ 
stances, including petroleum oils, rubber, and especially of turpentine.®* It may 
be produced, in a manner analogous to the preparation of butadiene, from methyl 
cyclohexanol (by hydrogenation of cresol). A number of syntheses depend upon 
the removal of two molecules of hydrogen chloride from the dichloride of tri- 
niethylethylene, thus: 

CH. CH. 

\ciCHClCH. —>- C-CH---CH, + 2HC1 

/ / 

CH. CH. 

The triniethylethylene necessary for this synthesis may be produced by pyrolysis 
of nionochlorinated pentanes in the presence of barium chloride at 300® to 450® 
C.®® or by high temperature dehydration of amyl alcohols. Under these con¬ 
ditions the other amylenes, initially formed, undergo rearrangement to the more 
stable triniethylethylene. 

*• Reppe and Hoffmann, U. S. Patent 1,841,055, Jan. 12, 1932; Chcm. Abs„ 1932, 26, 1615; 
British Patent 317,500, 1928; Brit. Chent. Abs. B, 1929, 886; British Patent 342,411, 1929; 

Chem. Abs. B, 1931, 475; all patents assigned to I. G. I’arbenindustrie A.-G. 

U. S: Patent 1,923,569, Aug. 22, 1933; assigned to 1. G. Farbenindustrie A.-GI; Chem. Abs., 
1933, 27. 5082. 

I. G. Farbenindustrie A.-G., British Patent 329,396, 1929; Brit. Chem. Abs. B, 1930, 807. 

*»/. Russ. Phys.-Chem. Soc., 1915, 47, IS09; Chem. Soc. Abs., 1916, 110 (1), 5; J.S.C.I., 1916, 
35, 70; Chem. Abs., 1916. 10, 3179. 

» British Patent 329,748, 1929; Brit. Chem. Abs. B, 1930, 807. 

"British Patent 331.482, 1929; Chem. Abs., 1931, 25, 115. 

" Ciamician and Magnaghi, Gas., 1885, 15, 504; Ber., 1885, 18, 2081. 

“ H Iasi wet*, Ber., 1876, 9, 1991; Harries, Ann., 1911, 383, 228; Staudinger and Klever, Ber., 
1911 44, 2212. 

" Bacii.sche Anilin- und Soda-Fabrik, German Patent 280,596,' 1911; Chem. Abs., 1915, 9, 2164; 
French Patent 435,312, 1911; Chem. Abs., 1912, 6 , 2548. 
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Waterman and van Westen ** employed this method for the preparation of 
isoprene possessing a theoretical hydrogen absorption value. Amyl alcohol was 
dehydrated over alumina at 500® C. and the resulting amylene was brominated at 
—15® C. The vapors of the dibromide were then passed successively over hot 
barium chloride and then over potassium hydroxide, and the products condensed 
in liquid air and fractionated. The isoprene thus obtained absorbed 99.6 per cent 
of the theoretical quantity of hydrogen. 

Isoamyl alcohol, the principal constituent of fusel oil, may be used as start¬ 
ing material in the synthesis of isoprene. Chlorination of iso^niyl chloride (pro¬ 
duced by the action of dry hydrogen chloride on the alcohol) results in the 
formation of three dichloroisopentanes of which the compound 


CH, 


CH 


\ciCH,CH,Cl 

/ 


(boiling point, 15.2® C.) 


is the chief product. However, the mixture of isomeric dichlorides may be used 
for the production of isoprene, the yield being 40 per cent of the theoretical.®* 
Another preparation of isoprene is based upon the exhaustive methylation 
of methyl pyrrolidine,*® though the process is of no industrial importance. The 
reactions may be summarized as follows: 


CHr-CH=CH, 

\ 


CHi 




NH 


CH,CH—CH, 

2CH,I \ 

—N(CH,),I 

CHr-CH."^ 

KOH 


CHr~CH==CH, KOH CH,C=-CH, 


CH=CH, 


I 

CH,~CH,-N(CH,)J 


CH3I CH,C=CH, 


CH,-CH.-N(CH,), 


The isoprene obtained by many of these processes is always contaminated by 
impurities. In order to obtain the pure compound it is usually necessary to 
convert the isoprene into some derivative which can be readily purified and from 
which the isoprene can, be regenerated, e.g., the tetrabromide or sulphone. 
Farmer and Warren®^ made use of the tertiary alcohol (the so-called “isoprene 
alcohol”) for this purpose. Treatment of crude isoprene at —20® C. with one 
molecule of pure hydrobromic acid furnishes the 4-bromo-2-methyl-2-butene which 
can be readily purified by fractionation. This monohydrobromide is converted 
by the action of 5 per cent aqueous potassium carbonate solution into “isoprene 
alcohol”, or 2-methyl-4-butene-2-ol ** which can be catalytically dehydrated, by 
*refluxing with aniline hydrobromide and a trace of hydrobromic acid, to yield 
pure isoprene.** The production of isoprene alcohol from the 1,4-hydrobromide 
of isoprene is an example of simultaneous hydrolysis and isomerization. The 
process can be summarized in the following manner: 


** Rec, trav. ehim., 1929, 84, 1084; Chem. Abs,, 1930, 24, 824. 

» Perkin. 1912, 31, 616. 

lf:uler, /. pr, Chem., 1898, S7. 132; Chem, Soc. Abe., 1898, 74 (1), 347. 
"y.C.5.. 1931. 3221. 

** Mokiewtki, /, Russ. Phys.-Chem, Soe,, 1900, 32, 207; Chem, Zenir,, 1900, 8,. 331. 
• KyriidcidM. Jui.CS., 1914, 88. 994. . 
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CH, C«H.NH,.HBr 


CH, 

H.C~C—CH=CH, 

I 

OH 

A laboratory method of preparing chemically, pure isoprene from 3-bromo-2- 
metliyl-l-propene has been described by Merejkowsky.*® 


H,C=C--CH=CH, 

^ I 

n 

CH. K,CO. 

H,C-C-CHCH,Br 


Higher Dioi.-'.^ns 

The preparation of 2,3-dimethylbutadiene was carried out in Germany during 
the War, the starting material being acetone. On reduction of acetone by alka¬ 
line reagents, particularly amalgams both condensation and reduction occur 
and the product is pinacone: 

CH.COCH, CH.C(OH)CH, 

+ I 

CH,COCH, CH,C(OH) CH, 

Pinacone can be dehydrated smoothly in the presence of alumina at about 400® C. 
to give a good yield of 2,3-dimethylbutadiene.** The reaction may be represented 
as follows: 


CH, CH, CH, CH, 

V y -2"*” v y 

c—c — c —c 

/I i\ / \ 

CH. OH OHCH. CH. CH. 


The production of dimethylbutadiene by the action of heated bases, such as 
dimethylaniline, on pinacone chlorohydrin and also by the elimination of hydro¬ 
gen chloride from tetramethylethylene dichloride** have also been suggested. 

Piperylenc (1-methyl-1,3-butadiene or 1,3-pentadiene) may be produced by 
the dehydration of 2-pentene-4-ol over alumina or kaolin*® at 400® C. This un¬ 
saturated alcohol is formed by the methylation of crotonaldehyde *® (with methyl 
magnesium iodide) which in turn can be synthesized from acetaldehyde: *^ 


soc. chim, 1925, 37, 711; Chem. Abs., 1925, 19, 2930. 

"Holleman, Rec. trav. chim., 1906, 25. 206; Chem. Soc. Abs., 1906, 90 (1), 619; cf. Couturier 
and Meunier, Compt. rend., 1905, 140, 721; Chem. Soc. Abs., 1905, 88 (1), 326. 

^ Farbenfabriken vorm. F. Bayer and Co., German Patent 250,086, 1911; Chem. ZetUr., 1912, 
2. 776. 

** Farbenfabriken vorm. F. Bayer and Co., German Patent 319,505, 1916; J.S.C.I., 1920, 39, S58A. 
««Kondakow. J. pr. Chem., 1900, (2) 62, 169; ibid., 1901, (2) 63, 113; Chem. Soc. Abs., 1901, 
80 (1). 62. 305. 

Lebedev, British Patent 331,482, 1929; Brii. Chem. Abs. B, 1930, 939; Reif {Ber., 1908, 41. 
2744) uses potassium bisuiphate for the dehydration. 

^Grignard, Ann. de luniversite de Lyon, 1901, 6, 1; Chem. Zentr,, 1901, 2, 622; Chem. Soc. 
Abs.. 1901. 80 (1), 679. 

♦’Seyewet* and Bardin, Compt. rend., 1905, 141, 259; Chem. Soc. Abs., 1905, 88 (1), 683; 
Grignard and Reif, Bnll. soc. chim., 1907, (4) 1, 114; Chem. Soc. Abs., 190^ 92 (1), 287. 



CH, 

^(!ho 


CHEMISTRY OF PETROLEUM DERIVATIVES 


CH, 

CH. 

CH, 

CH, 

1 

1 CH,MgBr 

1 

Al,o, 1 

CHOH 

..>' CH 

CH 

—CH 

1 

II H,0 

II 

400* C. II 

CH, 

CH 

1 

CH 

CH 

1 

1 

CHO 

CHO 

1 

CHOH 

CH 

aldol 

croton- 

1 

CH, 

Ih. 

piperylene 


aldehyde 


A convenient laboratory method for the preparation of piperylene consists 
in dehydrating diethylcarbinol with a 50 per cent aqueous solution of sulphuric 
acid at 100® C. to yield 2-pentene, which is brominated at —20® C. in hexane 
solution to furnish the dibromide (boiling point, 178® C.). The dibromide loses 
two molecules of hydrogen bromide to yield piperylene when passed through 
soda-lime at 500® C.: 
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Of the cyclic conjugated dienes, cyclopentadiene is of interest since it is one 
of the products of high temperature pyrolysis of hydrocarbons and has been 
isolated from the forerunnings of crude benzol (from coal carbonization • 
1,3-Cyclohexadiene may be produced by the decomposition of cyclohexene di¬ 
halides.®* 


2-C H LOROBU TAD lENE 

The 2-chIoro-derivative of butadiene is obtained by the direct combination of 
vinylacetylene and concentrated hydrochloric acid in the presence of a mixture of 
cuprous chloride and ammonium chloride.®* The addition reaction Occurs ac¬ 
cording to the equation: 

Cl 

I 

CHsC—CH=CH, + HCI —CH,==C-CH=CH, 

This substance, also called ehloroprene in order to show its analogy in structure 
and in chemical behavior to isoprene, is a colorless liquid with an ethereal odor 
somewhat resembling ethyl bromide and possesses a boiling point of 59.4° C. 
at 760 mm. and has a specific gravity of 0.9583 at 20® C. 

The action of aqueous hydrochloric acid on vinylacetylene results intially in 
1,4 addition, the product being 4-chloro-l ,2-butadiene. This readily isomerizes 

“Farmer and Warren, J.C,S.. 1931, 3221, 

“ This secondary amyl alcohol is being manufactured commercially from pentane. 

“ Etard and Lambert, Compt. rend., 1891f lt2, 945; Chem. Soc. Ahs., 1891, 60. 1085. 

“ Kraemer and Spilker. Ber., 1896. 29, 552. 

“Crossley, 1904, 8S. 1410. 

“Carothers, Williams, Collins and Kirb^i J^A.C.S., 1931, 53. 4203. The production of vinyl- 
acetylene by the polymerisation of acetylene m the presence of hydrochloric acid and cuprous chloride 
is described by Nieuwland, Cakott, Downing and Carter, J.A.C.S., 1931, 53, 4197; see also ChajAer 28. 
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to chloroprene.®* With cuprous chloride present in the reaction mixture the 
isomerization is much more rapid and no 4-chloro-l,2-butadiene appears to be 
formed. Larger proportions of hydrochloric acid in the mixture cause the reac¬ 
tion to yield 2,4-dichloro-2-butene. 

The chlorine atom in chloroprene is very firmly bound, for only traces of 
the chloride ion appear on boiling it with alcoholic silver nitrate, alcoholic sodium 
hydroxide, or pyridine. It reacts with maleic anhydride and yields, after hydroly¬ 
sis, a white crystalline product w'hich is apparently 4-chloro-l,2,5,6-tetrahydro 
phthalic acid. 


C1C=CH, CHCO 


HC=CH, CHCO 


/ 



The chlorine atom in this chlorohydrophthalic acid is very firmly bound, being 
also resistant to the action of boiling alkalies. Oxidation of this compound with 
boiling nitric acid, however, yields butane-1,2,3,4-tetracarboxylic acid: 


CHaCOOH 

^HCOOH 

I 

CHCOOH 

I 

CHiCOOH 

Perhaps the most interesting derivatives of chloroprene, however, are its 
polymerization products. When allowed to stand for about 10 days in a closed 
vessel containing a little air, chloroprene changes into a transparent, resilient, 
non-plastic, elastic mass resembling vulcanized rubber. This product is desig¬ 
nated ft-polychloroprene. It has a density of about 1.23 at 20® C., tensile strength 
of about 140 kg. per sq. cm., and an elongation at break of about 800 per cent. 
It swells strongly, but does not dissolve in carbon tetrachloride, carbon disulphide, 
benzene and other organic solvents. Its tendency to imbibe gasoline or lubricat¬ 
ing oil is very slight compared with that of natural rubber.®** 

The polymer formed during the early stages of the reaction just described, 
which can be isolated by precipitation with alcohol or by distilling off the un¬ 
changed cliloroprene, is designated a-polychloroprene. Unlike /x-polychloroprene, 
it is soft, plastic, completely soluble in benzene, and resembles unvulcanized 
rubber. On standing it is transformed into the /x-polychloroprene. 

Aqueous emulsions of chloroprene can be transformed into a polymer resem¬ 
bling /x-polychloroprene and the resulting product which remains suspended con¬ 
stitutes a synthetic latex. The size of the particles is smaller than those of 
natural latex, hence the particles penetrate porous material more readily. Other 
polymers which have been isolated are a volatile (/9-) polymer, a granular (co-) 
polymer, and a balata-like polymer. The rubber-like product is known as 


^ Carothers, Derchet, and Collins, J.A.C.S.p 1932, 54, 4066. £. 1. du Pont de Nemours and Co.. 
Inc., French Patent 721,532, 1931; Chem. Abs., 1932, 26, 4061. 

See Bridgwater (/nd. Eng. Chem.. 1934, 26, 33) for a comparison of the physical properties of 
compositions made from polymerised chloroprene (DuPrene) and rubber, respcctmy. 
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DuPrene and a plant for producing it by the polymerization of chloroprene has 
been constructed by E. I. duPont de Nemours & Co., Inc., at Deepwater, N. J.®* 

Properties of Conjugated Dienes 

Table 115 summarizes the data on the physical constants of the simpler acyclic 
and monocyclic conjugated dioleiins: 


Table 115 .—Physical Constants of Conjm/atcd Diolcfins. 

Refractive 


Name 

Boiling Point 

Density 

2 

Inde-xnjj 

1,3-Butadiene . 

. -S’ C.,’ -4’ C,” 
-2.6* C 

— 

— 

2-Methyl-1,3-butadiene (Isoprene) .. 

j 33.9’-^34.0’ C.' 

} 34.S’^S.0’ C • 

0.6794* 
d^ 0.6806 • 

1.4262 * 

1.4194* 

1-Methyl-1,3-butadiene (Piperylene) , 

42" C' 

d^ 0.69S2« 

1.4206 ^ 



d^l 0.6794 ’ 


2,3-Dimethyl-l,3-butadiene . 

69.5’ C 

dj 0.7446' 

1.4377' 



d^ 0.7273 ‘ 


2,4-Hexadiene ..,. 

80’-82’C 

d^l 0.7177" 

1.4463 
at 21’ C 

Cyclopentadiene . 

41’ C.‘ 

d}| 0.815' 

— 


• Thiele, Ann.. 1899, 308. .137. 

** Gritnaux and Cloez, Bull, soc. chim., 1887. (2) 48, 31. 

« Harries, Ber., 1914, 47, 1999. 

«Lebedev, /. Russ. Phys.-Chem. Soc., 1913, 45, 1249; Chem. Soc. Abs., 1913, 104 (1) 1288. 

• Waterman and van Westen, Rec. trav. chim., 1929, 84, 1084. 

* Hofmann. Ber., 1881, 14, 665. 

* Wosnesenski, /. Russ. Phys.-Chem. Soc., 1904, 36, 532; Chem. Zentr., 1904, 2, 183. 

«»Reif. Ber.. 1908. 41. 2744. 

' Kondakow, /. pr. Chem., 1900. (2) 62. 172. 

1 Stobbe and Dunnhaupt, Ber., 1919, 52, 1436. 

"International Critical Tables,” National Research Council. McGraw-Hill Book Co., New York, 
1926, 1. 


The simple conjugated diolefins are highly refractive, easily volatile liquids 
having a pungent odor. Many of them are unstable, and, on standing in the 
presence of air or sunlight, tend to undergo polymerization and autoxidation. On 
a laboratory scale, they can usually be separated from a mixture ^ith other 
hydrocarbons by conversion into their tetrabromides which, in most cases, are 
readily crystallizable solids. Their tetrabromides are reducible to the parent 
diolehn by the zinc-copper couple of Gladstone and Tribe.*® Various methods 
have been proposed for the separation of diolefins from other hydrocarbons. 
Among these may be mentioned the following: selective solution in certain or¬ 
ganic solvents, such as ethylene glycol mono- or di-acetates, furfural, or bases 
such as aniline;®^ and absorption in aqueous solutions of certain .salts of the 

** Ind. Eng. Chem., News Ed., Nov. 10, 1931. The production of synthetic rub1>er by the poly¬ 
merization of butadiene hydrocarbons has already l>ecn discussed in Chapter 26. Other polynieriza- 
tions of acetylene hydrocarbons are mentioned in Chanter 28. See also Ellis, "Synthetic Resins and 
Their Plastic.?,” Chemical Catalog Co,, Inc., New York. For a discus.sion of the problem of the 
production of synthetic rubber, sec Carothers, Ind. Eng. Chem,. 1934. 26, 30. 

^Proc. Royal Soc., 1872, 20. 218; J.C.S.. 1872. 25, 461. See also 1873. 26. 445. 

”1. G. Farbenindustrie A.-G., British Patent 319.025, 1928; Brit. Chem. Abs. B, 1930, 50. 
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metals of Groups I and II of the periodic system. Monolefins are also absorbed by 
such solutions but advantage may be taken of the fact that diolefins and the salts 
form precipitates which can be separated by filtration. Thus, with solutions of 
cuprous chloride, butadiene gives a solid double compound which is precipitated 
from the solution, whereas the double compounds of the monolefins remain in 
solution.®® The diolefins may be recovered from such double compounds by heat¬ 
ing or by reducing the pressure. A material which can be used for separating 
conjugated diolefins from mixtures is anhydrous sulphur dioxide, which readily 
combines with such hydrocarbons in the presence of a small proportion of a 
phenol, amine, or copper salt to furnish monomeric sulphones. The latter are 
resolved into their parent materials by heating to temperatures of about 120° C.®® 
Butadiene may be separated from its mixture with more reactive monolefins 
(such as isobutylene) by taking advantage of the fact that the butadiene is less 
readily absorbed by sulphuric acid than these monolefins.®® The separation of 
substantially pure butadiene from a liquid mixture containing butylene by distil¬ 
lation at about 45° C. under 5 atmospheres pressure has also been effected.®^ 
Since many materials favor the polymerization of diolefins, the distillation of 
these hydrocarbons on a large scale demands equipment constructed of non-cat- 
alytic metals. For distilling butadiene hydrocarbons under pressure the use of 
plant constructed of magnesium, copper, manganese, zinc, tin, cadmium, cobalt, 
nickel, lead, aluminum, precious metals or stainless steel alloys has been recom- 
mended.®^ 

All the conjugated dienes exhibit a high chemical reactivity which renders 
them capable of undergoing a large number of addition reactions with all kinds 
of chemical reagents. However, diolefins with a conjugated system of double 
bonds behave in a peculiar manner on addition of two atoms of a univalent atom 
or group of atoms. It might be expected, for example, that butadiene would 
combine with two bromine atoms to yield the 1,2-dibroniide exclusively, thus: 

CHaBr.CHBr.CH=CH, 

As a matter of fact, however, it is the 1,4-dibromide which is produced to a 
preponderating extent. To explain the formation of 1,4 addition products of 
conjugated diolefins, Thiele®® assumed that the whole of the affinity of the 
double bond is not employed but that a part, called the “residual affinity”, remains 
free at atoms 1 and 4, the remainder being satisfied between atoms 2 and 3. 
Thiele’s conception of the valency distribution in conjugated systems may be 
represented by the scheme: 

12 3 4 

c—c 
I i 

in which the dotted lines denote partial valencies. 

There is thus established a partial double bond between carbon atoms 2 and 3, 
but this is less active than the “residual affinities” on carbon atoms 1 and 4. 
When butadiene reacts with bromine the 1,4 addition product is first formed, 
thus satisfying the “residual affinities” and establishing a double bond between 

“Fciler, British Patent 303,323, 1928; BHt. Chem. Abs. B, 1929, 199; U. S. Patent 1,795,549, 
March 10, 1931; Chem. Abs., 1931, 25, 2435; both patents assigned to 1. G. Farbeiiindustrie A.-G. 
Bataafsche Petroleum Maatschappij, British Patent 359,234, 1930; Brit. Chem. Abs. B, 1932. 9. 

Staudinger, French Patent 698,857, 1930; Chem. Abs., 1931, 25, 3360. 

•”1. G. Farbenindustrie A.-G., French Patent 703,743, 1930; Chem. Abs., 1931, 25, 4555. 

Schmidt and Grosskinsky, U. S. Patent 1.832.428, Nov. 17, 1931; assigned to 1. G. Farben¬ 
industrie A.-G.; Chem. Abs., 1932, 26, 1302. See also Chapter 4. 

I. G. Farbenindustrie A.-G., French Patent 699,910, 1930; Chem. Abs., 1931, 25, 3357. 

1899, 306, 87; Chem. Soc. Abs., 1899, 76 (1), 554. 
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carbon atoms 2 and 3. In the presence of an excess of bromine the tetra- addi¬ 
tion product having a normal structure is formed. 

The impression has prevailed that all conjugated diolefins furnish 1,4 addition 
compounds exclusively. This is by no means the case, however, for it has ^en 
shown that the addition of two atoms of bromine to the simple conjugated diole¬ 
fins results in the formation of both 1,4 and 1,2 addition compounds, though 
the latter are usually formed to a much less extent. The proportion of the two 
isomers formed depends greatly upon the solvent employed, higher proportions 
of 1,2-addition products being formed in non-polar solvents than in polar or 
readily polarizable solvents.®* Constitutional influences also exert an effect on 
the proportion of the two isomers formed and 1-phenylbutadiene appears to yield 
3,4-dibromide almost exclusively, irrespective of conditions.®® 

Though the diolefins resemble the monolefins in their general tendency to 
form addition products with numerous reagents, the former hydrocarbons are 
very much more reactive and their power of polymerization much more highly 
developed. Certain inorganic reagents, which combine smoothly with the simple 
monolefins to furnish well-defined addition compounds, react with conjugated di¬ 
olefins with almost explosive violence to form polymers and tarry materials. 
Thus, for example, concentrated sulphuric acid reacts with many conjugated 
dienes to form tars with reduction of the acid while more dilute acids tend to 
form high molecular weight resins. This is particularly true of the action of 
sulphuric acid on the cyclic 1,3-diolefins such as cyclopentadiene and 1,3-cyclo- 
hexadiene. The production of tarry matters in the refining of cracked distillates 
with sulphuric acid is sometimes ascribed to the presence of conjugated diolefins 
and similar reactive hydrocarbons. The conjugated diolefins also exhibit a very 
much greater power of autoxidation and peroxide formation than the monolefins 
and are probably largely responsible for gum formation in cracked gasolines. 
(See Chapter 40.) 

In the following brief account of the reactions of the simpler conjugated 
diolefins with various organic and inorganic reagents, an attempt has been made 
to summarize such reactions as are likely to be of industrial interest either from 
the viewpoint of the refiner or from that of the chemist. In particular, the 
great chemical reactivity of the simple butadiene derivatives appears to be the 
gateway to a wide field of possibilities in the utilization of these abundant hydro¬ 
carbons for industrial organic syntheses. In the following account, attention will 
be concentrated upon butadiene, the simplest and most abundant hydrocarbon of 
the series. 

Although it is desirable to discuss the conjugated diolefins as a single class 
of hydrocarbons, it must be borne in mind that generalizations about a series 
cannot take into account the variations among the individual members. It must 
not be imagined that all the conjugated diolefins possess a similar degree of re¬ 
activity either to different or to the same chemical reagents. The conjugated 
dienes exhibit wide individual variations in their reactivities. In general, the 
order of diminishing chemical reactivity is: conjugated cyclic diolefins, butadiene 
homologues, butadiene. 

Reactions of Conjugated Diokefins with Bromine and Chlorine 

As previously stated, the addition of halogens to the conjugated dienes pro¬ 
ceeds in two stages, first a dihalogen addition product being formed and then, in 

InRold and Smith. 1931. 2752. 

^ Muskat and Huggint, /,A.C.S., 1929, SI, 2496. 
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presence of excess halogen, a tetrahalogen compound. Farmer, Lawrence and 
Thorpe^" found that addition of the requisite quantity pf bromine to butadiene 
in chloroform solution at —15° C. resulted in the production of the 1,4-dibromide 
together with about 37 per cent of the 1,2-product, as indicated: 


CHi=CH—CH==CH. 


CHaBr—CH=CH—CH,Br + CHaBr—CHBr—CH=CH, 

(63%) (37%) 

Griner had previously observed that the addition of bromine to a chloro¬ 
form solution of butadiene (at —^21° C.) resulted in the formation qf a liquid 
dibromide. He further found that this dibromide on being heated to 100° C. 
changed into the solid isomer, melting at 53° to 54° C., which was considered 
to be the /ranj-1,4-dibromobutadiene. A small quantity of a liquid dibroniide 
which remained, boiling at 70° C. at 2 mm., was considered to be the cw-l,4-di- 
bromobutadiene. This cis form of the dibromide was not detected by Farmer, 
Lawrence and Thorpe,®® and its existence has been contested also by Thiele.®® 

In a similar way the addition of two atoms of chlorine to butadiene in solu¬ 
tion results in the formation of both 1,4- and 1,2-products.Combination of 
butadiene with one molecule of iodine monochloride in methylene dichloride solu¬ 
tion at —35° C. results in the production mainly of the 1,4-compound together 
with about 22 per cent of the 1,2-isomer, CHjICHClCHssCHs. 

Addition of two atoms of bromine to isoprene in chloroform solution at 0° C. 
yields two isomeric dibromides but, according to Staudinger and his collabo¬ 
rators, the main product is always the 1,4-compound.^® 

Of the other conjugated diolefins, the 2,3-, 1,4-, and 1,3-dimethylbutadienes 
yield mixtures of dibromides with a preponderating content of the 1,4-product.** 
On the other hand, 1-phenylbutadiene furnishes,"® under widely different tempera¬ 
ture conditions and in different solvents, only the 3,4-dichloride, CoH 5 (rH= 
CH=CHC1-CH,C1. 

Cyclopentadiene forms both 1,2- and 1,4-dibromides, the latter in larger 
amount. I'armer and Scott'® stated that the proportion of the 1,4-compound is 
increased by changing the solvent from hexane to chloroform. The 1,4-dibromide 
of cyclopentadiene exists in two stereoisomeric forms, one a liquid (b.p., 53° to 
54° C. at 2 mm.) and the other a crystalline solid (m.p., 45° to 46° C.).^" Bronii- 
nation is conveniently effected in chloroform solution at —10° to —15° C. 

The tetrahalides of the conjugated diolefins are readily prepared by adding 
an excess of halogen to a solution of the diolefins cooled to 0° C. or below. 
They frequently exist in two stereoisomeric forms. They may be utilized in the 
purification of diolefins. From the diolefin tetrahalide, the diolefin may be regen¬ 
erated by reduction with zinc in alcohol.^® 1,2,3,4-Tetrabromobutane is a typical 

•"/.C.iT.. 1928. 729. 

•» Griner, Cotnpt. rend., 1893, 117, 553; Chetn. Soc. Abs., 1894, 66 (1), 62; Chem. Zentr,, 1893, 
2, 1085. 

“ Loc. cit. 

^Ann., 1899. 308, 333; Chfm. Soc. Abs., 1900, 78 (1), 2. 

»• Muskat and Northrup, J.A.C.S., 1930, 52, 4043. 

w Ingold and Smith. 1931, 2752. 

^ Rcrgmann, J. Russ. Phys.-Chem. Soc., 1920, S2, 24; Chem. Abs., 1923, 17, 1420. 

** Staudinger, Muntwyler and Kupfen Helv. Chim. Acta, 1922, S, 756; Chem. Abs., 1923, 17, 2974. 

** Farmer, lAwrence and Scott, J.C.S., 1930, 510. 

» Muskat and Huggins, J.A.C.S., 1929, 51, 2496. 

'•J.C.S., 1929, 172. 

Thiele, Ann., 1901, 314, 296; Chem. Soc. Abs., 1901, 80 (1), 181. 

n Thiele, Ann., 1899, 308, 339; Chem. Sac. Abs., 1900, 78 (1) 2. 
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member of the series of cliolefin tetrahalides. It exists in two forms, one melt¬ 
ing at 118® C. and boiling at 260® to 270® C, and another melting at 39° C. 
and boiling at 180° to 181° "C., both forms being produced (in approximately 
equal amount) by the action of excess bromine on butadiene (in carbon tetra¬ 
chloride solution at 0° Jacobson®® obtained butadiene tetrabromide by 

passing a slow stream of crude butadiene through bromine cooled in an ice-balh. 
The butadiene tetrabromide (melting point, 116° to 117° C.) was contaminated 
with quantities of other bromobutanes, including 1,1,4,4-tetrabromobutane and the 
isomeric butadiene tetrabromide (melting point, 38° C.). When treated with 
sodium ethoxide in cold alcoholic solution butadiene tetrabromide loses two mole¬ 
cules of hydrobromic acid and is converted into 2,3-dibromobutadiene, CH 2 = 
CBr-CBr^CHg, (boiling point, 44° C. at 10 mm., and melting point, —21.5° C). 
Heated with excess of alcoholic potash at 150° to 160° C. either of the butadiene 
tetrabromides gives a small yield of the hydrocarbon, diacetylene, CH~C-C=CH, 
a colorless gas condensible to a liquid (boiling point, 10° C.; d'^0.7107; and 
n, 1.4198) « 

The tetrachlorides of the butadiene hydrocarbons are readily obtained by 
treatment with chlorine in a solvent. Two stereoisomeric butadiene tetrachlo¬ 
rides result from treatment of butadiene with chlorine in chloroform, carbon 
disulphide or petroleum solution, one form boiling at 110° to 111° C. at 40 mm., 
and the other melting at 72° C. and boiling at 130° to 134° C. at 40 mm. The 
latter variety is the main product of the continued chlorination of 1,4-dichloro- 
2-butene, whereas the lower-boiling stereoisomer forms on the further addition 
of chlorine to 3,4-dichloro-l-butene. The chlorine addition reactions of butadiene 
can accordingly be represented by the scheme: ®- 


CH^CHCH--CH2 


CH,ClCH=-CHCHaCl ^ 
(b.p.,75‘’-76‘’C./40mm.) 


^ ch2Cichck:h==ch, 

(b.p., 45.0"-45.5'’ C/40 mm.) 




(main product) 

CH.CI—CHCl—CHCl—CH,Cl 
(ra.p;, 72* C; b.p., 130*-134* C./40mm.) 


Y Y, 

CH,CI-CHC1—CHCl-CHaCl 
(b.p., llOMir C./40mm.) 


According to Sorokin and Belikov,®® butadiene tetrachloride (m.p., 70° C.; 
b.p., 118° to 122° C.), which can be prepareil by passing butadiene through car¬ 
bon tetrachloride saturated with chlorine at 15° to 16° C., may be employed in 
the estimation of butadiene in mixtures of unsaturated gases. The yield of tetra¬ 
chloride is said to be within 2.5 to 5.0 per cent of the theoretical. 

The tetrahalides of butadiene homologues are very similar to those of butadiene. 
Piperylene tetrabromide exists in two stereoisomeric forms, a crystalline solid 
melting at 114.5° C. and a liquid boiling at 115° to 118° C. at 4 mm.®^ Isoprene 

™ Cianiician and Maitnaghi, Bar,, 1885, 18, 2079; ibid., 1886, 19, S70; ibid., 1887, 20. 3064- 
ibid., 1888, 21, 1430; Willstiitter and von Schmadel, Ber„ 1905, 38, 1997; Willstatter and Bruce. 
Bcr., lvu7, 40. .1987. 

1932. 54. 1545. 

Lespicau and Prevost, Compt. rend., 1925, 180, 675; Chem. Abs., 1925, 19, 1693 

“ Muskat and Northrup, J.A.C.S., 1930, 52, 4043. 

Chem. Ind. iMosemv). 1925. 1. 28; Chem. .4bs.. 1926, 20, 352. 

** Magnanimi, Gastetta, 1886, 16, 391; Chem. Soc. Abs., 1887, 52, 457. 
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tctrabromide (b.p., 153® to 155® C.•at 12 mm.) on treatment with sodium ethoxide 
yields a dibromoisoprene, boiling at 78® to 83® C. at 12 mm.®® 

Reactions of Conjugated Diolefins with Halogen Acids 

Conjugated diolefins combine readily with halogen acids, either anhydrous or 
in very concentrated solution, to furnish both mono- and di-hydrohatides, the 
latter being the products obtained in the presence of excess of reagent. These 
reactions usually proceed very smoothly and without appreciable polymerization. 
The main result of the addition of one molecule of hydrogen halide to conjugated 
dienes appears to be always the 1,4-product but certain negatively substituted 
dienes (such as 1-phenylbutadiene and 1-bromobutadiene) yield only 3,4-addition 
compounds. 

The addition of hydrogen halides to butadiene has apparently been very little 
studied. Combination of hydrogen bromide .with butadiene in glacial acetic acid 
solution has been saidto give an 85 per cent yield of crotonyl (crotyl) bromide: 

HBr 

CH,=CH-CH--CH, ->- CH,. CH- CH. CH,Br 

Somewhat contradictory statements have been made with regard to the addi¬ 
tion of one molecule of hydrogen halides to isoprene. According to the earlier 
investigators both hydrogen chloride ®^ and hydrogen bromide ®'^ combine with the 

CH, CH, 

formation of CHr==CHdci and CIia=CMCTr respectively. 

\h. \:h. 

The addition of one molecule of hydrogen bromide to crude isoprene cooled 
to —20® C. was studied by Claisen, Kremers, Roth and Tietze.®® They con¬ 
cluded that the initial product of the reaction was the above tertiary bromide, i.e., 
3-bromo-3-methyl-l-butene, but that this compound can isomerize under certain 
conditions to yield the 1,4-addition compound, 2-methyl-4-bromo-2-butene. Ad¬ 
dition of hydrogen bromide to ice-cold isoprene with avoidance of excess of* 
hydrogen bromide was found to yield a material boiling largely below 50® C. at 
40 mm., particularly if the distillation was carried out immediately after the 
addition reaction. If, however, the reaction product was not distilled within a 
few hours, and especially if excess hydrogen bromide was present, it was ob¬ 
served that the reaction product boiled at 50® to 51® C. at 40 mni. and consisted 
largely of the primary bromide, 2-methyl-4-bromo-2-butene. Staudinger, Kreis 
and Schilt found that treatment of 100 grams of isoprene in acetic acid solution 
with 122 grams of bromine for 2 days at 0® C. led to the production of 74 per 
cent of the 1,4-hydrobromide, CH 3 C(CH 3 ) =CHCH 2 Br, the constitution of which 
was proved by oxidation. A possible explanation of the discrepancy l>etween 
the results of various workers is that both types of nionohydrohalide are formed, 
the relative proportion of the isomers depending upon the conditions. The 

“ Staudinger, Muntwyler and Kupfer, Helv, Chim. Acta, 1922, 5. 756; Chem. Abs., 1923, 17. 2974 

“ Meisenburg, German Patent 522,650, 1927, assigned to I. G. Farbenindustrie A.-G.; C/tm. Abs.. 
1931. 25, 3672. 

” Kondakow, /. Phys.-Chem. Soc., 1889, 21, 36; Chem. Zentr., 1890, 1, 311. 

•• Mokijewski, J. Russ. Phys.’Chem. Soc., 1900, 32, 207; Chem. Soc. Abs., 1900, 78 (1), 509: 
Bergniann, J. Russ. Phys.-Chem. Soc., 1930, 52, 24; Chem. Abs., 1923, 17, 1420. 

•“/. praht. Chem., 1922, (2) 105. 65; Chem. Soc. Abs., 1923, 124 (1), 1050. 

••Ifeh'. Chim. Acta. 1922, 5. 74.3; Chem. Abs., 192.3, 17, 2974. 
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monohydrochloride of isoprene, obtained by Aschan by treating isoprene with 
hydrogen chloride in the presence of a little water in the cold, was a liquid 
(boiling point, 107® to 110® C. and d^*® 0.9335) possessing a smell similar to 
that of allyl chloride. It was readily oxidized with permanganate, and added 
a second molecule of dry hydrogen chloride with the formation of the dihydro¬ 
halide. 

The 1,4-monohydrobromide of isoprene is unusually easily hydrolyzed by 
water, being converted into a tertiary alcohol, the so-called “isoprene alcohol” 
of Mokijewski.®® Although this conversion involves simultanepus hydrolysis and 
shifting of the double bond, the tertiary alcohol is evidently produced directly 
and not through the intermediate formation of the corresponding primary alcohol 
(3-methyl-2-butene-l-ol) since the latter shows no tendency to isomerize.®® 
Claisen and his collaborators ®* studied this hydrolysis and concluded that it 
could be carried to completion by the use of sodium carbonate solution. The 
reaction is reversible since the isoprene alcohol is converted into the primary 
bromide by the action of hydrobromic acid, and can, accordingly, be represented 
as follows: 

CH, 

CHi—^=CH.CH,Br 
1,4-kydrohromide 

This hydrolytic conversion is also displayed by the 1,4-hydrobromide of 2,3- 
dimethylbutadiene (the principal product of the action of hydrogen bromide on 
that hydrocarbon), which is hydrolyzed to a tertiary (and not, as might be ex¬ 
pected, a primary) alcohol by the action of aqueous sodium carbonate. The 
tertiary alcohol, namely 1,1,2-trimethylalIyl alcohol, is formed as follows: 


H,o 


CH, 


HBr 


CH,-C-CH=CH, 

I 

OH 

*Hsoprene alcohol** 


CH, CH, 

CHr-C==(!:—CH.Br 


H,0 


CH, CH, 

I I 

CH,—C-C==CH, 

<>>H 


The dihydrohalides of isoprene are readily prepared either from the diene or 
from its monohydrohalide. Thus, treatment of isoprene with two molecular pro¬ 
portions of hydrogen bromide in glacial acetic acid solution ®® furnishes the 
dihydrobromide of the constitution (CH;,) 2 CBrCH.j-CH._.Br. 

The dihydrochloride was obtained by Aschan ®® in 94 per cent yield by treat¬ 
ing the monohydrochloride with concentrated hydrochloric acid saturated with 
dry hydrogen chloride. The reaction proceeded smoothly without polymerization 
and the product, 2,4-dichloro-2-methylbutane, (CH 3 ) 2 CCI-CHo~CH 2 Cl, has a 
boiling point of 52® to 53® C. at 12 mm., 145® to 146° C. at 760 mm. Ostromis- 
lensky®^ proposed a method of estimating isoprene in mixtures containing amyl- 
enes and butylenes, which consists in converting the isoprene into the above 
di-hydrochloride by shaking with fuming hydrochloric acid for 6 hours and sepa- 

1918, SI, 1303. 

wy. Rms. Phys.’Chem. Soe., 1899, 32, 207; Chent. Zenir., 1900, 2. 331. 

••Courtot, Bult. soc. chim., 1906, (3) 35, 657; Chem. Soc. Abs., 1906, 90 (1), 788. 

** Claisen, Kremers, Roth and Tietxe, loc. cit. 

•• Ipatiev and Wittorf, J, pr. Chem., 1897, (2) S5, 1. 

** Loe. cit. 

•»/. Russ. Phyt.-Chem. Soe., 1915, 47, 1978; Chcm. Abs., 1916, 10, 1341. * 



SOME IMPORTANT REACTIONS OF DIOLEFINS 647 


rating this substance from admixed secondary and tertiary amyl and butyl 
chlorides by fractionation. 

The addition of hydrogen halides to isoprene may be represented as follows: 


HX 


CHr 


CH. 

=C_CH=CH, 


HX 


CH, 

CH,-C-=CH—CH,X 
(probably main 
product) 

« I_ 


CH, 

CHt-CX—CH=CH, 


>- CH, 


CH, 

-CX—CHr 


-CH,X 


HX 


Of the other simple homologues of butadiene, 2,3-dimethylbutadiene adds on 
hydrogen bromide in two stages and the monohydrobromide consists mainly of 
the 1,4-compound:®* 

CHr-C-=-C—CH,Br 

(Ih. in. 

According to Claisen and his collaborators,®® the main product of the addition 
of one molecule of hydrogen bromide is the above 1,4-hydrobromide, a lacrimatory 
oil boiling at 51° to 54° C. at 20 mm., but there is evidence that the tertiary 
bromide 

CH, CH, 

CHr-(!:Br-CH=CH, 

is formed initially and then undergoes isomerization, since the reaction product 
has a much lower boiling point (27° to 50° C. under 20 mm.) if distilled immedi¬ 
ately after its formation. The dihydrobromide consists of the 2,4-dibromo-com- 
pound, 

CHr-CBr-CH—CH,Br 
CH, 


though, according to Bergmann,*°° it is also accompanied by about 30 per cent 
of the isomeric 2,3-dibromo-compound (described by Thiele with the structure 


CH,--CBr—CBr—CH, 


I 

CH, 


CH, 


The marked influence of the introduction of negative groups into the butadiene 
molecule on the mode of addition of halogens, is well illustrated by the combina¬ 
tion of 1-phenylbutadiene and 1-bromobutadiene with hydrogen bromide. 
In both cases 3,4-addition products are formed in accordance with the scheme: 


** Farmer and Marshall, 7,C.S., 1931, 129. 

** Claisen. Kremers, Roth and Tietze, loc. cit. 

*“•7. Russ. Phys. Ckem. Soc., 1920, S2, 24; Chem. Abs., 1923, 17, 1420. 
1894, 27, 454. 

>«Riiber. Bcr., 1911, 44, 2977. 
iM Ingold and Smith, 1931, 2752. 
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C#Hr-CH=CH~-CH«=CH, BrCH=CH--CH«-CH, 

C.H,CH==CH~CHBr-CH, BrCH=-CH-CHBr-CH. 

Similarly^ it was later observed that 2-chlorobutadiene combines readily 
with aqueous hydrochloric acid in the presence of cuprous chloride as catalyst 
with the production of 1,3-dichlor-l-butene, thus: 

HCl 

CHr==CCI—CH-=CH, —^ CHr--CCl=CHCH,a 

The cyclic diolehns, cyclopentadiene and 1,3-cyclohexadiene combine 
readily with one molecule of hydrogen halide to yield products having the con¬ 
stitutions 

CH, 

CH,—CH, / \ 

I I CH CH, 

CH CHX and || T 

\ / CH CH 

CH \ / 

(X == halogen atom) CHX 

The hydrochloride of cyclopentadiene (b.p., SO® C. at 40 mm.) is not further 
acted upon even by an excess of hydrogen chloride though it combines readily 
with chlorine to furnish 1,2,3-trichlorocyclopentane (b.p., 1%® C.).^®® 


Halohydrins of the Diolefins 

With hypochlorous acid or bromine water the conjugated dienes react with 
the production of both mono- and di-halohydrins. The dichlorohydrin of isoprene 
was isolated as a crystalline solid melting at 82® C. by Mokijewski.*®^ The action 
of bromine water on isoprene and 1-phenylbutadiene has been shown by Ingold 
and Smith to yield monobromohydrins of these hydrocarbons. When treated 
with bromine water in the cold, isoprene gave a mixture of bromohydrins, which 
was shown to contain about 47 per cent of the compound : 

CH,BrC=CHCH,OH, 

I 

CH, 

about 16 per cent of 

CH,BrC (OH) -~CH==CH, 

(1h, 

together with a small amount of 

CH,OHC=CHCH,Br 

(in, 

Evidently 1,4-addition products also predominate. 

>«« Carothers. WilHams, Collins and Kirby, J.A.C.S., 1931, 53, 4203. 

Kracmer and Spilker, Bet., 1896, 29, 554. 

*®*CrossIey, J.C.S.. 1904, 85, 1420. 

i*’/. Russ. Pkys.-Cktm. See., 1898. 30. 885; Chtm. Ziutr., 1899, 1, 589. 

1931, 2752. 
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By the action of bromine water on 1-phenylbutadiene an oily monobromo- 
hydrin of the structure CeH 5 CH=CHCHOHCHaBr was obtained, further illus¬ 
trating the effect of negative groupings on the orientation of addition compounds. 

Griner^o* reported obtaining two stereoisomeric butadiene dibromohydrins 
by mild oxidation with 1 per cent potassium permanganate solution of the cis 
and trans forms of butadiene l,4>dibromide. The action of anhydrous caustic 
alkali converts these bromohydrins into two stereoisomeric oxides. The reactions 
may be summarized as follows: 



Reaction of Conjugated Diolefins with Sulphuric Acid 

The conjugated dienes exhibit wide variations in their behavior towards sul¬ 
phuric acid. The more reactive members such as the cyclic dienes, cyclopenta- 
diene and 1,3-cycIohexadiene, react with concentrated acid almost explosively 
forming tars and sulphur dioxide, whereas dilute acids exert a resinifying ac- 
tion.^^® Butadiene itself, however, is much more resistant to the action of sul¬ 
phuric acid, being absorbed in 83 per cent acid at about the same rate as' 
propylene.^^^ Indeed, the relatively slow rate of absorption of butadienes in 
sulphuric acid of lower concentrations has been proposed as a basis for the 
separation of this diolefin from admixed isobutylene and similarly reactive 
monolefins .^^2 general, the products of the reaction of diolefins with sulphuric 
acid are tars of ill-defined nature. The observation of Wagner-Jauregg that 
geranyl acetate results from the action of a mixture of glacial acetic acid and 
sulphuric acid on isoprene suggests that this is a fruitful field of research. 

A more detailed examination of the products of this reaction was made 
later.^^* A mixture of 450 grams of isoprene, 1500 cc. of glacial acetic acid 
and 5 grams of concentrated sulphuric acid were allowed to react at rooip tem¬ 
perature for 3 days. The reaction product, which contained only a small amount 
of a rubber-like polymer, was hydrolyzed and distilled, yielding 101 grams of a 
mixture of materials boiling at 72'* to 160° C. under 12 mm. pressure. From 
this mixture, primary alcohols were extracted with phthalic anhydride, tertiary 

Loc. cit. 

**** See also Chapter 26 and Ellis, '‘Synthetic Resins and Their Plastics," Chemical Catalog Co., 
New York. 

Dobrjanski, Nfft. Khos., 1925, 9, 565; Chem. Abs., 1926, 20, 1576. 

1. G. Farbenindustrie A.-G., French Patent 703,743, 1930; Chem, Abs,, 1931, 2S, 4555. 

'^*Ann., 1931, 488. 176; Chem. Abs., 1931, *25, 5139. 

»« Wagner-Jauregg, Ann., 1932, 496, 52; Brii. Chem. Abs. ▲. 1932. 856. 
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alcohols were removed as borates, leaving a mixture of hydrocarbons. The 
primary alcohol fraction contained geraniol, cyclogeraniol, and a mixture of 
sesquiterpene alcohols of the formula containing three ethylene linkages 

in the molecule and boiling mainly at 114^ to 126^ C. at 0.7 mm. The tertiary 
alcohol fraction contained d^-linalool, dl-a-terpineol and sesquiterpene alcohols 
(also of the composition CjaHj^O) boiling at 108® to 122® C. at 0.43 mm., and 
the hydrocarbon fraction contained, among other substances, a monocyclic tri- 
ethylenic hydrocarbon boiling at 120® to 125® C. at 12 mm. This latter compound 
was converted by boiling 98 per cent formic acid into a dicyclic hydrocarbon of 
the caryophyllene series. 

When shaken with dilute sulphuric acid in the presence of carbon dioxide 
for 5 days at room temperature, isoprene yields a mixture of hydrocarbons, alco¬ 
hols, and cyclic ethers (oxides), 1,4-cineol and a small proportion of 1,8-cineol. 
Evidently, therefore, the action of even dilute sulphuric acid on isoprene is com¬ 
plex, resulting in the formation of a wide variety of products. 


Condensation Reactions of Conjit(;atf.i) Dioi.kfins 

The fact that the simple monolehns react very readily with aromatic hydro¬ 
carbons to form alkylated derivatives^*® suggests the possibility that diolefins 
also would undergo this condensation. Albrecht **® described several addition 
products of cyclopentadiene with quinones (cyclopentadiene ((uinone, the dicyclo- 
pentadiene quinone, the cyclopentadiene chloranil and the cyclopentadiene naph¬ 
thoquinone) without, however, determining their constitution. 

Later, von Euler and Josephson found that isoprene could be condensed 
with benzoquinone by heating in a sealed tube at 120® to 180® C. for 5 to 6 hours 
to yield a white crystalline substance melting at 234® C., to which they assigned 
the provisional formula 

CH. CO CH. 

CH.—\h 

CH ([h in l^-CH, 

\/\/\/ 

CH. CO CH. 

since it yielded a tetrabromide with bromine in warm acetic acid and a dioxime 
with alkaline hydroxylamine. 

More than twenty years after the original studies of Albrecht, Diels investi¬ 
gated the chemical constitution of these products and discussed the production of 
these addition products from the diene hydrocarbons. Tetrahydroanthraquinone 
was obtained from butadiene and a-naphthoquinone, 


CH 

L 


O H 
CH. C C 

' h/V\h 

Hi i . iH 

\:h. 

o H 


H. O H 
C C C 

h/VV\h 

HC ^ C^ hu 
H, O H 


*** See Chapter 24. 

J906, 348, 31; Chem. Soe, Abs., 1906, 90 (1), 674. 

Btr., 1920. 53B. 822; Chem. Abs., 1920. 14, 3342- 

Diels and Alder, Ann., 1928, 400, 98; Chem. Abs., 1928, 22. 1144. 
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while butadiene and acrolein yielded the tetrahydrobenzaldehyde, 


CH, 


CH 

iH 


CH, 

II 

CHCHO 


CH, 


H. 

C 

H«! (!hCHO 

V 

H. 


The condensation of butadiene with benzoquinone or its substitution products 
yielded similar products.'^* 

1,2-Dihydrobenzene and maleic anhydride form the endodimethylene tetra- 
hydrophthalic anhydride 


H 

C 


HC" CHCO 

HC I:h. ^ (!!hco^° 

V 

H 


H 

C 


h!: ^h. I:h- 

\ 1 / 


CO 


-CO 


>o 


H 


and a-phellandrene reacts with maleic anhydride to yield the compound CuH^.O,: 


H 

C 


CH, 


Hi i 


/ 


c 

H 


H 

H~CH(CH,), 


CHCO 
+ II >o 
CHCO 



I ^CHCO 

CH—CH(CH,), I >0 



HCO 


It appears from the subsequent work of Alder and his collaborators^*® that 
these reaction products of maleic anhydride and conjugated dienes can undergo 
further condensation with the same or other conjugated diolefins to form Still 
more complex molecules containing one double bond. This cumulative condensa¬ 
tion (which is analogous to the stepwise polymerization of cyclopentadiene) is 
exemplified by the combination of butadiene at 140® to 150® C. under pressure 
(in the presence of benzene as solvent) with 3,6-endomethylene tetrahydro- 
phthalic anhydride. This material is obtained by condensing cyclopentadiene with 
maleic anhydride, so that the whole synthesis may be expressed graphically as 
follows: 

»»Diels and Alder, German Patent 521.621, 1927; Chtn^ Abt., 1931, 2S. 3363; British Patent 
300,130, 1928; Brit. Chem. Abs. B, 1930, 549; both ratehts assignM to 1. G. Farbmindustrie A.-G. 

*** Alder and Stein, with Reese and Grassroann, Ann,, 1932, 496, 204; Brit. Cktm, Abs. A, 1932, 
938; Chem. Zentr., 1932, 8, 2048. 
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CH. 


\_ 


Cll 


CH 


cyclopentadiene 


CH 

CH 1 \h—CO 
1 ch.T >o 

CHI CH—CO 


CH—CO 

+ I >o 

CH-CO 


maleic 

anhydride 


CH 

c^i|\h-co 

jl ch.T >0 

CHI CH-CO 


3,6‘endomethylene 

tetrahydrophthalic 

anhydride 


+ CH,=CH-CH=CH. 


CH 


CH, 


CH 

\ 






H 


CH~CO 
H. I >0 
CH~CO 

cff 


In the same way, 3,6-endomethylene tetrahydrophthalic anhydride can be 
condensed with isoprene, 1,4-diphenylbutadiene or cyclopentadiene. 

The reaction of other diolefins with various unsaturated compounds, such as 
citraconic and itaconic acid anhydrides, acrylic acid, acrolein and cyclohexanone 
have also been effected, good yields of condensation products being obtained.^-^ 
Diels and his collaborators also described the production of cyclic nitrogen 
compounds by the so-called diene-synthesis, for example, that of endomcthylene 
piperidazine from cyclopentadiene and ethyl azodicarboxylate. 

According to Muller and Roser,®^® butadiene reacts with diazomethane in 
absolute ether solution, at —20° C, to yield 5-vinylpyrazoline and then 5,5'-bi- 
pyrazoline: 


CH,=CH~CH—CH, 



CH,—CH—CH~CH, 

\ 


CH 


CH NH NH-N 


5-vinylpyrasoline 


S^'-bipyrasolin e 


Similar products are said to be obtained from butadiene and methyldiazometbane 
and diazoacetic ester. 

The importance of the diene-synthesis is indicated by a number of develop¬ 
ments. In one process®®* butadiene or other diolefin hydrocarbon is condensed 
with an aromatic hydrocarbon under slight pressure in the presence of an alkali 
or alkaline earth metal as a catalyst at somewhat raised temperature. By heat¬ 
ing 1 part of butadiene with 3 to 4 parts of toluene at 80° to 90° C. with sodium 
in an autoclave a colorless liquid hydrocarbon (b.p., 203° to 204° C.) is ob¬ 
tained®®® which is said to have the formula CHgCHssCHCHjCHgCrtHo. Iso¬ 
prene in toluene, when heated in the presence of sodium at 160° C. for 1 hour. 


For additional information concerning the “diene-synthesis” see Diels, Z. angcw. Chrtn., 1929, 
42, 911; Chem. Abs., 1930, 24, 356; Ann., 1929, 470. 62; Brit. Chem. Abs. JL, 1929, 819; Bcr., 
1929, 62B. 554; Brit. Chem. Abs. A, 1929, 570; Ber., 1929, 62B, 2081; Brit. Chem. Abs. A, 1929, 1397. 
The diene-synthesis has been reviewed also by Downs, Ind. Eng. Chem., 1934, 26, 17, 

^ Diels, Blom and Koll, Ann., 1925, 443, 242; Chem. Abs., 1925, 19, 2499. See also Alder and 
Stein, German Patent 557,338, 1931; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 
27, 1003. 

pr. Chem., 1932, 133, 291; Chem. Abs.. 1932, 26, 3504. 

*** I. G. Farbenindustrie A.-G„ British Patent 315,312, 1929; Brit. Chem. Abs. B, 1930, 1103. 

Hofmann and Michael, German Patent 557,514, 1928; Chem. Abs., 1933, 27, 514; Swiss Patent 
144i850, 1928; Chem. Zentr., 1931, 2, 1055; cf. British Patent 315,312, 1929; patents assigned to 
I. G. Farbenindustrie A.-G. 
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yields 5 (or 3)-phenyl-3(or 5)-methyl-2-pentene (b. p., 218® to 222® €,).“• 
Under similar conditions, 2,3-dimethyibutadiene yields 5-phenyl-2,3-dimethyl- 
2-pentene, a liquid boiling at 235® to 238® C., and butadiene and tetrahydro^ 
naphthalene condense to a butenyltetrahydronaphthalene boiling at 270® to 272® C, 
It appears that direct combination occurs between aromatic hydrocarbons and 
conjugated diolehns so that 1,4-addition products of the latter are frequently 
formed. The combination of 2,3-dimethylbutadiene with toluene may thus b€ 
represented: 

CH, CH, 

H.C={!:-i=CH. + H-CH.CH, 

2^-dimelhyU toluene 

butadiene 

The condensation of quinones with butadiene hydrocarbons appears to be a 
promising method for the production of anthraquinone and related compounds. 
Thus, benzoquinone reacts with two molecules of butadiene or its homologues, 
under the influence of acid or alkaline reagents or by heating, with the produc¬ 
tion of tetrahydroanthraquinones, which can be oxidized by air in the presence 
of catalysts if necessary, to yield the corresponding anthraquinones. The con¬ 
densation product of 1 mole of benzoquinone and 2 moles of isoprene consists 
of two isomers, one of which is oxidized to 2,6-dimethylanthraquinone by air.^®^ 
An 80 per cent yield of anthraquinone of excellent purity is said to be formed 
by the condensation of naphthoquinone with butadiene at 140^ C. under pressure 
in the presence of nitrobenzene. Similarly, 6-methylquinizarin, 6,7-dimethyl- 
(juinizarin, and 2,3,6,7-tetramethylquinizarin may be prepared.^®* 

Diels and Alder ’produced tetrahydroquinizarins by reaction of naphthazarin 
or its homologues with conjugated dienes. For example, tetrahydroquinizarin 
(melting point, 150® to 151® C.) is obtained by heating naphthazarin with buta¬ 
diene at 50° to 60° C. under pressure in the presence of glacial acetic acid. 

A further application of the condensation of the dienes with maleic acid or 
anhydride is the purification of crude coke-oven benzol.^®® The crude benzol 
after refluxing with 1 to 3 per cent of the acid or anhydride is distilled. Im¬ 
purities such as cyclopentadiene, butadiene, and heterocyclic compounds (pyri¬ 
dine) are thus removed. Methylene tetrahydrophtlialic anhydride is obtained 
from the residue and this can be esterified with a polyhydroxy alcohol to yield 
a resin.^®^ The esters of the condensation product from butadiene and maleic 
anhydride are plasticizers for cellulose esters, according to Brooks and Carda- 
relli.^®^* Their boiling points are: butyl ester, 186® to 192° C. at 18 mm.; ethyl 
ester, 133® to 137° C. at 5 mm.; propyl ester, 140° to 141° C. at 5 mm.; and 
secondary-amyl ester, 163® to 165® C. at 5 mm. 

The condensation of conjugated diolefins with acid chlorides under the influ¬ 
ence of Friedel-Crafts condensing agents takes place vigorously but does not 

Hofmann and Michael, loc. cit. British Patent 335,512, 1929; Brit. Chem. Abs. B, 1931, l.I; 
French Patent 667,748, 1929; Chem. Abs., 1930, 24, 3247; all patents assigned to I. G. Farben* 
Industrie A.-G. 

^ Liittringhaus, Neresheimer and Schneider, German Patent 554,878, 1929; Chem. Abs., 1933. 27, 
309; addition to German Patent 494,433, 1928; Chem. Abs., 1930, 24, 2757; both patents assigned to 
I. CJ. Farbenindustrie A.*G. 

^ Kranzlein, Dieterle and Vollmann, German Patent 544,522, 1929; assigned to I. G. Farbenindus¬ 
trie A.-G.; Chem. Abs., 1932, 26, 3522. 

German Patent 544,523, 1929; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 26. 

3523. 

>»>I. G. Farbenindustrie A.-G., British Patent 352,164, 1930; Brit. Chem. Abs. B, 1931. 962. 

Cf. Brooks and Cardarelli, U. S. Patent 1,860,730, May 31, 1932; see Ellis, tnd. Bug. Chem., 
1933. 25. 125. 

S. Patents 1,824,068, 1,824,069, 1,824,070, 1,824,071, Sept. 22, 1931; assigned to 
Petroleum Chemical Corp.; Brit. Chem. Abs. B, 1933, 219. 


CH. CHi 

‘ H,C—C==(!:—CH.—CH,CJi. 
5-phenyl-2J-dimethyl-2-pentene 
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appear to follow the same course as the reaction between monolefins and acid 
chlorides which results in the. ultimate production of vinyl alkyl ketones. Ac¬ 
cording to Wieland and Hasegawa,^** 1,4-diphenyIbutadiene reacts with acetyl 
chloride in benzene solution and in the presence of aluminum chloride to furnish 
a white crystalline solid melting at 262® C., corresponding to G 30 H 33 O 2 CI. Con¬ 
densation of the same diolefin with benzoyl chloride under similar conditions 
yields a white crystalline solid which melts at 203® C. and corresponds to 
CjujHaoO. The constitution of these products is at present unknown but they 
are probably formed by condensation of benzene as well as of acid chloride witli 
the diolefin accompanied by elimination of hydrogen chloride. 

Miscellaneous Reactions of Conjugated Diolefins 

The action of oxygen on conjugated diolefins is very important from the 
viewpoint of petroleum technology since the gums produced in cracked gasolines 
on standing are probably oxidized products of such hydrocarbons. The question 
is dealt with more fully in Chapter 40. The general character of the autoxida- 
tion of unsaturated hydrocarbons was clarified by the work of Engler and 
Weissberg/** who demonstrated that the initial products of autoxidation of sev¬ 
eral monolefins were peroxides containing two atoms of oxygen per molecule. 
Kogerman recently adduced evidence to show that during the autoxidation of 
the conjugated diolefins addition of 1 atom of oxygen to each diolefin molecule 
takes place, the products having some resemblance to the gums of cracked gaso¬ 
lines. Probably addition of oxygen takes place at the 1,4 position with production 
of substances of the type 

-h-U-L 

l__o— J 

The whole subject of autoxidation is very intimately connected with the subject 
of polymerization since it has been shown that peroxides are highly active cata¬ 
lysts for polymerization of diolefins, styrenes, and analogous bodies. 

Diolefins readily form ozonides with ozone. These products play an important 
role in the elucidation of the constitution of diolefins and their derivatives. The 
conjugated diolefins react very energetically with ozone to furnish monozonides 
but the diozonides are formed only slowly. 

The combination of conjugated diolcfin hydrocarbons with anhydrous sulphur 
dioxide (or in some cases with aqueous solutions of sulphur dioxide or sulphites) 
is a characteristic reaction which can be used not only for the separation and 
purification of such hydrocarbons but also for their analytical identification. 
. Monomolecular sulphones, which can be split into their components by heating 
above about 120® C., are formed according to the general reaction : 



1931, 64B. 2516. 

»»Ber., 1898, 31. 3050. 

Trans, 2na World Power Conference, 1930, 8, 33; Chem. Abs., 1931, 25, 5549. 
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Many of these monomolecular sttlphones are well-defined crystalline substances.'*^* 
It will be noted that this reaction with sulphur dioxide affords yet another ex¬ 
ample of 1,4 addition to a conjugated system of double bonds. Under certain 
circumstances polymerized sulphone-like substances are formed instead of the 
simple monomolecular products. 

De Bruin,who appears to be one of the first investigators in this field, 
found that when isoprene was mixed with an equal volume of liquid sulphur 
dioxide and allowed to stand for 1 to 2 days, a crystalline substance separated 
which melted without decomposition at 62.5® C. and had the formula CsHgSOj. 
This could .be recrystallized from ether and dissolved unchanged in benzene. 

On warming a solution of 10 grams of isoprene in 100 cc. of diethyl ether 
saturated with sulphur dioxide for 5 hours in the water bath, Eigenberger'** 
obtained a 60 per cent yield of a monomeric sulphone melting at 63® to 63.5® C. 
This substance, which was decomposed* by heating to 120® to 135® C., readily 
yielded a dibromide melting at 127® C. when treated with bromine in carbon tetra¬ 
chloride solution. From a study of various derivatives, Eigenberger assigned to 
this substance the formula, 

CH—CH, 

1 > 

CHr~C-CH, 

Subsequently, he found that this sulphone was converted by the action of aqueous 
or alcoholic alkali in the presence of radiation from a quartz lamp into an 
isomeric sulphone, also monomolecular, which melted at 79® C. and was less 
soluble in ether.The conversion did not take place in the presence of radia¬ 
tion alone and alkali appeared to be essential. On catalytic hydrogenation, the 
lower melting isomer was found to yield a dihydro-derivative melting at 0.2® C., 
whereas the higher melting sulphone yielded a dihydro-derivative melting at 
0.5® C, showing that the isomerism was the result of a different spatial arrange¬ 
ment of groups around the double bond. To the lower melting isomer Eigen¬ 
berger assigned a cis-configuration, the other isomer being accordingly assigned 
a trans-structure. It is interesting to note that the dibromoisoprene sulphone can 
be readily reduced by zinc and ethyl alcohol to yield 90 per cent of the cis-isomer. 

Backer and Bottema obtained a similar monomeric sulphone by treating 
2,3-dimethylbutadiene with two molecular proportions of ammonium bisulphite in 
saturated aqueous solution at 120® C. The product, having the formula 


CHr-C—CH. 

CH,-C—CH. 



melted at 135® C. and could also be obtained by treating the hydrocarbon with a 
solution of sulphur dioxide in ether at 100® C. or with sulphurous acid at room 
temperature. The sulphone could be brominated in benzene solution to yield a 


For information on the x ray study of the crystalline structure of polymeric and monomeric 
butadiene stilphones see Sauter, Z. Knst., 1932, 83, 340; Chem. Abs., 1933, 27, 2362 

wproc. K. Akad. WeUtuch, Amsterdam, 1914, 17, 585; Chem, Soc. Abs., 1914. 106 (1^ 1197 
««y. prakt. Chem,, 1930, 127, 307; Chem. Abs.. 1931. 25, 276. ' ' 

Eigenberger, /. prakt. Chem., 1931,. 129, 312; Chem. Abs., 1931, 25. 2969. 

>»/. prakt. Chem., mi, 131, 289; Abe., 1932, 26. 79. 

Rec. trav. ehim., 1932, 51. 294; Brit. Chem. Abe. A, 1932, 361. 
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dibrotnide which was readily hydrolyzed by boiling water to a glycol of the 
formula 


OH 

CHr-C—CH. 

\ 


CH,-C 


i: 




so. 


H 


melting at 175® C. 

Staudinger developed a process for the manufacture of monomolecular 
sulphones from butadiene hydrocarbons and liquid sulphur dioxide involving the 
use of 0.5 to 1 per cent of a stabilizing agent or anti-catalyst, which is said to 
obviate in part the formation of polymerized sulphones. Such stabilizers may 
consist of polyvalent or other phenols (e.g., hydroquinone, pyrocatechol, and 
pyrogallol), amines, and metallic copper or its salts. The sulphur dioxide may 
be employed either in the anhydrous liquid condition or in a solvent such as 
benzene. 

According to Schmidt, Fries and Kollek,^*^ conjugated diolefins react with 
ammonia and amines in the presence of an alkali metal or of alumina, magnesia, 
or barium chloride, to form unsaturated organic bases which can be used in the 
vulcanization of rubber and as insecticides. For example, a solution of sodium 
in liquid ammonia is allowed to react with butadiene at —80® C. for 10 days 
and then at —15® C. for 5 days more, when the products are found to consist 
of tributenylamine and higher bases. By conducting a gaseous mixture of vinyl 
acetate and monomethylamine over bauxite at 300° C. a mixture of unsaturated 
bases is produced. Assuming 1,4 addition to take place, the condensation of 
ammonia and butadiene may perhaps be represented as follows: 


CH,=CH-CH=CH, 
CHr==CH-CH=CHa + H,N 
CHx=CH—CH=CH, 


CHr-CH=CH-CH, 

CHr-CH=CH—CH.-N 

CHr-CH=CH—CH.'^ 
tributenylamine 


Conjugated diolefins may be directly ethylated by reaction of an ethereal 
solution of 2 moles of ethyl bromide, or 1 mole of ethyl sulphate, with a mixture 
of 2 moles of potassium and 1 mole of the diolefin. Midgley and Henne 
observed that ethylation of isoprene by this method gave a comparatively poor 
yield of 4-methyl-4-octene, CH 3 CH 2 CH 5 —C(CH 3 )=CHCH,,CH 3 CH 3 . 

Lebedev and Yakubchik^^* made a study of the hydrogenation of twelve 
typical butadiene hydrocarbons in the presence of platinum black (Willstatter) 
in alcohol and concluded that three different reactions may be postulated, namely: 

(1) Hydrogenation in two consecutive stages, in the first of which 1,4 addi¬ 
tion of hydrogen atoms takes place and in the second, addition to the resulting 
2,3-bond, which occurs at a different reaction velocity. Conjugated diolefins of 
the general formula 


German Patent 506,839, 1929; Chem, Abs., 1931, 25. 522: French Patent 698,857. 1930: 
Chem. Abs., 1931, 25, 3360; British Patent 361,341, 1930; Brit. Chem. Abs. B, 1932, 301. 

14* German Patent 528.466, 1928; Chem. Abs., 1931. 25, 4555; French Patent 662,431, 1928; 
Chem. Abs., 19.30. 24. .377; both patents Mtiimed to I. G. Farhenindustrie A.-G. 

'^J.A.C.S., 1930, 52, 2075. 

*^/.C.S., 1928, 823, 2190. 
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R' R* 

\ / 
c=c-c=c 

R^ 

in which R^ R^, Rs, and R'* are alkyl groups (e.g., diisobutenyl), are hydro¬ 
genated in this manner. 

(2) The first two hydrogen atoms add to the diene molecule in all three 
possible positions (i.e., 1,2; 3,4; and 1,4) and further hydrogenation takes place 
simultaneously with the formation of fully saturated molecules.. This reaction, 
which is exhibited by butadiene, isoprene, piperylene and diisopropenyl, is of a 
complicated nature. 

(3) The possible immediate addition of two hydrogen molecules at such a 
high velocity that the intermediate monolefin has but a transitory existence. 
Though this is theoretically possible, no examples of this reaction were observed. 

The condensation of isoprene with amylene, pinene, trimethylethylene, iso- 
pinene, dipentene and sylvestrene in the presence of aluminum chloride has been 
noted by Aschan.^^* Recently, Thomas and Carmody found that, though pure 
isoprene does not immediately condense under the influence of aluminum chloride, 
the presence of a small amount of a monolefin such as 2-pentene immediately 
initiates a violent reaction. From the reaction of isoprene with monolefins in 
the presence of aluminum chloride, Thomas and Carmody have been able to 
obtain synthetic resins of promise. The procedure has already been discussed 
more fully in Chapter 6.^^® 


Condensation Reactions of Cyclopentadiene 

Cyclopentadiene, one of the most highly reactive of the conjugated diolefins, 
deserves special mention because of its great power of condensation with a large 
number of organic substances, some of which have already been mentioned. Its 
condensation with itself to yield the dimer, dicyclopentadiene, occurs spontane¬ 
ously at ordinary temperature^*^ and is apparently catalyzed by autoxidation 
products, though not by light.^*® Condensation to a tetramer and heavier polymers 
also occurs.^*® 

Cyclopentadiene is resinified by dilute acids and alkalies and strong sulphuric 
acid reacts with it explosively. The great reactivity of the CHg group of the 
hydrocarbon has been ascribed by Thiele to the presence of the contiguous 
unsaturated linkages. One hydrogen atom of the CHg group is replaceable by 
potassium. The hydrocarbon reacts with methyl magnesium iodide according to 
the equation: 


CH=CH 

\h + CH.MgI 

ch=ch'^ 


CH=CH 

\:HMgI + CH. 
CH=Cri^ 


Ofversigi Finska Vetenskaps Soc., 1916, 58, 42; Chcm. Abs,, 1920, 14, 3823. 

1932, 54, 2480; Ind. Eng. Chem., 1932, 24, 1125. 

**• See also Chapter 26. 

Kraeiner and Spilker, Ber., 1896, 29, 552; Wieland, Ber., 1906, 37, 1492; Stobbe and Reuss. 
Ann., 1912, 391, 151; Chem, Abs., 1912, 6, 3275. 

Stobbe and Dunnhaupt, Ber., 1919, 52, 1436. 

Staudinger and Rheiner, Helv. Chim. Acta, 1924, 7, 23; Staudinger and Bruson. Ann., 1926, 
447, 97, 110; Chem. Abs., 1926, 20, 2148; Bruson and Staudinger, Ind. Eng. Chem., 1926, 18, 381; 
Lebedev and Mereakovskt, J. Russ. Phys.-Chem. .Soc., 1913, 45, 1249; Chem. Abs., 1914, 8, 320; 
see Chapter 26 also. 

'^Ber., 1900, 33, 666; ibid., 1901, 34. 68. 
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The CHg group of the cyclopentadiene ring condenses, under the influence of 
sodium ethylate, with a large variety of ketones and aldehydes to form the 
highly colored hydrocarbons of the fulvene series: 


With acetone 


With acetophenone 


CH=CH 

CH, 

\ 

/ 

C= 

=C 

/ 

\ 

CH-^CH 

CH. 

CH-CH 

CH. 

\ 

/ 

C= 

-C 

/ 

\ 

CH-CH 

C«H, 


Cyclopentadiene condenses with unsaturated nitriles at 150® to 160® C. under 
pressure to yield cyclic nitriles. The product of the condensation of cyclo¬ 
pentadiene and crotononitrile is said to be a dicyclic nitrile boiling at 87° to 
88.5° C. at 12 mm.i*^ 


Analytical Reactions of Conjugated Dienes 

The analytical methods for the determination of unsaturated hydrocarbons 
by bromine or iodine addition values are unsuitable for the estimation of di- 
oleflns since these hydrocarbons behave under the conditions of those determina¬ 
tions as monolefins and add only two, instead of four, halogen atoms. Thus the 
Mcllhiney bromine value of a pure sample of isoprene was found to be 234.7 
instead of the theoretical 469.5 for two double bonds.^®* On the other hand, 
Dobrjanski made use of the bromide-bromate reagent of Francis for esti¬ 
mating butadiene in gas mixtures containing monolefins and stated that tetra- 
bromides were formed from the diolefins ami dibroniides from the nionolefins. 
It has been shown,^®® however, that the diolefins readily add four atoms of 
hydrogen on catalytic hydrogenation at low temperatures and that this hydrogen 
addition value may be utilized to ascertain the purity of isoprene and other 
diolefins such as isoprene. 

For the analytical determination and identification of the diolefins in hydro¬ 
carbon mixtures, the halogen derivatives have been most frequently employed, 
more especially the tetrabromides. The tetrabromide of butadiene was used to 
identify that hydrocarbon in a complex mixture of hydrocarbons of “oil gas’* 
by Armstrong and Miller ^®? and subsequently by Scluitz ^®^ in the case of low- 
temperature carbonization gas. A determination of butadiene in the gas from 
low-temperature carbonization processes by conversion into the tetrabromide has 
been described by Manning, King and Sinnatt.^®* The method consisted in 
passing a known volume of the hydrocarbon mixture through bromine and water. 
When the scrubbing was complete the mixed bromides were freed from excess 
bromine by washing with dilute caustic soda, and were then distilled into 3 
fractions as follows: 


‘“Thiele, Ber,, 1900, 33, 666; ibid,, 1901, 34, 68; Thiele, Balhorn and Albrecht, Amt., 1906 348 I* 
Chem. Soc, Abs.. 1906, 90 (1), 639. * 

*“1. G. Farbenindustrie A.-G., British Patent 341,047, 1929; Brit. Chem. Abe. B. 1931 385* 
addition to British Patent 300,130, 1928; Brit. Chem. Abe. B, 1930, 549. * * 

Waterman and van Wcsten, Rec. trav. chim., 1929, 48, 1084; Brit. Chem. Abe. A. 1930 58 
^Neft. KhoM., 1925, 9, 574; Chem. Abs., 1926, 20, 1577. ^ * •* 

‘“'Waterman and van Westen, he. cit. 

^J.C.S., 1886, 49, 74. 

Schutz, Ruschmann and Wissebach, Ber./ 1923, 56, 869. i 

^Dept. of Sci. and Ini. Research (.Brit.), Tech. Paper 19, 1928; Chem. Abs., 1928, 22, 1668 
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(1) Below 80* C. at 20 mm. (ethylene, propylene and butylene dibromides); 

(2) 80* to 130* C. at 20 mm. (some butylene dibromide and bromine derivatives of 

higher olefins) ; 

(3) Residue. 

The residue from the distillation (containing acetylene tetrabromide and buta¬ 
diene tetrabromides) was extracted with hot alcohol. The filtered solution was 
cooled to 0® C., and the solid crystalline butadiene tetrabromide (m.p., 118® C.) 
which separated was rapidly filtered, dried, and weighed. Experiments with pure 
butadiene showed that the two forms of the tetrabromide were produced in about 
equal amounts, so that to obtain the total tetrabromide present the weight of 
the higher mdting form, obtained as described above, must be doubled. The 
higher melting tetrabromide, though soluble in hot alcohol, separates almost com¬ 
pletely from that solvent at 0® C. 

According to Sorokin and Belikov,^®® a more accurate method of determining 
butadiene in gas mixtures is to separate it* in the form of its tetrachloride by 
passing the gas through a saturated solution of chlorine in carbon tetrachloride. 
The butadiene tetrachloride (b.p., 118® to 122® C.) is separated from other 
dichlorides by fractionation and weighed. 

The analytical estimation or identification of diolefins in the form of their 
tetrabromides has the obvious advantage that it permits the regeneration of the 
diolefins by reduction with zinc and alcohol. A limitation of this method, how¬ 
ever, is that many of the diolefins, particularly isoprene, cyclopentadiene, and 
the dimethyl butadienes, form liquid tetrabromides. Nevertheless, both piperylene 
and butadiene furnish easily crystallizable tetrabromides, useful for identification 
purposes. 

As previously mentioned, to estimate isoprene in a mixture of butenes, pentenes 
and benzene, Ostromislensky convert^ the former hydrocarbon into its 
dihydrochloride by shaking it with concentrated hydrochloric acid for 6 hours. 
The products of reaction were carefully washed, dried, and then fractionated, the 
fraction boiling at 130® to 140® C. being fairly pure isoprene dihydrochloride 
(2,4-dichloro-2-methylbutane). The applicability of this method is probably 
limited to mixtures containing comparatively high concentrations of isoprene. 

Perhaps the most promising method for the positive identification and pos¬ 
sibly the estimation of conjugated diolefins is that based upon the previously 
discussed combination of these hydrocarbons with nialeic anhydride.^®' The 
importance of this reaction, from the analytical standpoint, is that the reaction 
products are easily crystallized and have characteristic melting points, so that 
they are of unusual value for purposes of identification. The products of the 
reaction between conjugated diolefins and maleic anhydride are acid anhydrides, 
some of which can be hydrolyzed to the corresponding acid by boiling water. 
The ease of formation of these condensation products with maleic anhydride 
varies considerably. The cyclic diolefins, 1,3-cyclopentadiene and 1,3-cyclo- 
hexadiene, react energetically with ifialeic anhydride at 0® C. to give^ almost 
quantitative yields. Butadiene, isoprene and piperylene react slowly with maleic 
anhydride in the cold and some polymerization of the two latter hydrocarbons 
occurs. With butadiene, heating under pressure to about 100® C. is apparently 
necessary to complete reaction. According to Farmer and Warren,* ^ 95 per 
cent yield of the addition product of piperylene and maleic anhydride is obtained 

^"7. Chem. Ind. Russia^ 1925, 1, 28; Chem. Abs., 1926, 20, 352. 

Russ. Phys.-Ckem. Soc., 1915, 47, 1978; Chem. Abs., 1916, 10, 1341. 

Diels and Alder, Ann., 1928, 460, 98; Chem. Abs., 1928, 22, ll44; Diels. Alder, with 
Liibbert, Naujoka, Querberita, R5hl and Segeberg, Ann., 1929, 470, 62; Chem, Abs., 1929, 23, 3692. 

1931g 3221s « 
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by allowing the mixed reactants, dissolved in benzene, to stand at 0° C. for 5 
days. If higher temperatures are employed, pronounced polymerization occurs. 
Under similar conditions, l,2"-dimethylbutadiene furnishes a 96 per cent yield of 
the condensation product but 1,1-dimethylhutadiene yields only polymerized prod¬ 
ucts even at low temperatures. The melting points of some of these reaction 
products of maleic anhydride are given in Table 116.^** 


Table \\6,—Melting Points of Addition Products with Maleic Anhydride or Acid. 


Hydrocarbon 


1,3-Butadiene . 

1- Methylbutadicne (piperyleiie) 

2- Methylbutadiene (isoprenc) . 

1.2- DiiTiethyIbutadiene . 

1.3- Dimethylbutadiene . 

1.4- Dimethylbutadicne . 

2.3- Dimethylbutadieiie . 

Trimethylbutadiene . 

1,3‘Cyclopentadiene . 

1.3- Cyc!ohexadiene . 


Anhydride * 

Acid 


"C. 

103-104 

166 

62 

155 

63-64 

— 

67 

— 

56-57 

— 

95-96 

— 

78-79 

— 

49 

— 

164-165 

177-179 

147 

— 


The maleic anhydride condensation provides a satisfactory method for the 
identification of a number of conjugated diolefins in mixtures. The method has 
been used by Birch and Scott for the identification of conjugated diolefins 
(butadiene, isoprene, piperylene and cyclopentadiene) in the lower fractions of 
vapor-phase cracked gasoline. Unfortunately, its applicability as a quantitative 
method of estimation appears to be limited, except perhaps in the case of con¬ 
jugated cyclic diolefins which react readily and quantitatively with this reagent. 
However, Bassett and Williams applied the condensation with maleic anhydride 
to the quantitative estimation of isoprene in the products of distillation of rubber, 
using a procedure es.sentially similar to that of Farmer and Warren. The method 
was more satisfactory than other proposed modes of estimation, which were found 
to yield low results. 

It has previously been shown that under controlled conditions, conjugated 
diolefins can combine with sulphur dioxide to yield well-defined crystalline mono- 
molecular sulphones. It would appear, that such sulphones might be of value in 
the identification of conjugated diolefins in hydrocarbon mixtures. The sulphones 
can be reconverted into their parent substances by heating to temperatures above 
about 120® C. Lebedev and Yakubchik proposed a method of estimating iso¬ 
prene, based upon the formation of a sulphone on treatment with, sulphur dioxide, 
but Bassett and Williams find that this method yields results which are too low. 


Other Diolefins 

The 1,4- and 1,5-diolefins do not appear to be formed to any appreciable 
degree during the pyrolysis of petroleum hydrocarbons. They are of importance, 
however, in the chemistry of the essential oils and perfumes. A number of the 

1,4-diolefins have been studied by Shoemaker and Boord.*"® The 1,5-diolefins 
are of interest, because of their conversion by the action of 70 per cent sulphuric 

Diels and Alder, loc. cit. See also Alder, “Die Methoden der Dicn-Syntliese,” Berlin. 1933. 
*My«d. lint/, them., 1932, 24, 49. 

^^J.C.S.y 1932, 2324. 

Staudinger, loc. cit. 
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acid into an oxide, the anhydride of the 2,5-glycol, which contains a 5-membered 
heterocyclic ring.^^® 

When 1,5-hexadiene (diallyl) is treated with 100 per cent sulphuric acid at 
—15® C. to +4° C. the production of diallyl ether is not noticeable, the two main 
products being a crystalline neutral cyclic monoester and a diester. These sub¬ 
stances are easily hydrolyzed to the 2,5-glycol, which is unstable in the presence 
of acids and tends to dehydrate, thus forming diallyl oxide.^^^ 

*’• Pogorzhelsky, J. Russ. Phols.-Chetn. Soc., 1898, 30, 977; Chem. Soe. Ahs., 1899, 76 (1), 78S. 

»«Cortese, Bet., 1929. 62B, 504; J.A.C.S., 1929, SI, 2266. 



Chapter 28 

Important Reactions of Acetylene. Production 
of Acetaldehyde and Vinyl Esters 

The hydrocarbon acetylene is the simplest member of a series of hydrocarbons, 
called the acetylenes or alkynes, possessing the general formula € 0 ^ 20-2 
characterized by a triple-bonded carbon linkage. Acetylene itself is HCsCH, 
while two series of homologues exist, in which either one, or both, of the hydro¬ 
gen atoms of the acetylene molecule are replaced by alkyl groups. 

Because of the extraordinary breadth of reactivity of acetylene,^ it stands 
forth as one of the most promising hydrocarbons to be considered as a source of 
chemical products. Since it can be obtained from natural gas or cracked petro¬ 
leum gases by pyrolysis (discussed in Chapters 4 and 9) or oxidation (Chapter 
39), as well as from calcium carbide manufactured from coal and lime, its 
importance in this regard is assured and bids fair to create for this hydrocarbon 
a status in the aliphatic as important as that occupied by benzene in the aromatic 
series. 


Manufacture of Acetylene 

The acetylene of commerce has been obtained chiefly by the hydrolysis of cal¬ 
cium carbide, a compound produced in immense quantities by heating lime and 
carbon (e.g., coke) together to a very high temperature in the electric furnace. 
On treatment with water, calcium carbide is decomposed according to the 
equation: 

CaG + H,0 —>- Ca(OH), + GH. 

a reaction discovered by Wohler in 1862.^* Some 30 years after this discovery, 
the commercial production of calcium carbide in the electric furnace was begun 
and since that time the carbide industry has grown in magnitude and importance. 
As the manufacture of calcium carbide on a large scale demands a cheap and 
plentiful supply of electrical energy, carbide factories are entirely located in 
districts where water power can be utilized for the generation of the necessary 
electrical power. 

Acetylene is produced to a greater or less extent by the decomposition of a 
large number of metallic carbides by water or by dilute mineral acids. The car¬ 
bides of calcium, barium, strontium, or of lithium, sodium, potassium, caesium 
and rubidium, having the formulas or MJC,, are all decomposable by water 

to yield acetylene in a more or less pure condition. Certain other carbides, such 
as carbides of manganese, iron, cerium, and thorium, furnish mixtures of satu¬ 
rated and unsaturated hydrocarbons (including acetylene), while aluminum and 

““ Glixm.n«.ko ( Avto ^ tnn ^ DAo . 

^ Ann ,, 1862 , 124, 220. 
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beryllium carbides furnish almost pure methane on decomposition by water*^ 
The production of acetylene-forming carbides by heating metallic oxides in 
methane at high temperatures has been described by Fischer and Bangert.* 

Of considerable scientific interest is the direct synthesis of acetylene by the 
passage of hydrogen between the poles of a carbon electric arc/ The electrical 
decomposition (by means of either low- or high-tension arcs) of many hydro¬ 
carbons, a subject discussed in Chapter 9, similarly yields considerable quantities 
of acetylene together with other hydrocarbons. During recent years much in¬ 
terest has been aroused in the commercial production of acetylene by the high- 
temperature pyrolysis of methane and other saturated hydrocarbons. It appears 
that very high temperatures (above 1000® C. and tip to 3000® C.) in conjunction 
with very short periods of heating are the conditions most favorable to good 
yields of acetylene. Acetylene may also be produced by the incomplete com¬ 
bustion of hydrocarbons such as methane or natural gas, with air or oxygen at 
high temperatures. The formation of acetylene by all these high-temperature 
methods is connected with the fact that acetylene has increased stability with 
rising temperature as shown by thermodynamic calculations. Though it is very 
doubtful if acetylene ever becomes perfectly stable with respect to its elements 
even at the highest temperatures, it appears that an equilibrium of the type 
2C (gas) -}- H, ^ QH 2 is set up, in which the point of equilibrium tends more 
towards the acetylene side of the equation as the temperature is increased. 

Very pure acetylene may be produced by the decomposition of copper 
acetylide (made by passing crude acetylene into an ammoniacal cuprous salt 
solution) with potassium cyanide.** If mineral acids are used to decompose this 
acetyl ide, relatively small yields of acetylene are formed and considerable amounts 
of by-products result. Acetylene may be obtained from a large number of 
halogenated hydrocarbons. Thus, acetylene tetrachloride or tetrabromide are 
readily reduced to acetylene by treatment with metallic zinc,® whilf iodoform 
and bromoform also yield this hydrocarbon by the action of metallic copper or 
zinc or of the zinc-copper couple ^ of Gladstone and Tribe. The ethylene dihalides 
can be converted into acetylene either by the action of hot alcoholic potash * or 
by pyrolysis at moderately high temperatures. In each case a vinyl halide is 
formed as an intermediate compound and the reactions may be represented as 
follows: 


CH,X 

CHiX 


CH 

HX 


-f HX 


CH 

III + HX. 
CH 


A number of other methods of preparation are known, including the electrolysis 
of unsaturated carboxylic acids, but these are of little practical interest. 

The carbide process is possibly the most widely used, although the electrical 
decomposition and the thermal decomposition of gaseous hydrocarbons to produce 


* For a review of the formation of hydrocarbons from carbides see Tropscb, Ges. AbhandU Kennt. 
Kokh, 1917. 2, 203. 

* Brenmtoff Chem,, 1929, 10, 261; Cktm. Abs., 1930, 24, 3453. Cf. also Peters and Meyer, 
Brtnnstoff-Chem., 1929. 10. .124; Chem. Abs., 1930. 24. 484. 

^Berthelot, Campt. rsnd., 1862, 34, 640; Ann., 1862, 123, 212; Ann. ehim. phys., 1901, (7) 23, 
444; ibid., 1905, (8) 6, 182; Chem. Soc. Abs., 1901, SO (2), 68^, Bone and Jerdan, 1897, 71,41; 

ibid., 1901, 79, 1042; Pring and Hutton, J.C.S., 1906, 89, 1600; von Wartenburg, Z. anorg. Chem., 
1907, 32, 310; Chem. Abs., 1907, I, 1122. 

•Baeyer, Ber., 1883, 18, 2273; Zeisel, Ann., 1878, 191, 368: Chem. Soe. Abs., 1878, 34, 653; 
Rdmer, Ann., 1886, 233, 182; Chem. Soe. Abs., 1886, 30, 845; Noyes and Tucker, Amer. Chem. J., 
1897. 19, 123; Chem. Soe. Abs,, 1897, 72, 261. 

<SabaneJev, Ann., 1883, 216, 241, 251; Chem. Zentr., 1883, 482. 

^Caseneuve, C^pt. rend., 1883, 97. 1371; Ch^. Soe. Abs., 1884, 46, 418. Compi. rend., 1891, 
113, 1054; Chem. Soe. Abs., 1892, 62. 421. 

*Savitseb, Johresber., 1861, 646. 
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acetylene are being developed on a commercial scale. The electrical decompo- 
'sition of higher boiling petroleum fractions, such as fuel oil, also leads to the 
formation of acetylene together with ethylene and other unsaturated hydro¬ 
carbons. In localities where cheap supplies of electrical energy and natural gas 
are available, the production of acetylene and hydrogen together with carbon 
black, ethylene and other by-products should be economical. 

Purification and Separation of Acetylene 

The purity of acetylene obtained by interaction of calcium carbide and water 
depends mainly on the purity of the carbide used. The impurities actually pres¬ 
ent in acetylene, so generated, consist mainly of phosphine, hydrogen sulphide, 
ammonia, and very small amounts of silicon hydrides. The actual proportion 
of these impurities is usually relatively very small but their objectionable nature 
renders their removal imperative for a number of purposes. Scrubbing with 
water is usually sufficient to reduce the quantities of all impurities, except phos¬ 
phine, below the limit necessary for safe application. Phosphine is removed by 
oxidation (to phosphoric acid) with reagents such as bleaching powder, or acid 
solutions of chromic acid. Acid solutions of cuprous salts, with which phosphine 
and sulphuretted hydrogen readily combine to yield copper phosphide or sulphide, 
have also been employed. 

For the separation of acetylene from the gaseous mixture obtained by high- 
temperature pyrolysis or electrical disintegration of hydrocarbons, a number of 
methods have been proposed, some of which have already been discussed in 
Chapters 4 and 9, Hull * recovered acetylene from gas mixtures by scrubbing 
them in stages with a sulphuric acid solution of mercuric sulphate under succes¬ 
sively higher pressures. Solvents for recovering acetylene are esters or ethers 
boiling abc^ve 100° C., particularly an ester, ether, or ester-ether of a polyhydric 
alcohol, such as glycol monoformate, glycol mono- and dialkyl ethers, esters of 
monoalkyl ethers of ethylene glycol, glycerol mono- and diacetates, glycerol ethers, 
esters of glycerol mono- or dialkyl ethers, phthalate esters of glycol ethers, and 
ethyl lactate. Liquefied sulphur dioxide, ammonia, carbon dioxide, and methyl 
and ethyl chlorides have also been suggested for the extraction of acetylene.^®^ 

A method for purification of acetylene in the presence of other unsaturated 
hydrocarbons such as diacetylene, ethylene, allene, butylene, isoprene, butadiene 
and cyanogen compounds has been developed.^^ The cyanogen compounds are 
removed by washing with solutions of ferrous sulphate, sodium or potassium 
hydroxide and the gases are then passed over activated carbon or silica gel to 
remove other impurities. The gas is then ready for conversion into acetaldehyde 
by absorption in sulphuric acid in the presence of mercury or in other ways. In 
another process the acetylene is frozen out between a temperature of —30° 
and —81° 

Physical Properties of Acetylene 

Pure acetylene is a colorless gas having a pleasant ethereal odor. At low 
temperatures it solidifies to a white crystalline mass, m.p. —81.5° C. and sub- 

* Hritish Patent 331,610, 1929; assigned to Imperial Chemical Industries, Ltd.: Brit. Chctn. ^bs. B. 
1930, 978. 

** Horsley and Roffey, British Patent 331,654, 1929; assigned to Imperial Chemical Industries, Ltd.: 
Brit. Cheni. Abs. B. 1930, 978. 

*•■1. G. Farbemndustrie A.-C., French Patent 724,476, 1931; Chem. Abs., 1932, 26, 4823. 

«I. G. Farbenindustrie A.-G., British Patent 340,787, 1929; Chem. Abs., 1931, 25. 4012. French 
Patent 688,186, 1930; Chem. Abs., 1931, 25, 752. , 

I. G. Farbenindustrie A.-G., British Patent 371,142. 1931; Brit. Chem. Abs. B. 1932, 762: French 
Patent 724.29.3. 1931; Chem. Abs., 1932, 26. 4829. 
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limation point —83.6® C.‘* Liquid acetylene boils at —88.5® C. according to 
McIntosh and Maass,** but other workers give the following temperatures: 
—82.4® C.^* and —84.0® Its critical constants are as follows: critical tem¬ 

perature 37.05® C.; critical pressure 68.0 atmospheres, and critical volume 83 cc. 

Acetylene is a very highly endothermic compound, its heat of formation from 
its elements at constant pressure and volume being about —50 kg. cals. For 
this reason it has a great tendency to decompose, and compression of gaseous 
acetylene beyond a certain pressure results in violent explosions. According to 
the determinations of Rimarski,^® pure acetylene undergoes explosive decompo¬ 
sition at pressures in excess of atmospheric varying from 1.1-1.3 atmospheres, 
0.80-0.85 atmosphere, and 0.50-0.55 atmosphere in tubular containers of 3.8 cm., 
6.6 cm., and 25 cm. bore, respectively. When acetylene is diluted with 
other gases such as hydrogen or hydrocarbons the tendency to explode is very 
greatly diminished and such gas mixtures may be compressed to fairly high 
pressures without danger of explosion. Thus a mixture of oil-gas and 20 to 40 
per cent acetylene is reported not to be explosive under 7 atmospheres pressure. 

Since acetylene cannot, like other gases, be stored in cylinders under high 
pressure, some safe method of storage in concentrated form had to be adopted. 
Claude and Hess^® in 1896 proposed to overcome the difficulty by making use 
of the very high solubility of acetylene in acetone, which dissolves 24 volumes 
of acetylene at 15® C. and 1 atmosphere, but it was found that the danger of 
explosion, though greatly minimized by such solution, was not entirely obviated. 
The problem was finally solved by Janet and Fouche,^^ who showed that when 
acetylene is dissolved in acetone previously adsorbed by a porous material of 
the right kind under 10 atmospheres pressure, then pressures up to 150 lbs. per 
sq. in. may be applied with safety. 

The solubility of acetylene in many liquids is very considerable, especially in 
organic liquids of the ketone class. It is soluble in water to the extent of about 
1 volume per volume of water at 12° C.'® Alcohol and acetic acid dissolve 6 
volumes of the gas and chloroform and benzene 4 volumes, per volume of solvent. 
Its very great solubility in acetone has previously been noted. Acetaldehyde has 
also been suggested since it dissolves half its own weight of gas.^® According 
to Roffey acetylene may be stored in cylinders containing solid absorbent mate¬ 
rial impregnated with solvents consisting of a relatively non-volatile ether, ester, 
or ether-ester of a polyhydric alcohol, or mixtures of these. Before storing, 
the acetylene is preferably dried by passing over calcium chloride before and 
after compression. 

Pure acetylene has little action on metals but crude acetylene readily attacks 
copper with the formation of the explosive acetylide. Since nickel and tin are 
both resistant to the action of this gas, coatings of these metals are recommended 
where exposure to acetylene is contemplated. 

^ McIntosh, J. Phys, Chem., 1907, 11, 306; Chem. Abs., 1907, 1, 1844; Maass and McIntosh, 
J.A.C.S., 1914, 36, 737; International Critical Tables gives the m.p. as —81.8* C. 

Ladenburg and Krugel, Bcr., 1899, 32, 1821; 1900. 33, 638. * 

** Burrell and Robertson, Bur. Mines Tech. Paper, 142, 1916. Chem. Abs., 1917, 11, 311. 

Autogene Metailbearbeitung, 1926, 19, 269. 

^Compt. rend., 1897, 124. 626; 1897, 16, 524. 

See Thorpe, Dictionary of Applied Chemistry.” Longmans, . Green & Co., Ltd., London, 
1912, 1, 33. Advantage has been taken of the explosibility of various acetylene derivatives, in 
particular, diacetylene, to reduce the temperature of spontaneous ignition of Diesel fuels (I. G. 
Farbenindustrie A.>G., British Patent 299,150, 1932). 

^ “^ames and Watson, U. S. Patent 928,867, July 20, 1909; J.imes, Jnd. Eng. Chem., 1913, 

** British Patent 335,820, 1929; to Imperial Chemical Industries, Ltd.; Chem. .dbs., 1931. 25, 
1662. ; 
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Chemical Properties op* Acetylene 

Acetylene is a hydrocarbon possessing very great chemical reactivity and 
power of condensation. From a thermodynamic standpoint this high reactivity 
is the result of its relatively great internal energy content. The acetylene mole¬ 
cule may, perhaps, be compared to a high explosive which only needs some slight 
impetus (in the form of a catalyst or an energy excitation) to enable it to 
release its store of chemical energy. 

As a typical unsaturated hydrocarbon, acetylene readily -undergoes a vast 
number of addition reactions not only with halogens, halogen acids and organic 
acids, but also, under proper conditions, with water, alcohols, ammonia and 
numerous organic compounds. It also combines with a great number of inor¬ 
ganic substances, notably with hydrogen sulphide, hydrogen cyanide, sulphuric 
acid, and many metallic salts. 

Its addition reaction with chlorine, considered in detail later, is typical of the 
acetylene hydrocarbons as a class. Four atoms of chlorine are ultimately added 
to yield acetylene tetrachloride, thus: 


+ 2CI. 
CH 


CHCl* 

(^Ck 


On hydrogenation, acetylene yields first ethylene and finally ethane. The con¬ 
densations of acetylene with water, chlorine, halogen acids and organic acids are 
of industrial importance. 

Some of the characteristic reactions of acetylene are those with the salts of 
silver, copper and mercury. When acetylene is passed into an ammoniacal solu¬ 
tion of a silver or cuprous salt, the so-called acetylides^of these metals are formed. 
Silver acetylide is a yellowish precipitate of the composition CjAgj.HjO, while 
cuprous acetylide is a brick-red precipitate of the formula Ca^Cj-HjO, which 
may be dehydrated to CujC^ by gently warming. All the acetylides are highly 
unstable and explode with violence on heating, or, when dry, under the influence 
of slight mechanical agitation. The formation of explosive metallic derivatives 
is characteristic of hydrocarbons containing a hydrogen atom linked to a triple- 
bonded carbon atom, i.e., containing the group —C^CH. These include not 
only acetylene and the monoalkylacetylenes but also diacetylene HCsC—C=H, 
and its monoalkyl derivatives. 

The products obtained by treating mercury salts with acetylene are of impor¬ 
tance because these compounds are epiployed industrially in the preparation of 
acetaldehyde from acetylene. They may be briefly summarized by the following 
cases. 

Passage of acetylene through aqueous solutions of mercuric salts leads to the 
production of white precipitates which on warming with water, or on treatment 
with acids, furnish good yields of acetaldehyde. Thus mercuric acetate solutions give 
a slimy non-explosive white precipitate of the composition 3C2Hg.2Hg(OH)2; 
while a saturated solution of mercuric chloride in alcohol furnishes a white, 
crystalline addition product, m.p. 113^ C, of the formula HgClj.CaHs and pos¬ 
sible constitutions 

ClHgCH-=CHa or CICH—CHCl 

V 

** Chapman and Jenkins, 1919, 115, 847. 
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Aqueous solutions of mercuric chloride yield an amorphous, white precipitate of 
the formula CjHg.HgCl, (also possibly (HgCOj.C.CHO) which, on heating 
in aqueous suspension, furnishes a practically quantitative yield of acetaldehyde.^^ 
It appears certain that these addition products with mercuric salts, in non-alkaline 
solutions, are the intermediates in the synthesis of acetaldehyde by the liquid-phase 
process. On passing acetylene into alkaline solutions of mercuric salts (e.g., 
Nessler solution), a white, very explosive mercuric acetylide of the formula C 2 Hg 
is formed.®* Treatment of this substance with acids regenerates acetylene. 

Mercurous acetylide, a gray explosive precipitate of the formula C2Hg2.H20, 
is made by passing acetylene through an aqueous solution of mercurous acetate 
in the dark.®* « 

From solutions of gold, palladium and osmium, acetylene precipitates the 
metals either in the free state or as double compounds but the gas does not 
appear to react with the salts of iron, nickel, cobalt, lead, cadmium, platinum, 
iridium, rhodium, zinc, arsenic, or tin. 

Industrial Utilization of Acetylene 

In the early stages of the carbide industry the chief interest lay in the utiliza¬ 
tion of the acetylene, produced therefrom, for illuminating purposes. Although 
even today considerable quantities of carbide are employed for acetylene lighting, 
the main applications of acetylene gas are, first, in autogenous welding (by 
means of the oxy-acetylene flame) and, second, as a raw material for the manu¬ 
facture of a wide variety of organic chemicals, which include numerous halogen 
compounds as well as acetaldehyde, acetic acid, acetone and vinyl derivatives. 
The progress in the field of the chemical utilization of acetylene since 1910 has 
been exceptionally rapid. 

Later, attention was directed to the possible utilization of acetylene as a raw 
material for the manufacture of synthetic rubber-like substances. In the follow¬ 
ing pages an account is given of some of the more important reactions of 
acetylene. 


Polymerization of Acetylene 

Berthelot and Gaudechon ®* observed that ultraviolet rays from a mercury 
arc caused partial polymerization of acetylene to a yellow solid; neither decompo¬ 
sition nor benzene formation was noted. Acetylene polynierizes under the 
influence of high temperatures and leads to a complex mixture of aromatic 
hydrocarbons, of which benzene may constitute, under some conditions, a very 
considerable proportion. The subject of the pyrolysis of acetylene has been 
discussed in Chapters 2, 4, 5 and 9, and need only be referred to briefly here. 
The pyrolytic process necessitates the use of temperatures of about 600® C. or 
higher and catalysts tend to cause the formation of methane, hydrogen, and carbon. 
Under such conditions benzene, derived from acetylene according to the readtion, 
3 C 2 H 2 —> CeHfl, is by no means the main product and usually a whole series of 

Kutscherow, Ber., 1881, 14, 1540; 1884, 17, 13; Hofmann and collaborators, Ber., 1898, 31, 
2212, 2783; 1899, 32, 874; 1904. 37. 4459; 1905, 38, 663. 

** Keiser, /liner. Chem. 1893, 15, 535. 

** Burkard and Travers, J.C.S., 1902, 81, 1270. 

**Compt. rend., 1910, ISO, 1169; Ckem. Soc. Abs., 1910, 98 (1). 349. For further work on 
the photochemical polymerization of acetylene, see Lind and Livingston, J.A.C.S., 1932. 54, 94; 
Chem, Abs., 1932, 26, 1193; also Livingston and Schiflett. /. Pkys. Chem., 1932, 36, 750; BrU, 
Chem. Abs., A. 1932, 480; Kato, Sci, Papers Inst. Phys.-Chem. Research ijohyo), 1931, 15, 294; 
Chem. Abs., 1931, 25, 5845. 

*** The polymerization and decomposition of acetylene and its homologues has been reviewed by 
Egloff, Lowry, and Schaad (/. Phys. Chem,, 1932, 3^ 1457; Chem. Abs., 1932, 26, 3479). 
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aromatic hydrocarbons, both mono- and polynuclear, are simultaneously formed. 
According to the work of Berl and Hofmann,®* 87 per cent of aromatic condensa¬ 
tion products are obtained by heating acetylene at 600® to 700® C. in the presence 
of a beechwood charcoal contact material. With excess steam at 740® C. yields 
as high as 98.8 per cent were attained. 

Other investigators obtained a 50 per cent yield of benzene by polymerizing 
acetylene at 700® C. using selenium or tellurium as a catalyst.®® It is said that 
the polymerization may be carried out at 300® to 500® C. under 10 to 200 atmos¬ 
pheres in the presence of a heavy oil (e.g., transformer oil) and iron and 
magnesium bromide and yields liquids, for the most part aromatics, nearly quan¬ 
titatively.®^ 

Bahr studied the polymerization of acetylene at moderate temperatures in 
the presence of various catalysts. Using ferrous sulphide a black-brown tar 
was formed at 300® C.; with deposition of carbon at 430® C. With 50 per cent 
nickel and 50 per cent tin a water-clear condensate, which later turned green or 
brown, was produced; carbon deposited at about 430® C. Using tinned iron turn¬ 
ings a small amount of liquid was produced at 250® C., but with stannous chloride 
and pumice no reaction was observed up to 500® C. 

In the presence of zinc chloride at 420® to 430® C., Lozovoj obtained 
gaseous products consisting of 32 per cent acetylene, 2 per cent isoolefins, 10 
per cent normal olefins, 12 per cent hydrogen, and 41 per cent saturated paraffin 
hydrocarbons. The unsaturated hydrocarbons identified were ethylene, propylene, 
1-propinine, allene and butadiene. The liquid products contained a small propor¬ 
tion of olefins, benzene, toluene and naphthalene but no paraffins or naphthenes. 

Fischer, Peters and Koch 2®*^ passed water gas containing 10 per cent acetylene 
over a copper-iron alkali catalyst at 250® C., 40 to 70 per cent of the acetylene 
being thus converted to benzine and oil. With a catalyst of copper and iron in 
proportions greater than 10 to 1, respectively, cuprene was formed. One per 
cent of nickel added to the catalyst produced 50 to 55 per cent of benzine and 
oil in the ratio of 3 to 1, respectively. Iron alone gave no results below 340® C., 
but above this temperature 35 to 40 per cent oil was formed accompanied by 
carbon. With cobalt, methane was quantitatively produced. Two parts of iron 
and 1 of nickel raised the proportion of benzine in the yield to 85 per cent, the 
total yield at 250® C. being 30 to 35 per cent of the acetylene used. Likewise 
coal gas was catalytically polymerized. One cubic meter passed first through an 
electric discharge and then over a heated catalyst gave 85 grams of oil, of which 
75 per cent was light oil. In all cases 90 per cent of the benzine boiled between 
SO® and 150® C. and contained 60 per cent un.saturated compounds. 

The low-temperature polymerization of acetylene has been studied very little. 
The action of the silent electric discharge on acetylene at low temperatures was 
found by Mignonac and Vanier de Saint-Aunay to result in the production of 
dipropargyl and other highly reactive diacetylene hydrocarbons. 

Nieuwland, Calcott, Downing and Carter described a method of controlling 
the polymerization of acetylene at low temperatures by making use of the con- 

»Z. angcw. Chcm., 1931, 44, 259; Chetn, Abs., 1931, 25, 3309. 

M llatiiatsche Petroleum Maatschappii, Dutch Patent 29,094, 1933; Chem. Abs., 1933, 27, 3222. 

*TBataafschc Petroleum Maatschappij, Dutch Patent 29,103, 1933; Cketn. Abs., 1933, 27, 3222. 
British Patent 344,470, 1928; Chem. Abs., 1932, 26, 150. 

^Gcs. Abhandl. Kenntnis Kohle, 8, 283; Chtm, Abs., 1930, 24. 5717. 

«•/. Gen. Chem. Russ., 1931, 1, 717; Brit. Chem. Abs. A, 1932, 141. 

^ Brennstoff-Chcm., 1929, 10, 383; Chem, Abs., 1930, 24, 4918; cf. Fischer and Peters, Brenn- 
stoff’Chem., 1931, 12, 286; Brit. Chem. Abs. B, 1931, 962; Fischer and Pichler, BrennstorF-Chem., 
1929. 10, 279; Chem. Abs.. 19.10. 24, 48.t. 

»Compt. rend., 1929, 188, 959; Chem. Abs., 1929, 23. 3437. 

••J.A.C.S., 1931. 53, 4197. 
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densing action of a concentrated aqueous solution of^ cuprous chloride and 
ammonium chloride. The products consist of monovinylacetylene, divinylacety- 
Icne and a tetramer of acetylene. On introducing pure gaseous acetylene under 
slight pressure into a 2-liter flask containing a cooled solution of 100 grams of 
cuprous chloride, 390 grams of ammonium chloride, 100 grams of precipitated 
copper powder, 30 grams of 37 per cent hydrochloric acid, and 425 grams of 
water, more than 100 grams of acetylene are absorbed. During the absorption 
the catalyst may be allowed to warm up to 40® to 50® C. v/ithout detriment to the 
recovery of the products. The solution becomes light yellow in color and 
insoluble addition products are formed. On allowing the mixture to stand at 
room temperature for 5 to 7 days, polymerizatiop of the combined or dissolved 
acetylene takes place. Acetylene polymers may be distilled by heating the catalyst 
solution to 100° to 110° C. until only water distils over. The distillate separates 
into two layers; the lower aqueous layer is returned to the catalyst mixture which 
is recharged with more acetylene; and the oily layer, consisting of a mixture of 
divinylacetylene and a tetramer, CgHg, together with small amounts of chlorine- 
containing products, is dried and distilled in vacuo on a water bath. Divinyl¬ 
acetylene is distilled at 200 mm. pressure and the tetramer at 20 mm., the 
temperature in each case being nearly 100° C. The yield of divinylacetylene is 
70 to 80 per cent, and that of the tetramer 10 per cent, of the acetylene absorbed 
while the loss amounts to 10 to 20 per cent.®^ By a modification of the above 
process substantial amounts of monovinylacetylene may be obtained. 

Polymerization of acetylene under these carefully controlled conditions, there¬ 
fore, leads to the formation of varying proportions of highly unsaturated hydro¬ 
carbons containing one triple bond together with one or more double bonds. 
The chemical and physical properties of these polymers are as follows: 

Monovinylacetylene, CH 2 =CH—C=CH, is a colorless liquid of sweet odor, 
boiling point 5° C. and dj =0.7095-0.00114 t. On hydrogenation it yields buta¬ 
diene and n-butane. Hydration of the triple bond using a catalyst (mercuric 
sulphate or acetate, cadmium sulphate or acetate, or silver phosphate) in sulphuric 
acid furnishes the unsaturated ketone, CH^=CHCOCH 3 .®® Monovinylacetylene 
forms a white silver salt and a yellow copper salt with ammoniacal solutions of 
these metals. 

On treatment with hydrochloric acid in the presence of cuprous, auric, cal¬ 
cium, magnesium, mercuric or mercurous chloride, monovinylacetylene gives rise 
to 2-chlorobutadiene, boiling point 60° C; 2,4-dichlorobutylene, boiling point 
128° C.; and chloromethylallene, boiling point 86° to 88° C.®* Similarly with 
concentrated hydrobromic acid, 2-broinobutadiene, boiling point 42° to 43° C. at 
165 mm.; and 2,4-dibromo-2-butene, boiling point 168° to 169° C., are produced.*® 

Nieuwland, U. S. Patent 1,811,959, June 30, 1931; assigned to E. I. duPont de Nemours & 
Co., Inc.; Chem. Abs., 1931, 25, 4892. See also Calcott and Downing, U. S. Patent 1,876,857, 
Sept. 13, 1932; assigned to E. 1. duPont de Nemours & Co., Inc., Chem. Abs., 1933, 27. 103. 
K. 1. duPont de Nemours & Co., Inc., British Patents 384,654 and 384,655, 1931. Brit, Chem, Abs. B, 
1933, 182. See also E. I. duPont de Nemours & Co., Inc., French Patents 733,663 and 733,681, 
1931; Chem. Abs., 1933, 27, 1011; French Patent 41,454, 1931; addition to French Patent 733,663, 
1931; Chem. Abs., 1933. 27, 2696. 

"Calcott, Carter and Downing, U. S. Patent 1,920,242, Aug. 1, 1933; assigned to E. I. duPont 
de Nemours & Co., Inc., Chem. Abs., 1933, 27, 4818. E. I. duPont de Nemours & Co., Inc., British 
Patent 389,108, 1933; Chem. Abs., 1933, 27, 4700. 

“Carter, U. S. Patent 1,896,161, Feb. 7, 1933; assigned to E. I. duPont de Nemours & Co., Inc.; 
Chem. Abs., 1933, 27, 2458. 

“Carothers, Williams, Collins and Kirby, J.A.C.S., 1931, 53. 4203. British Patents 387,325, 
1931; Brit. Chem. Abs. B, 1933, 296. 395,131, 1932; Brit. Chem. Abs. B, 1933, 855. 389,J22, 1933; 
Chem. Abs., 1933, 27, 4700; all assigned to E. I. duPont de Nemours & Co., Inc. Carothers, Berchet 
and Collins, J.A.C.S., 1932, 54, 4066. For other derivatives of vinylacetylene see Carothers and 
Berchet, J.A.C.S., 1933, 55, 1094; Brit. Chem. Abs. A, 1933, 485; J.A.C.S., 1933, 55, 2807; Chem. 

1933, 27. 3910. Brit. Chem. Abs. A. 1933, 371. 

“ Carothers, Collins and Kirby, J.A.C.S., 1933, 55, 786. 
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Both 2-chIorobutadiehe and 2-bromobutadiene may be polymerized to rubberdike 
substances.*® ' . 

When vinylacctylene is polymerized under pressure by heating either with or 
without catalysts (benzoyl peroxide or sodium perborate), it forms viscous dry¬ 
ing oils and finally hard resinous solids.®' . 

Diznnylacetylene, CH 2 =CH—CssC—^CH=CH 2 , is a colorless liquid of un¬ 
usual alliaceous odor, boiling point 83.5® C. at 760 mm. and d*® 0.7851. As 
previously mentioned, it may be prepared from acetylene in the presence of an 
aqueous acid solution of cuprous chloride and an ammonium salt.** It is an 
extremely explosive substance and seadily absorbs oxygen from the air to yield 
a highly explosive peroxide. Its structure is deduced from its being hydro¬ 
genated to n-hex’ane and brominated to a mixture of stereoisomeric, 1,2,3,4,5,6- 
hexabromo-3-hexenes (melting point 81® and 114° C). 

Divinyl acetylene may be partially hydrogenated to less saturated products *•; 
it is said that if the partial hydrogenation is carried out under nonoxidizing con¬ 
ditions a more stable product is obtained.^® The halogenation of divinylacetylene 
leads to products which may be used as drying oils or plastics.®^ Two substances 
isolated from the chlorination are l,2,3,4,5,6-hexachlorohexene-3, and 3,4-dichloro- 
hexatriene,l,3,S.®* 

Coffman and Carothers®** obtained a 25 per cent yield of l,4-dichloro-2,3,5- 
hexatriene on passing chlorine into a solution of divinylacetylene in carbon 
tetrachloride at —56® C. for 5 hours. At —50® C. the yield was 19 per cent 
and at 0® C., 20 per cent. Other products consisted of a liquid dichloride and 
tetrachloride and a crystalline hexachloride. 

By heating in an inert atmosphere, divinylacetylene may be polymerized first 
to a viscous liquid and finally to a hard brittle resin insoluble in all known sol¬ 
vents.®* The intermediate liquid products are synthetic drying oils ®® possessing 
high stability but drying by oxidation and polymerization to hard films. These 
resinous films are stated to be highly resistant not only to solvents but also 
toward acids.®* Coating compositions are also obtained from the reaction of 
divinylacetylene and sulphur chloride.®® 

A synthetic rubber may be obtained from emulsions of divinylacetylene or its 
liquid or gaseous polymers.®^ The emulsion is prepared by adding 30 parts of 
divinylacetylene to 100 parts of a solution containing 1 per cent gelatin and 1 
per cent of sludge acids obtained in the treatment of petroleum distillates with 

** For a discussion of factors affecting rate of vulcanization of 2-chlorobutadiene polymers see 
Bridgwater and Krismann, l«d. Bnff, Chem., 19.1.1. 25. 280. 

E. I. duPont dc Nemours ft Co., Inc., British Patent 385,963, 1932; Cketn. Ahs., 1933, 27, 
4252. Carter and Downing, U. S. Patent 1.896,162, Feb. 7, 1933; assigned to K. I. duPont de 
Nemours ft Co., Inc., Chem, Abs., 1933, 27, 2591. 

^ Nieuwland, U. S. Patent 1,811,959, June 30, 1931; as.signed to E. I. duPont de Nemours & 
Co., Inc., Chem. Abs.. 1931, 25, 4892. 

**£. I. duPont de Nemours ft Co., Inc., British Patent 389,108, 1933; Chem. Abs., 1933, 27, 
4700. 

^Calcott, Carter and Downing, U. S. Patent 1.903,501, Apr. 11, 1933; assigned to E. I. duPont 
de Nemours ft Co.. Inc., Chem. Abs., 1933, 27, 3222. 

Calcott and Carter, U. S. Patent 1,896,159, Feb. 7, 1933; assigned to E. 1. duPont de Nemours 
ft Co., Inc., Chem. Abs., 1933, 27. 2591. 

^ E. I. duPont de Nemours ft Co^, Inc., British Patent 389,122, 1931; Brit. Chem. Abs. B, 
1933, 540. 384,654, Brit. Chem. Abs. B, 1933, 182. 

^*J.A.C.S., 1933, 55, 2040. 

^Nieuwland, U. S. Patent 1,812,541, June 30, 1931; assigned to £. I. duPont de Nemours Co., 
Inc., Chem. Abs., 1931, 25, 5049. 

««Collins, U. S. Patents 1,812,544 and 1,812,849, June 30, 1931; Chem. Abs., 1931, 25, 5048 and 
5049. , 

^ See Chilton and Hu^, Ind. Bftg. Chem., 1932, 24, 125. 

^Calcott and Carter, U, S. Patent 1,896,157, Feb. 7, 1933; assigned to E. I. duPont de Nemours 
ft Co., Inc., Chem. Abs.. 1933. 27. 2591. 

!• duPont de Nemours ft Co., Inc., British Patents 389,108 and 389,109, 1931; Brit. Chem. 
Abs. B, 1933, 540. 
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sulphuric acid.^^ The mixture is agitated and a milky emulsion which has slight 
tendency to separate, results. Such an emulsion having a particle size of about 
1 fi and containing a resin extracted from guayule rubber by acetone, resembles 
latex and on coagulation forms a synthetic rubber. 

The so-called *'tetramer,” a colorless liquid resembling divinylacetylene, has 
d-® 0.830 and n-^ 1.576. It apparently boils at 156° C. with violent decomposition 
and boils with polymerization at 40° C. at 20 mm., 50° C. at 30 mm., and at 82° C. 
at 100 mm.*» Its probable structure is CHo^CH—C=C—CH=CH--CH=CH 2 . 

The low-temperature polymerization of acetylene, therefore, results initially 
in the production of straight-chain highly unsaturated hydrocarbons containing 
one triple bond and one or more double bonds. • . 

CUPRENE 

A product of the pyrolysis of acetylene is the voluminous yellow-brown solid 
polymer known as cuprene or carbcne. This material, which appears to correspond 
with the formula (CH),^, was first prepared by Erdman and Kdthner by 
passing acetylene over copper or copper oxide at temperatures below 250° C. 
Later investigations of this substance were undertaken by Alexander,®* Gooch 
and Baldwin,®® Sabatier and Senderens,*^ and especially by Kaufmann and 
Schneider.®® In view of the facts that cuprene, on being heated with zinc at 
elevated temperatures, yielded aromatic hydrocarbons, was oxidized by fuming 
nitric acid to mellitic and benzoic acids, and also to naphthalene derivatives, and 
on bromination at 100° to 130° C. in the presence of ferric bromide furnished, 
among other products, hexabromohexahydrotriphenylene, it can hardly be doubted 
that this curious material is of aromatic nature though its precise structure is 
unknown. 

Cuprene is now manufactured on a considerable scale but the details of the 
process have so far remained veiled in secrecy. It is known, however, that 
copper or cupriferous bronze powders have been used as catalysts at temperatures 
of 200° to 260° C. and under pressure, together with the combined action of dark 
electric discharges.®®* A special arrangement to prevent the voluminous polynier- 
ization products from clogging up the reaction chamber is advantageous. The ad¬ 
dition of 5 to 15 per cent of nitrogen to the acetylene has been found to yield 
homogeneous products of lighter color.®® With undiluted acetylene, there is a 
tendency for coking to occur, resulting in the formation of dark products of lower 
hydrogen content. A greenish blue, neutral, strongly unsaturated tarry liquid, 
called “cuprene tar’" is simultaneously formed in amounts of 5.5 to 7.0 per cent as 
well as 13 to 17 per cent of waste gases. This tar has been investigated by 
Schlapfer and Stadler.®^ Under proper conditions the yield of cuprene is 25 per 
cent. In another proposed method for the preparation of a highly adsorbent 
material (cuprene), acetylene at 200° to 400° C. is passed over copper, nickel. 


«*Calcott, Downing and Powers, U. S. Patent 1,829,502, Oct. 27, 1931; assigned to E. I. duPont 
de Nemours & Co., Inc. 

^ Nieuwland. Calcott, Downing and Carter, J,A.CS„ 1931, S3. 4198. 

“♦Other products of the pyrolysis of acetylene are described in Chapters 2, 4, 5 and 9. 

“ Z. anorg. Chetn,, 1898, 18, 49; Chcm. Soc, Abs., 1899, 78, (1), 21. 

1899, 32, 2381. 

anorg. Chem., 1899, 22, 235. J.S.C.T., 1900, 19, 133. 

**C0mpt. rend., 1900, 130, 250. J.S.C.L, 1900, 19, 230. 

** Ber., 1922, 35, 267: Kaufmann and Mohnhaupt, ibid,, 1923, 56. 2533. 

“* Heraog, Kunststoffe, 1931, 21, 49; Chcm. Abs., 1931, 25, 2683. Sec also Brutskus. British 
Patent 155,776, 1920; Chem. Abs., 1921, IS, 1585. 

Elektrizitatswerk Lonza A.-G., Swiss Patent 95,237, 1921; German Patent 395,549, 1922 
Patent 200,087, 1923; Chem, Abs,, 1924, 18. 276; Lichtenhahn, Canadian Patent 238,888, 

Chem. Abs,, 1924, 18, 1300. 

Chim, Acta, 1926, 9, 185; Chcm, Abs,, 1926, 20, 1384. 


British 

1924; 
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iron, or oxides of these metals to which has been added less than 1 per cent of 
magnesium powder.®® 

Acetylene mixed with an indifferent gas may be conducted into stearic acid 
heated to 250® to 300® C, to which has been added copper bronze.®® The cuprene 
made by this process is a fine powder and of a light or dark brown color. Addi¬ 
tion of air or oxygen to the acetylene has also been proposed. 

Because of its chemical inertness and its highly voluminous structure, cuprene 
presents industrial possibilities. Its applications as a filler in the manufacture 
of acid-resisting and electric insulating materials, plastic masses,®®** electrodes and 
explosives, as a cork substitute ®®® in the linoleum industry and as an adsorbing 
agent for illuminants and fuels or volatile substances have been discussed by 
Herzog.®® Sulphurized cuprene, containing 11 per cent of sulphur, is prepared 
by refluxing cuprene with sulphur monochloride in the presence of benzene. 
When working under 10 atmospheres pressure at 180° to 200° C. a product con¬ 
taining 13.6 per cent of sulphur and 4 per cent of chlorine is obtained which 
may be employed in the rubber industry. 


Halogen Derivatives of Acetylene 

A number of halogen derivatives of both substitution, addition, and substituted- 
addition types are known and some of these products, especially those containing 
chlorine, are of industrial importance. Only the chlorine derivatives will be con¬ 
sidered in the following brief account,®®* 

Though chlorine is without action on pure acetylene in the dark, addition 
occurs smoothly in diffused daylight with the ultimate formation of the tetra¬ 
chloride C 2 H 2 CI 4 , the dichloride being an intermediate product. In practice, 
however, direct combination of acetylene and chlorine to yield the tetrachloride 
may be accompanied by violent explosions, particularly in presence of traces of 
impurities. For this reason, catalysts are often employed to control the reaction. 
If desired, however, the reaction can be stopped at the intermediate dichloride 
stage by adjustment of operating conditions.®*^ Thus, trans-l,2-dichIoroethyIene 
is the main product when a mixture of chlorine and excess of acetylene is led 
at high space velocities over active carbon at temperatures below 100° C., the 
optimum temperature being about 40° C.®- 

Acetylene tetrachloride (tetrachloroethane, CI 2 HCCHCI 0 ) is by far the most 


Liefde, U. S. Patent 1,828,560, Oct. 20, 1931; Chem. Abs,, 1932, 26, 814; British Patent 303.797, 
1929; Brit. Chem. Abs. B, 1930, 70S; German Patent 534,118, 1929; Chem. Abs., 1932, 26, 735; all 
patents assigned to N.-V. Klcctro Zuurstofen, Waterstoffabriek. 

* Elektrizitiitswerk Lonza, German Patent 407,485, 1922; J.S.C.I., 1925, 44, 475B. 

Horwitz, German Patent 205,705, 1907; Chem. Abs., 1909, 3, 1925. 

»‘»Kuhn. U. S. Patent 1,522,822, Jan. 13, 1925; Chem. Abs., 1925, 19, 909; Briti.sh Patent 192,080, 
1923; Chem. Abs., 1923, 17, 3429; German Patent 455,551, 1923; Chem. Abs., 1923, 17, 3429; 
all patents assigned to Klektrizitiitswerk Lonza A,-G. Sinit A.*G., German Patent 455,551, 1923; Brit. 
Chem. Abs. B, 1930, 157. . 

** Sulser, U. S. Patent 1,511,784, Oct. 14, 1924) Chem. Abs., 1925, 19, 186. Klektrizitiitswerk 
IjonzaL A.-G., British Patent 189,146, 1922; Chem. Abs., 1923, 17, 2482; Swiss Patent 102,757, 1923; 
Kunststoffe, 1925, 15, 45; German Patent 395,706, 1921; Kunststoffc, 1925, 15. 122. 

Lcpsius, German Patent 396,289, 1921; J.S.C.I., 1924, 43, 818B. 

^Kunststoffe, 1931. 21, 49: Chem. Abs,, 1931, 25, 2683; Chem. Umschau. 1931, 35, 675: Chem.^ 
Ztg.f 1931, 55, 461. The possible use of cuprene as an adsorbent for nitroglycerin or liquid oxygen 
IS discussed by Foulon, Z. ges. Schtess-Sprengstoffw., 1932, 27, 48; Chem. Abs., 1932, 26, 2596. 

The reaction of acetylene with iodine in liquid ammonia and the direct iodination of mono- 
substituted acetylenes has been investigated by Vaughn and Nieuwland U.A.C.S.. 1932 54 787* 
ibid., 1933, 55, 2150). Van de Walle and de I...andsberg (Bull.'acad. roy. Bclg., 1930, (5) 16 369; 
Brit. Chem. Abs. A, 1930, 1018) prepared sHbromoiodoethyIcne from acetylene and a mixture of 
bromine and iodine. 

A** *'«v««wed by Valyashko and Ko.senko. Ukrain. Khem. 

h 12;,Chew. Abs., 1933, 27, 1611; Brit. Chem. Abs. A, 1933, 47. 

Fischer, Voigt and Henntg, U, S. Patent 1,868,077, July 19, 1932; Chem. Abs. 

553,149, 1922; Chem. Abs., 1933, 27, 736; British Patent 310,964, 1929; 
Brti. Chem. Abs, B, 1930, 807; all patents assigned to I. G, Farbenindustrie A.*G. 



IMPORTANT REACTIONS OF ACETYLENE 


673 


important of the industrial halogen derivatives of acetylene and serves as a start¬ 
ing material for the synthesis of a number of solvents, notably of trichloro¬ 
ethylene and its derivatives. As previously stated, it is prepared by the direct 
combination of acetylene and chlorine in the presence of catalysts, which serve 
to obviate the danger of explosions. A number of catalysts have been proposed 
including iodine monochloride,®* aluminum chloride,®* ferric chloride,®* iron 
filings and bone charcoal,*® and antimony pentachloride,®^ but the last substance 
appears to be most generally employed.®^* The reacting gases are introduced 
either simultaneously or alternately into a solution of antimony pentachloride 
in acetylene tetrachloride at a slightly elevated temperature. According to Igi,®® 
the optimum temperature for absorption in an;imony pentacliloride is 80° to 
100° C.®®* for chlorine and 60° to 80° C. for acetylene. In the preparation of 
acetylene tetrachloride the acetylene is passed in first at the lower temperature. 
Various intermediate compounds such as antimony chloroacetylide and antimony 
trichloride are probably formed. Acetylene tetrachloride has been formed in 93 
per cent yield by passing 1 volume of acetylene and 2 volumes of chlorine through 
a tube at 205° C. carrying a water-cooled tube at 110° Fukagawa®* states 

that an iron-siliconraluminum alldy is a catalyst. 

Acetylene tetrachloride is a colorless liquid of boiling point 145.5° C. and 
(1^^ 1.6011. It is a solvent for fats, varnishes and cellulose acetate, but its use 
has been greatly restricted by its very marked toxic properties and its ease of 
decomposition in the presence of moisture. As a solvent, it has been largely 
displaced by a number of its derivatives which are equally satisfactory for most 
purposes, are much less toxic, and exhibit greater stability.®*^ One of the most 
important of these derivatives is the substance trichloroethylene, CHC1=CCI,. 
This is manufactured on a large scale by heating acetylene tetrachloride with an 
alkali, such as lime or ammonia,whereby an almost theoretical yield is ob¬ 
tained. MacMillan prepares trichloroethylene by heating acetylene tetra¬ 
chloride with lime, water, and sodium carbonate at about 100° C. Guyot^® pre¬ 
fers aqueous ammonia at 140° to 170° C. as the dechlorinating agent. Otlier 
proposed methods of converting acetylene tetrachloride into trichloroethylene 
include the catalytic decomposition of the former substance in the presence of 
heated copper or barium chlorides or of thorium dioxide at 390° C.^® Tri- 


Sabanejev, Ann., 1883, 216, 241, 251; Chem. Zentr., 1883, 482. 

Mouneyrat, Compt. rend., 1898, 126, 1805; Chem. Soc. Abs., 1898, 74 (1), 613; Bull, soc. chim., 
1898, (3) 19, 448. 

Ornstein, British Patent 2375, 1911; 1911, 30, 982; French Patent 420,489, 1910; 

J.S.C.I., 1911, 30, 307; Ploefer and Mugdan, U. S. Patent 985,528, Feb. 28, 1911; J.S.C.I., 1911, 
30, 446; Consortium fiir elektrochemische Industrie G.m.b.H., British Patent 25,967, 1910; French 
Patent 425,327, 1910; J.S.C.I., 1911, 30, 923. 

I'ako, Japanese Patent 90,708, 1931; Chem. Abs., 1931, 25, 4894. 

Berthelot and Jungfleisch. Ann., 1870, 7, 252; Askcnasy and Mugdan, British Patent 18.602 
1904, J.S.C.I., 1905, 24, 150. Tompkins, British Patent 19,568, 1904, J.S.C.I., 1905, 24, 902. Dreyfus 
and Tompkins, British Patent 8438, 1909, assigned to Clayton Aniline Co.; J.S.C.I., 1910, 29, 81. 

Kor the chlorination of acetylene mixed with other gases see Ruhrehemie A.-G., French Patent 
743.778, 1933; Chem. Abs., 1933, 27, 3941. 


Soc. Chem. Ind. {Japan), 1920, 23, 1217; Chem. Abs.. 1921, IS, 2273; cf. Kraft and 
Alekseyev, J. Chem. Ind. Russia, 1931, 8, 861; Chem. Abs., 1932, 26, 79. 

I. G. Farbenindustrie A.-G. (brench Patent 739,183, 1932; Chem. Abs., 1933, 27, 1894) 
suggests a temperature of 80* to 146* C. for the treatment of acetylene with chlorine 

Ruhrehemie A.-G., British Patents 378,873, and 378,979, 1931; Brit. Chem. Absi B 1932 

1071. 


^ Proc. World Eng. Congr., 1929, 31, 387; Brit. Chem. Abs. B, 1931, 796. 

The stability of trichloroethylene has been investigated by Carlisle and Levine, Ind. Ena. Chem 
1932. 24, 1164. 


’•Consortium fiir elektrochemische Industrie, German Patent 171,900, 1905, and 208.834. 1907* 
J.S.C.I., 1907, 26, 279; Chem. Abs., 1909, 3, 2210. 

Tompkins. British Patent 19,568, 1904. 

” U. S. Patent 1,397,134, Nov. 11, 1921; Chem. Abs., 1922, 16, 565. 

’•Canadian Patent 213,788, 1921; Chem. Abs.. 1922, 16. 1099. 

’♦Chem. Fabrik Griesheim Elektron, German Patent 263,457, 1912; Chem. Abs.. 1913 7 4048 
’•Chem. Fabrik Biickau, German Patent 274^,762, 1912; Chem. Abs., 1914, 8, 3350, 
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chlofoethylene may also be obtained by passing acetylene tetrachloride vapor 
mixed with steam or xylene vapor over a catalyst at 450® to 500® The 

catalyst is prepared by shaking moistened pumice with finely powdered copper 
phosphate. 

Trichloroethylene is a colorless liquid of boiling point 87® C. at 760 mm. 
and d^J 1.471, possessing solvent power for fats, waxes, resins, rubber and other 
organic compounds as well as for sulphur and phosphorus. It is utilized in the 
extraction of fats and in dry cleaning and as a dehydrating agent (by azeo¬ 
tropic distillation) in the production of absolute alcohol.^®** It may be used as 
a raw material for the production of pentachloroethane,^®*: dichloroethylene, 
dichlorovinyl ether, chloroacetic acid, and glycollic acid. According to Dangel- 
majer,^^ 10’per cent of an aliphatic petroleum fraction of boiling range 40® to 
232® C. stabilizes trichloroethylene. Hexyl resorcinol has also been suggested 
for this purpose. 

1,2-Dichloroethylene, or acetylene dichloride, exists in two geometrically iso¬ 
meric forms, 
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which have the following physical properties: 
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ethylene 

b.p. C. at 760 mm. 59.8® 

m.p. ® C. “-80.5® 

d'J. 1.289 


trans-Dichloro- 

ethylene 

48.8® 

-SO® 

1.265 


These isomeric compounds may be produced from acetylene tetrachloride by 
heating with water and zinc at 100® C. or with iron and water at 150® to 200® C. 
in an autoclave.^A vapor-phase process in which the mi.ved vapors of ihe 
tetrachloride and steam are passed over a heated iron catalyst at ordinary pres¬ 
sure, has also been described."® Dichloroethylene is said to be produced when 
1,1,2-trichloroethane’®* is passed at about 500® C. over a heated surface which is 
coated with a salt of copper, iron or an alkaline earth nietal.^® It may also be 

Schering-Kahlbaum A. G., British Patent 374,949^ 1932; Chem. Abs., 1933, 27, 3951. 

’•The use of trichloroethylene in solvent extraction ts discussed by MacGregor, Chent, Age. 1931, 
25, 576. Backlund (/. Inst. Pet. Tech., 1933, 19, 1; Brit. Chem. Abs. B, 1933, 292) describes its 
application in dewaxing petroleum oils. The use of trichloroethylene as a degreasing agent was 
describe by Robertson (U. S. Patent 1,905,968, April 25, 1933; Chem. Abs., 1933, 27, 3437; U. S. 
Patent 1^07,875, May 9, 1933; Chem. Abs., 1933, 27, 3761; both patents assigned to Carrier Engi¬ 
neering Co., Ltd. Cf. also Reid, Ind. Ena. Chem., 1934, 26, 21). 

*** See Brown, Dyer, 1932, 68, 79; Chem. Abs., 1932, 26, 5425; cf. Bird, Dyer, 1932, 68, 185; 
Chem. Abs., 1932, 26, 5426. 

’••* Fritzweiler and Dietrich, Intemat. Sugar J., 1933, 35, 29, 71; Brit, Chem. Abs* B, 1933, 327. 

Pentachloroethane nu^ also be prepared by the exhaustive chlorination of 1, 1-dichloroethylene 
(I. G. Farbenindustrie A.-G., German Patent 530,649, 1929; Chem. Abs., 1932, 26, 155). 

•▼U. S. Patent 1,816,895, Aug. 4, 1931; Brit. Chem. Abs. B, 1933, 216; Canadian Patent 303,663, 
1930; both patents assigned to Roessler and Hasslacher Chemical Co. 

Pitman, U. S. Patent 1,910,962, May 23, 1933; assigned to Westvaco Chlorine Products, Inc., 
Chem. Abs., 1933, 27, 3951. 

”1* Consortium fur elektrochemische Industrie G.m.b.H., German Patent 216,070, 1907; Chem. 
Zentr., 1909, ^ 2103; German Patent 217,554, 1907; Chem. Zentr., 1910, 1, 700. 

*• Wacker Gesellschaft fiir Elektrochemische Ind., British Patent 156,080, 1920; Chem. Abs., 1921, 
15, 1535. 

For the manufacture of 1,1,2-trichIoroethane see I. G. Farbenindustrie A.-G., British* Patent 
344J92. 1929; Chem. Abs., 1932. 26, 155. 

"Herrmann and Baum. U. S. Patent 1.921,879. Aug. 8, 1933; Chem. Abs., 1933, 27, 5086; 
British Patent 348.346. 1929; •Chem. Abs^ 1932. 26, 5106; German Patent 570,954. 1933; Chem. Abs., 
1933, 27, 4252; all patents assigned to Consortium fftr elektrochemische Industrie, G.m.b.H. 
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made directly from acetylene and chlorine*®; various catalysts, cupric chloride,*^ 
activated carbon,** nickel deposited on active carbon ** and silica gel *** have 
been suggested. 

Dichloroethylene resembles trichloroethylene in chemical properties. It is said 
to be a good solvent for rubber,** and the lower boiling form has been proposed 
as a refrigerant for ice machines.** Qarke and Othmer **» suggested the appli¬ 
cation of diclilorocthylene for the removal of water from acetic acid. Its use 
for the manufacture of chloroacetyl chloride has been proposed.** When hydro¬ 
gen chloride is passed into a mixture of 1,1,2-trichloroethylene and aluminum 
chloride at 50° C., pentachlorobutadienes, hexachlorobenzene, 1,1,2,2- and 1,1,1,2- 
tetrachloroethane in proportions of 1 to 5, are obtained.*®* Similarly, dichloro¬ 
ethylene yields 1,1,2-trichloroethane and a pentachlorobutane. 

Asymmetrical-dichloroethylene is formed*^ when 1,1,1- or 1.1,2-trichloro- 
ethane is slowly heated to 70° to 80° C. with excess of lime; the yield of 
1,1-dichloroethylene is approximately 90 per c6nt. 

Mono- and dichloroacetylene are highly unstable, volatile liquids which as 
yet have no industrial applications. The manufacture of dihalogen substituted 
acetylenes may be carried out by passing acetylene into an ice-cooled alkaline 
solution of a hypochlorite or hypobromite.** In this way, dichloroacetylene and 
dibromoacetylene, 

CICsCCl and BrCsCBr 

b.p. + 32* C. b.p. 76*-77* C. 

m.p. —64® to —68* C. 

may be obtained very readily. Acetylene and bromine combined to the extent 
of 60 per cent when passed over pumice at 160° to 170° C.*** The product 
consisted of a mixture of halogenated compounds, from which a separation of 
dibromoethylene is complicated. The melting point determination indicated a 
yield of 29 per cent ethylene bromide although the viscosity indicated a yield 
of 45 per cent. 


The Hydration of Acetylene to Acetaldehyde 

The direct hydration of acetylene to yield acetaldehyde according to the equa 
tion C 2 H 2 + H 2 O —> GHjCHO, is perhaps the most important of the chemical 
reactions of that hydrocarbon. Acetaldehyde is a widely used chemical inter¬ 
mediate and is utilized in the production of n-butanol, acetic acid, ethyl acetate, 
and numerous other products. On reduction with hydrogen in the presence of 


••Chem. Fabrik Griesheim Elektron, German Patent 254.069, 1911; Chem. Abs., 1913, 7, 869. 
I. G. Farbenindustrie A.-G., British Patent 310,964, 1928; Chem. Abe., 1930, 24, 630. 

Consortium fur Elektrochemische Industrie G.m.b.H. British Patent 366,348, 1930; Brit. Chem. 
Abs. B, 1932, 493. French Patent 714,995. 1931; Chem. Abs., 1932, 26. 1624. 

** Ruppert, Fischer, Voigt and Hennig, U. S. Patent 1,868,077. July 19, 1932; assigned to I. G. 
Farbenindustrie A.-G., Chem. Abs., 1932, 26, 5106. 

** Wiegand, German Patent 566,034, 1931; assigned to Chem. Fab. von Heyden A.-G.; Chem. 
Abs., 1933, 27, 1011. 

Compagnie de produits chim, et electrom6tallurgiques Alais, Froges et Camargne, French 
Patent 744.359, 1933; Chem. Abs., 1933, 27. 3951. 

Fischer, German Patent 211,186, 1907; Chem. Abs., 1909, 3, 2633. 

** Carrier, British Patent 237,949, 1924; assigned to Carrier Engineering Co., Ltd.; Chem. Abs., 
1926, 20, 1876. 

U. S. Patent 1,804,745, April 12, 1931; assigned to Eastman Kodak Co., Brit, Chem. Abs. B, 
1932, 94. 

**Chem. Fabrik Weiler-ter Meer, German Patent 363,744, 1921. 

Muller and Hunn. J. pr. Chem.. 1932, (2) 133, 289; Brit. Chem. Abs. A, 1932, 717. 

** I. G. Farbenindustrie A.-G., British Patent 349,872, 1930; Brit. Chem. Abs. B, 1931, 917; 
German Patent 529.604. 1929; Chem. Abs., 1931, 25, 5178. 

I. G. Farbenindustrie A.-G., British Patent 333,946, 1930; Brit. Chem. Abs. B, 1930, 1015. 
*** De Carli, Amt. chim. appticata, 1932, 22, 455; Chem. Abs., 1932, 26, 5904. 
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a catalyst, acetaldehyde yields ethanol so that the synthesis of that alcohol from 
acetylene is readily accomplished. 

The direct hydration of acetylene to acetaldehyde is an exothermic reaction 
which can be conducted in either the liquid or the gaseous pliase. On an indus¬ 
trial scale the hydration is effected by passing a stream of acetylene through 
dilute sulphuric acid in the presence of a catalyst. The catalyst usually con¬ 
sists of a mercuric salt, such as mercuric sulphate, dissolved in the acid. It is 
beyond the scope of this work to discuss in detail the voluminous literature 
of the subject. One process,®® however, for the conversion of acetylene into 
acetaldehyde is as follows: A vigorous current of acetylene, about 60 cubic 
feet per minute, is passed through a well-agitated liquid bath consisting of 1000 
gallons of'6 per cent sulphuric acid, to which has been added 23 pounds of 
mercuric oxide. The reaction proceeds at ordinary pressure with heat evolu¬ 
tion so that cooling may be necessary to control the temperature which is kei>t 
at 60®-65® C. The excess acetylene carries away the acetaldehyde produced, 
which is recovered by cooling the exit gases, and rectifying. Owing to a slow 
but continuous reduction of the mercuric salt to metallic mercury it is necessary 
to add fresh mercuric oxide from time to time. The metallic mercury is re¬ 
oxidized electrolytically. The yield of acetaldehyde is as high as 98 per cent 
of the acetylene consumed. Other processes use more concentrated sulphuric 
acid (15 to 25 per cent) at 65® to 80° C. It is said that the reduction of the cat¬ 
alytic mercuric salts to mercury may be inhibited by the addition of oxidants, 
such as ferric salts or chromic acid.®® 

Attention has been directed toward the vapor-phase catalytic hydration of 
acetylene. At temperatures up to about 350° C. the thermodynamic tendency 
appears to be for the hydration process to proceed almost completely. One of 
the obvious difficulties of such vapor-phase processes is the extraordinary reac¬ 
tivity of acetaldehyde itself in the presence of numerous contact materials, render¬ 
ing it very liable to be converted into crotonaldehyde or esters. Several procedures 
have been developed by Horsley ®^ for the vapor-phase hydration of acetylene, 
such as by passing this hydrocarbon admixed with an excess of steam over (1) 
zinc oxide activated with molybdic acid or a molybdate at 325° C., (2) a com¬ 
pound of bismuth at 200*^ to 350° C., (3) cadmium metaphosphate at 300° to 400° 
C. at high space velocities, and (4) a compound of boron trioxide and phosphoric 
acid at 200° to 400° C. When using cadmium metaphosphate there is a tendency 
for crotonaldehyde to be produced, and the amount of this compound formed is 
dependent upon the proportions of cadmium oxide and phosphoric oxide in the 
catalyst. Catalysts used by other investigators are, anhydrous aluminum oxide 
activated with heavy metals of groups I or VIII of the periodic table,®- anhydrous 


Matheson, British Patents 132.SS7, 132,559 and 132.560, 1918; assigned to Canadian Klectro- 
chemical Products Co.; J.S.C.I,, 1919, 38. 819A, 845A. The industrial preparation of acetaldehyde 
also is described by Cadenhead {Chcm. Met. Eng., 1933, 40, 184). Benson and Cadenhead (J.S.C.I. 
1934, 53, 40T) described a large number of by*products which form in minute amounts in the large- 
scale synthesis of compounds from acetylene. 

•® Duden and Peters, U. S. Patents 1,151.928 and 1,151,929, Aug. 31, 1915; J.S CI 1915 34 



. 39. 427A. 

‘ 334,427, 1929; assigned to Imperial Chemical Industries, Ltd.; Chem. Abs 

1931, 25, 972. Tanner, British Patent 344.638, 1930; to Imperial Chemical industries Ltd • Chem 
Ahs., 1931, 25, 4559; Bntish Patent 351J016. 1930, Chem. Abs., 1932, 26, 2990 Ilirsley BriuTh 

?931 1003. British;pat;«t 
1932; 26. 479; both patents assigned to Imperial Chemical Industries, Ltd. 

ChZi^^s *1933^27**2696*™” ^^39; assigned to I. G. Farbenindustrie A. G.; 
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oxides, sulphides or carbides of tungsten,zinc chloride,®* and various phosphate 
catalysts.®*® 

Closely related to the hydration of acetylene to acetaldehyde are the various 
processes advanced for the direct synthesis of acetic acid, metal acetates and 
acetone®*** from acetylene.®*® The formation of acetic acid probably follows 
that of acetaldehyde by oxidation and acetone may be synthesized from acetic 
acid according to the reaction: 

2CH,COOH —(CH0.CO + H.O + COa 

Alkali metal acetates are produced from acetylene in alkaline sdution and the 
reaction is said to proceed as follows: ♦ 

NaOH 4: GH, 4- HaO = CH.COONa 4- H. 


Acetic acid and acetaldehyde may be made, by conducting acetylene, saturated 
with steam at 100° to 200° C. with added oxygen over a mercury catalyst, e.g., 
mercuric orthophosphate or mercuric vanadate, or a mixture of mercuric sul¬ 
phate and silver or tin vanadate.®* In another procedure, a mixture of acetylene, 
steam and oxygen is first passed through mercury heated to 300° C. and then 
over a hydration catalyst which may be mercuric phosphate mixed with heavy 
metal salts or oxides.®* Nitrogen oxides have also been used in the synthesis of 
acetic acid from acetylene presumably to catalyze the oxidation of acetaldehyde to 
acetic acid.®^ Still another method calls for the passage of an acetylene-steam 
mixture through molten zinc chloride at 300° to 450° C.®* Catalysts, such as 
barium sulphate and zinc oxide or a mixture of zinc oxide, chromium oxide, 
barium oxide and potassium hydroxide may be used. 

Acetone may be synthesized by passing acetylene and steam at 350° to 500° C. 
over zinc oxide.®® Other catalysts are manganese dioxide and manganese ace¬ 
tate,^®* ferric oxide or heavy metal oxides.^®® An 89 per cent yield of acetone 
is formed when a mixture of acetylene, steam and ethyl alcohol vapor is passed 
at 470° C. over a catalyst consisting of oxidized iron sponge containing 3 per 


Dietrich and Wietzel, German Patent 544,286, 1929; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1932, 26, 2471. See also I. G. Farbenindustrie A.-G., French Patent 717,184, Wil: 
Chem. Abs.. 1932, 26. 2752. 

** I. G. Farbenindustrie A.-G., British Patent 393,690, 1932; Brit. Chem. Abs. B, 1933, 822. See 
also Muller and Lubke, German Patent 575,533, 1933; assigned to Boehringer and Soehne G.m.b.H. 
Chem Abs 1933 27 4819 

Andrussov *and’Diirr, U. S. Patent 1,882,712, Oct. 18, 1932; Chem. Abs., 1933, 27, 736; 
German Patent 550,933, 1930; Chem. Abs., 1932, 26, 4924; both patents assigned to I. G. Farben¬ 
industrie A.-G. 

***> These methods for the production of acetone should be compared with those described in 
Chapter 18. 

The oxidation of acetaldehyde to acetic acid is discussed also in Chapter 38. 

••Jochheim, U. S. Patent 1,828,372, Oct. 20, 1931; Chem. Abs., 1932, 26, 737. German Patent 
533.466, 1927, Chem. Abs., 1932, 2^ 480; both patents assigned to I. G. Farbenindustrie A.-G. 
1. G. Farbenindustrie A.-G., British Patent 321,241, 1928; Chem. Abs., 1930, 24, 2474. 

** Eberhardt, German Patent 554,784, 1930, assigned to I. G. Farbenindustrie A.-G., Chem. Abs., 
1932, 26, 5971. I. G. Farbenindustrie, British Patent 364,255, 1932; Chem. Age {London), 1932. 


Gutehoffnungshutte Oberhausen A.-G., British Patent 376,045, 1931; Brit. Chem, Abs. B. 
1932, 972. 


“Consortium fur Elektrochemische Industrie G.m.b.H. French Patent 722,190, 1931; Chem. Abs.. 
1932, 26, 4067. British Patent 373,893, 1931; Brit. Chem. Abs. B, 1932, 832. 

“Schlecht, U. S. Patent 1,910,815, May 23, 1933; assigned to I. G. Farbenindustrie A.-G.. 
Chem. Abs., 1933, 27, 3951. Cf. Walter and Schulz, U. S. Patent 1,892,742, Jan. 3, 1933; assigned 
to Deutsche Gold- und Silber-Scheideanstalt vorm. Roessler; Chem. Abs., 1933, 27, 2163. 

*“R6ka, German Patent 566,833, 1929; Chem. Abs., 1933, 27, 2459; cf. Pohl, German Patent 
567, 118, 1930; Chem. Abs., 1-933, 27, 1365; both patents assign^ to Deutsche Gold- und Silber- 
Scheideanstalt vorm. Roessler. See also Nippon Chissobiryo K. K., British Patent 359,878. 1930: 
Chem. Abs., 1933, 27. 311. 

R6ka and Wiesler, German Patent 565,944, 1926; assigned to Deutsche Gold- und Silber- 
Scheideanstalt vorm, Roessler; Chem. Abs., 1933, 27, 2459. 

Soc. indttstrielle des derives de Faoetyline, French Patent 712,967, 1931; Chem, Abs,. 1932. 
aCi 1624; Holzverkohlungs-Industrie A.-G., British Patents 344,449 and 347,695, 1929: CAm Abs., 
1932 , 26 , 156, 1624. 
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cent of manganese dioxide.^®** Dreyfus forms aliphatic ketones from acety¬ 
lene and steam by using a catalyst prepared by heating a mixture of one or more 
alkaline earth oxides and one or more oxides of heavy metals or silicon dioxide. 

Strosacker and Stephenson^®® produce sodium acetate from acetylene by con¬ 
tinuously supplying acetylene and steam at a temperature above 200® C. to a 
mixture of pulverized sodium hydroxide and sodium acetate. Mugdan and Wim- 
mer lead acetylene and steam above 200® C. through a melt of alkali hydroxide. 
The melting point of the hydroxide is reduced by addition of alkali acetate or 
water. Vinyl chloride can be reacted similarly with sodium hydroxide at 100® 
to 500® C. under pressure to form sodium acetate, according Ito Strosacker and 
Pel ton.'®®* 

Alkali metal acetylides are made by treating molten metals with acetylene.'®®'* 
The fused metal may be diluted with an inert solid diluent such as sodium 
chloride. 

Condensation of Acetylene with Hydroxy-Compounds 


Acetylene may be condensed with alcohols, and hydroxy-compounds, in the 
presence of catalysts, to furnish di-ethers of the hypothetical ethylidene glycol 
(acetals). The reaction is strictly analogous to the addition of water to acetylene, 
which may be assumed to proceed through the intermediate formation of ethylidene 
glycol, the hydrated form of acetaldehyde. The analogy is illustrated by the 
following reactions: 



CH 

HOH 

|CH..CH^ 1 —»-CH. 

(1) 

IVith water: Ilf + 


CH 

HOH 

\ w 

OGH, 


CH 

HOCsH. 

/ 

(2) 

With ethanol: ill 

+ 

—>■ CH,.CH 

CH 

HOC.H. 

^OGH, 


CH.CHO + H.0 


diethyl acetal 


Acetals may be conveniently prepared by passing acetylene into an alcohol, 
such as ethanol, in the presence of a mercuric salt.'®® The reaction is not limited 
to simple aliphatic monohydric alcohols and appears to possess commercial pos¬ 
sibilities. For example, the acetal of the monoethyl ether of diethylene glycol 
can be made by leading acetylene into an ethanol solution of that ether in the 
presence of mercuric oxide and fluoboric acid.'®® 

It may be noted that the combination of alcohols with acetylene probably 


iMa Holzverkohlungs-Industrie A.-G.. British Patent 344,449, 1929; Brit. Chem. Abs. B. 1931. 
620. 

French Patent 713,845, 1931; Chem. Abs., 1932, 26, 1616. 

*** U. S. Patent 1,866,328, July 5, 1932; Chem. Abs., 1932, 26, 4345. Strosacker, Kennedy and 
Pelton, U. S. Patent 1,866,329, July 5, 1932; Chem. Abs., 1932, 26, 4345. U. S. Patent 1.866.430. 
July 5, 1932; Chem. Abs., 1932, 26, 4345. All patents assigned to Dow Chemical Co. Also Dow 
Chemical Co., British Patent 363,948, 1931; Brit. Chem. Abs. B. 1932, 260. 

^German Patent 540,207, 1930 assigned to Consortium fur Elektrochem. Ind. G.m.b.H.: Chem. 
Abs.. 1932, 26. 1621. 

sM* U. S. Patent 1,884,354, Oct. 25, 1932; assigned to Dow Chemical Co.; Chem. Abs., 1933, 
27, 1006. 

Schulenberg, German Patent 535,071, 1930; Chem. Abs., 1932, 26. 1297; German Patent 
539,573, 1930; Chem. Abs., 1932, 26, 1944; French Patent 689,466, 1930; Chem. Abs., 1931, 25, 
909; all patents assigned to Deutsche Gold- und Silber-Scheideanstalt vorm. Roessler. 

»«*Chem. Fabrik Criesheim Elektron, British Patent 14,246, 1913; J.S.C.J., 1914, 33. 767 
Boiteau, British Patent 15,806, 1914; Chem. Abs., 1916, 10, 93. Boiteau. British Patent 15.919. 1914* 
Chem, Abs., 1916, 10. 93. 

*** Nieuwland, U. S. Patent 1.824,963, Sept. 29, 1931; Chem. Abs., 1932, 26, 151; U. S. Patent 
1.907,560, May 9, 1933; Chem. Abs., 1933. 27. 3486; British Patent 384,332, 1932; Chem. Abs., 1933, 
27, 4252; all patents assigned to E. I. duPont de Nemours & Co. 
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proceeds with the intermediate formation of vinyl ethers of the general type 
CHa—CHOCnHan+i, which then combine with another molecule of alcohol. Vinyl 
ethers may be condensed with alcohols to yield acetals in the presence of a tra^ 
of sulphuric acid at temperatures not above 30® 

Condensation of Acetylene with Hydrogen Halides and Organic Acii^ 

Both halogen acids and organic acids may be condensed with acetylene with 
the addition first of one and then of two molecules of acid to the hydrocarbon 
molecule. The first stage in the reaction gives rise to vinyl esters, and the second 
step, to ethylidene di-esters. In the case of the halogen acids it appears that 
though addition usually takes place in such a way that ethylidene derivatives are 
formed predominantly, under certain conditions, particularly in the case of hydro¬ 
gen bromide, a certain amount of ethylene dihalid^s are also obtained.^®® On 
the other hand, addition of two molecules of an organic acid to the acetylene mole¬ 
cule seems to produce only ethylidene di-esters. These reactions are represented 
by the following scheme: 

+HX +HX 

HCsCH —^ H,C=CHX —CH.CHX, (+CH,XCH.X) 
vinyl halide ethylidene ethylene 

dihalide dihalide 

OOCR 

-fRCOOH +RCOOH / 

HCsCH —H,C=CHOOCR —CH.-HC 
vinyl ester \ 

OOCR 
ethylidene di-ester 

It is interesting to note that the interaction of acetylene with fuming sulphuric 
acid mainly results in the production of acctaldehydedisulphonic acid^®® of the 
formula (S 03 H) 2 CHCHO. Atterbury and Macalpine”® produced ethyl alco¬ 
hol by passing equal volumes of acetylene and hydrogen into hot concentrated 
sulphuric acid and then diluting the acid with water. Vinylsulphuric acid is 
said to be formed by forcing acetylene under pressure into concentrated sul¬ 
phuric acid containing mercuric sulphate at temperatures below 0® 

Vinyl Esters, The vinyl esters are remarkable for their ease of polymeriza¬ 
tion to amorphous and resinous substances under the influence of heat, actinic 
light or oxidizing agents. Under proper conditions clear and colorless masses, 
either non-inflammable or difficultly so, may be obtained which can be molded 
and machined. The industrial application of these resinous polymers of vinyl 
esters has been hindered mainly by the absence of economical methods of manu¬ 
facturing such esters. The esters which have been suggested for the production 
of resinous materials are the chloride, acetate, and chloroacetates.^^^ 

Vinyl halides maLy be obtained by the action of concentrated aqueous hydro¬ 
gen halides on calcium carbide at 60® to 95® C. in the presence of a catalyst con- 

G. Farbenindustrie A.-G., French Patent 709,589, 1931; Chem. Abs., 1932, 26, 1297; British 
Patents 352,474 and 352,070, 1930; Brit, Chem, Abs. B, 1931, 1040. 

iMWibaut, Ree, trw, chirn,, 1931, 50, 313; Chem, Abs., 1931, SO, 313. Burkhardt and Cocker, 
Rec, trav. chim., 1931, SO, 837; Chsm, Abs., 1931, 25, 4843. Wibaut and van Daltsen, Ree, trap, 
chim., 1932, SI, 636; Chem, Abs,, 1932, 26, 4580. 

i^Schroeter, Ber., 1898, 31, 2189; cf, Muthmann, Ber., 1898, 31, 1880. 

»• British Patent 1,208, 1898; J.S.C.I., 1899, 18, 290. 

>*^Plauson, U. S. Patent 1,436,288, Nov. 21, 1922. British Patent 156,121, 1920; Chem, Abs,, 
1921, IS, 1728. 

For an account of vinvl resins, see Ellis, *'Synthetic Resins and Their Plastics,” Chenkal 
Catalog Co., Inc., New York, 1023. 
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sisting, fpr example, of a mixture of mercury and copper salts. However, the 
catalytic vapor-phase combination of dry hydrogen halides with acetylene appears 
to be the most convenient mode for the production of these halides. It has been 
reported that vinyl chloride may be obtained in quantitative yield by passing a 
mixture of hydrogen chloride and acetylene at 180® C. over a contact mass of% 
pumice impregnated with mercuric chloride.”® Vinyl halides can also be made 
by vapor-phase combination at elevated temperatures in the presence of com¬ 
pounds of elements of groups II and V of the periodic system or of mixtures 
of such compounds.^^* In another process the catalyst for vapor-phase combina¬ 
tion of hydrogen halides and acetylene at 100“ to 300“ C. is carbon which has been 
previously activated by preheating in the presence of the hydrogen halide at a 
higher temperature (200“ to 600“ C.) than that used for reaction.”* The pro¬ 
duction of vinyl chloride from acetylene and hydrochloric acid is said by Nieuw- 
land^^* and also by Perkins^” to proceed in the presence of a mixture of 
cuprous chloride and ammonium chloride. Acetylene and hydrogen chloride also 
formed vinyl chloride when passed through a tube heated to 300“ C. carrying a 
water-cooled tube at 80“ 

It has also been proposed to make vinyl chloride and bromide by warming 
ethylene dichloride or dibromide respectively with alkali in methanol solu¬ 
tion. Baxter, Edwards and Winter made vinyl chloride, together with acety¬ 
lene, by heating ethylene dichloride in the presence of steam as a diluent between 
a temperature of 800“ and 1000“ C. The production of acetylene is favored by 
the presence of diluents, reduced pressure, or increased heating periods. 

On chlorination, vinyl chloride yields l,l,2-trichloroethane,'2® which may also 
be obtained directly from acetylene by interaction with a mixture of chlorine and 
hydrogen chloride in the presence of contact materials.^^^ 

Vinyl chloride may be reacted witli hydrogen chloride in the presence of 
aluminum chloride to form ethylidene chloride {1,1-dichloroethane).^®^® When 
a vinyl halide, oxide or sulphide is passed over heavy metals such as iron, copper, 
lead, tin, bismuth, antimony, cadmium or zinc at a temperature below 400“ C., 
1,3-Wadiene is said to result.^*^** 

Staudinger, Brunner and Feisst investigated the reactions of polymers of 
polyvinyl bromide. On reducing fractions soluble and insoluble in benzene with 


Chemische Fabrik Griesheim-Elektron, German Patents 278,249, 1912, 288,584, 1913, British 
Patent 21,134, 1913; Chem. Abs., 1915, 9, 1096; Chem. Abs., 1916, 10, 2502; J.S.C.I., 1915, 34, 
818. 

Consortium fitr Elektrochem. Ind., British Patent 339,093, 1928; Chem. Abs., 1931, 25, 2438. 

French Patent 684,836, 1929; Chem. Abs., 1930. 25, 5307. . 

Baxter, British Patent 349.017, 1930; assigned to Imperial Chem. Ind., Ltd.; Chem. Abs., 

1932. 26, 1945. 

*** Nieuwland, U. S. Patent 1,812,542, June 30, 1931, assigned to £. I. duPont de Nemours and 
Co.. Inc.. Chem. Abs., 1931, 25. 4894. 

Canadian Patent 329,042, 1933; assigned to Carbide and Carbon Chemicals Corp.; Chem. Abs., 

1933, 27, 1365. 

Ruhrehemie A.-G., British Patents 378,873 and 378,979, 1931; Bnt. Chem. Abs. B. 1932, 

107r. 

«•!. G. Farbenindustrie A. G. French Patent 694,575, 1930; Chem. Abs., 1931, 25, 1845. British 
Patent 349,263. 1930; Brit. Chem. Abs. B, 1931. 917. 

"*£scher Wyss Maschinenfabriken A.-G., Swiss Patent 159,148, 1933; Chem. Abs., 1933, 27* 
4543. 

British Patent 363,009, 1930; Chem. Abs., 1933, 27, 1365; French Patent 721,808, 1931; 
Chem. Abs., 1932, 26, 4067; both patents assigned to Imperial Chemical Industries. Ltd. 

**Consortium fur elektrochemische Industrie, British Patent 341,781, 1929; Chem. Abs., 1931, 
25, 4893. I. G. Farbenindustrie A.-G., British Patent 349,097, 1929; Chem. Abs., 1932, 26, 5314. 

u'l. G. Farbenindustrie A.-G., British Patent 344.592, 1930; Brit. Chem. Abs. B, 1931, 621. 
Son and Hennig, German Patent 547,005, 1929; assigned to I. G. Farbenindustrie A.-G., Chem. Abs., 

1932. 26, 3520. 

***■ Coleman, U. S. Patent 1,900,276, Mar. 7, 1933; assigned to Dow Chemical Co.; Chem. Abs., 

1933. 27. 2965. 

*"‘»Leyes, U. S. Patent 1,884.002, Oct. 25. 1932; Chem. Abs., 1933, 27, 1015; German Patent 
569.343, 1929; Chem. Abs., 1933, 27. 2163; French Patent 672,210, 1929; Chem. Abs., 1930, 24. 
2142. 

^Helv. Chim, Acta, 1930. 13. 805; Chem. Abs., 1931. 2$. 487. 
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hydriodic acid and red phosphorus at 160® C. and then distilling with soda>lime, 
two impure hydrocarbons were obtained which corresponded to the formulas 
C 4 oHg 2 and melting at 70®-75® C and 88®-94® C., respectively. 

Vinyl Acetate 

The combination of acetylene with organic acids, such as acetic acid, proceeds 
in the presence of catalysts consisting usually of mercury salts, to yield first 
vinyl ester, and, if the reaction is prolonged, finally ethylidene diesters. Of the 
vinyl esters, the acetate is of technical importance, on account of its ease of pro¬ 
duction, the comparative cheapness of the raw materials employed in its synthesis 
and its ease of polymerization to light-colored resinous substances. Its produc¬ 
tion on a technical scale is described by Skirrow and Morrison who maintain 
that the addition of acetylene to organic acids is extremely sensitive to tlie state 
and nature of the catalyst and to the temperature employed. The catalyst sug¬ 
gested for this process consists of a precipitate produced by the addition of sul¬ 
phur trioxide (or fuming sulphuric acid) to an acetic acid solution of mercuric 
oxide. If acetylene is introduced into acetic acid containing this catalyst, combi¬ 
nation occurs smoothly at 20® to 60® C. with the production of vinyl .acetate, 
though, at higher temperatures, ethylidene diacetate becomes the major product. It 
is suggested that acetylene be passed at a rapid rate through the reaction mixture 
so that the escaping excess acetylene entrains most of the vinyl acetate (together 
with some acetic acid and a trace of diacetate) which is condensed. For example. 
20 parts of mercuric oxide are dissolved in 2000 parts of glacial acetic acid and 
to this solution is added, at 85® C., 276 parts of a precipitate formed by reacting 
34 parts of sulphur trioxide with 242 parts of glacial acetic acid at 20® C. The 
mixture is brought to about 25® C. and a great excess of acetylene gas is passed 
through, the temperature being allowed to rise to 35® C. with an average tem¬ 
perature of about 34® C. The gas and entrained vapors are cooled and the 
condensate obtained is fractionated to yield vinyl acetate. At the end of 10 to 
12 hours, the rate of acetylene absorption diminishes owing to reduction of the 
catalyst, and at this time the yield of vinyl acetate is about 70 per cent based 
on the acetic acid combined and 78 per cent based on the acetylene consumed. 
The amount is said to be 115 parts of vinyl acetate per part of mercuric oxide used. 

A modification of the above process in which acetylene is led into acetic acid 
at 5®-25° C. in the presence of a mercury compound, sulphacetic acid, and acetic 
anhydride, to yield vinyl acetate has been suggested.^-* Dykstra and Sly pro¬ 
duced vinyl esters by passage of acetylene into a hot mixture of an organic acid 
and an aliphatic hydrocarbon distillate. According to Herrmann. Deutsch and 
Baum ^20 vinyl esters may be produced by vapor-phase combination of acetylene 
and an organic acid in the presence of a heated catalyst, such as zinc acetate or 
activated carbon, the reacting gases having a vapor velocity of 350 liters per 
hour per liter of reaction space. Acetylene and acetic acid also combine to Jomi 
vinyl acetate and ethylidene diacetate when passed through a tube heated to 
200® C. containing a water-cooled tube at 20® 

*** British Patents 308,169 and 308,170, 1928; Chem. Abs., 1930, 24, 129; Canadian Patent 
318,838, 1932; Chem. Abs., 1932, 26, 1944; German Patent 559,436, 1929; Chem. Abs., 1933, 27, 
736; all patents assigned to Canadian Electro Products Co., Ltd. 

'‘^Imperial Chem. Industries, Ltd., British Patent 351,318, 1930; Chem. Zentr., 1931, 2, 1754. 

Dykstra and Sly, U. S. Patent 1,786,647, Dec. 30, 1931; Dykstra, U. S. Patent 1,849,616. 
Mar. 15. 1932; Chem. Abs., 1932, 26, 2752; hoth patents assigned to E. I. duPont de Nemours & 
Co.. Inc. 

»*U. S. Patent 1,822,525, Sept. 8, 1931; Chem. Abs., 1931, 2S, 5900; assigned to Consortium fur. 
Klektrochemische Industrie. • 

Ruhrehemie A.-G., British Patents 378,873 and 378,979, 1931; Brit. Chem. Abs. B, 1932, 

1071. 
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Vinyl esters may be smoothly halogenated at 0^ C. to yield 1,2-dihalogen esters. 
Gilorination of vinyl acetate results in the production of 1,2-dichloroethyl ace- 
tate.^*^ Acid anhydrides result on reacting vinyl esters with carboxylic acids. 
For example, vinyl acetate and acetic acid react in the presence of catalysts 
such as sulphuric, phosphoric, benzenesulphonic, sulphoacetic acid and sulphur 
chloride to form acetic anhydride and ethylidene diacetate. 

Vinyl Ethers 

Divinyl ether, CHj—CHOCHsaCHj, a very interesting unsaturated ether 
partly polymerizable by benzoyl peroxide, is a liquid of boiling point 28.3® ± 0.2® 
C. at 760 mm. It has been prepared in a pure state by Ruigh and Major by 
heating )8)8'-dichlorodiethyl ether with potash at 200® to 240® C. Aromatic vinyl 
ethers may be prepared either from vinyl halides'** or ethylene dihalides by 
interaction with phenols in alkaline media. Thus an 80 per cent yield of vinyl 
phenyl ether, boiling point 155®-! 56® C., is obtained by heating ethylene dichlo¬ 
ride with caustic soda, phenol, and alcohol in an autoclave at 180® to 200® C.**" 
Vinyl and other unsaturated ethers may also be produced by passing the vapor 
of an aliphatic or aromatic acetal over a catalyst.'®** The catalyst may consist 
of silver, gold, platinum or palladium mixed with metals of groups 1 to IV 
and VI to VIII of the periodic system or their oxides, phosphates or silicates. 
Alkyl vinyl ethers have also been prepared by Chalmers'*** by heating alkyl 
2-bromocthyl ethers with sodium hydroxide. 


Ethylidene Esters 

As previously stated, the ethylidene diesters of the general formula CHsCHXy, 
where X represents an acidic group, are the ultimate products of the reaction 
between acetylene and organic acids. Of these diesters, ethylidene diacetate, 
CH 8 CH(OOCCHa) 2 , a liquid of boiling point 170® C., is by far the most im¬ 
portant. Technical interest in this ester is almost entirely centered around its 
ready decomposition under the influence of heat, which resu’.ts in vhe formation 
of acetic anhydride, together with acetaldehyde, a reaction which has been known 
for many years. According to one method, acetic anhydride is conveniently made 
from this ester by rapidly heating it to 300® to 450® C.'*' 

The methods of producing ethylidene diacetate usually involve the introduc¬ 
tion of acetylene into warm acetic acid containing a mercury catalyst.'** The 

Ellis, British Patent 325,115, 1929; assigned to Soc. des usines chimiques Rhone-Poulenc; 
Brit, Chem. Abf. B. 19.10, 409. 

Deutsch and Herrmann. German Patent 503,131, 1927; Chem. Abs., 1930, 24, 5045; German 
Patent 526,795, 1928; Chem. Abs., 1931, 3S, 4559; German Patent 537,363, 1928: Chem. Abs.. 1932, 
26, 999; British Patent 288,549, 1927; Chem. Abs., 1929, 23, 608; all patents assigned to Consortium 
fur elektrochemische Industrie G.m.b.H.. ' 

^J.A.C.S.. 1931, 53, 2662; also Hibbert, Canadian Patent 311.819, 1931. 

G. Farbenindustrie A.-G., German Patent 513,679, 1927; Chem. Abs.. 1931. 25, 1841. 

Ernst and Berndt, German Patent 525,188, 1929: Chem. Abs., 1931, 25. 4284; Keppe, German 
Patent 559,523, 1930; Chem. Abs., 1933, 26, 736; British Patent 341,074, 1939; Chem. Abs., 1931, 
25, 4891; French Patent 38,910, 1930; Chem. Abs., 1932, 26, 1616; all patents assigned to I. G. 
Farbenindustrie A.-G. 

I. G. Farbmindustrie A.-G., British Patent 345.253. 1929: Chem. Abs., 1932, 26, 156. 

Canadian /. Res., 1932, 7, 464; Bnt. Chem. Abs. A. 1933, 144. 

Matbeson, U. S. Patent 1^872,479, Aug. 16, 1932; Chem. Abs., 1932, 26, 5971; British Patent 
368,835, 1930; Brit. Chem. Abs. B, 1932, 670; both patents assigned to Canadian Electro Products Co.; 
ef. Walter, German Patent.495,334, 1928, to Verein fur chemische Industrie A.-G.; Chem. Abs., 1930, 
24. 3251. 

^>*>Klatte, U. S. Patent 1,084,581, Jan. 13, 1914; J.S.C.I., 1914, S3, 219; British Patent 14.246. 
19l3; J.S.C.I., 1914, S3, 767; both patents assigned to Chem. Fabrik Griesheim-Elektron. Boiteau, 
British Patent 15,919, 1914; them. Abs., 1916, 10, 93; Soc. des usines du Rh6ne anciennement Gilliard, 
P. Monnet et Cartier, British Patents 112,765 and 112.766, 1917; Chem. Abs., 1918, 12, 1050. Walter. 
German Patent 556,775, 1927; Chem. Abs., 1933, 27, 312; German Patent 571.318, 1928; Chem. Abs., 
1933, 27, 2696; both patents assigned to Deutsche Gk>ld' und Silber-Scheideanstalt vorm. Roessler. 
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same catalysts are used as for making vinyl esters. The essential difference in 
the processes for making the two types of compounds is that ethyl idene dicsters 
require a higher temperature. A process of Skirrow and Morrison^*® involves 
the passage of acetylene into acetic acid, maintained at about 80^ C., and con¬ 
taining a catalyst of a mercuric salt of sulphacetic acid. For example, 10 parts 
of mercuric oxide ar^ dissolved in 2000 parts of glacial acetic acid and to this is 
added, at 85^ C, 276 parts of a precipitate formed by reacting 30 parts of sul¬ 
phur trioxide with 246 parts of glacial acetic acid at about 20^ C. After precipi¬ 
tation of the catalyst, the mixture is brought to a temperature of 60° to 70° C. 
and an excess of acetylene is passed through, the temperature being allowed to 
rise to 80° C. The main product is ethylidene* diacetate, which, together with a 
little vinyl acetate and some free acid, is carried over by the escaping excess of 
acetylene. After 1 to 3 hours, depending upon the scale of operations and the 
cooling capacity, the rate of acetylene absorption diminishes owing to the large 
percentage conversion of the acid and to the reduction of the catalyst. 

A method of purification of crude ethylidene diacetate by agitation with an 
aqueous salt solution of density greater than that of the ester, followed by strati¬ 
fication and separation, has been developed.^*® 


Miscellaneous Reactions of Acetylene 


When passed slowly into fuming fiitric acid, acetylene combines to form a 
solid acid of the formula, C 4 H 3 O 8 N, melting at 149° C., which was described 
by Baschieri and Testoni and Mascarelli.'®*** It was later subjected to a 
careful examination by Quilico and Freri,^®® who concluded, from its properties 
and chemical reactions, that the substance was an isoxazole-a-carboxylic acid of 
the formula, 


HOOC 



With hypochlorous acid, acetylene combines to yield dichloroacetaldehyde,^*" 
or CHCl^CHO. 

Acetylene may be condensed with ammonia or amines at elevated temperatures 
in the presence of catalysts to yield a number of compounds, among which 
nitriles and pyridine bases may be specially mentioned. The preparation of aceto¬ 
nitrile by condensing acetylene with ammonia has been the subject of a number 
of investigations.^®^ Acetylene can be converted into pyridine bases without the 
formation of acetonitrile by passing a mixture of ammonia and acetylene, over 
a heated catalyst of zinc sulphate, zinc chloride, cadmium chloride or other* inor¬ 
ganic salt capable of combining with ammonia.^*® Acetonitrile and other ni- 


British Patent 335,223, 1930; to Canadian. Electro Products Co.; Chem. Abs,, 1931, 23. 1261. 
Brown, British Patent 353,318, 1930; assigned to Courtaulds, Ltd.; Brit, Chem. Abs. B, 


1931, 1086. 

real, accad. Lincei, 1900, (5) 9 (1), 391; Chem. Soc. Abs., 1900, 78 (1), 534; Cats, 
ckim. ital., 1901, 31 (2), 462. 

*^^Atti. real, accad. Lincei, 1901, (5) 10 (1), 442; Chem. Soc. Abs., 1901. 80 (1), 494; Gats, 
chim. ital., 1902, 32 (1), 202; Mascarelli, Cast. chim. ital., 1903, S3 (2), 319; Chem. Soc. Abs., 1904, 
86 (1). 277. 

^^Gatx. chim. ital., 1929, 59, 930; Chem. Abs., 1930, 24, 3484. 

Wittorf, Chem. Zentr., 1900, 2, 29. 

See, for example, Stuer and Grob, British Patent 109,963, 1916; assigned to Chem. Fabrik 
Rhenania; J.S.C.I.. 1917, 36. 1194; Ruhrehemie A.-G.; British Patents 378,873 and 378.979, 1931; 
Brit. Chem. Abs. B. 1932, 1071. 

** NiCodemus, U. S. Patent 1,882,518, Oct. 11. 1933: Chem. Abs., 1933. 27, 736; German Patent 
479,351, 1927; Chem. Abs., 1929. 23, 4709; British Patent 283,163, 1928; Brit. Chem. Abs. B, 
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trilesmay be produced without simultaneous formation of pyridine bases, by 
condensing acetylene with ammonia or amines at high temperatures in the pres¬ 
ence of compounds of metals of groups II to VII of the periodic system, not 
reducible under the working conditions, and employing a gas velocity not ex¬ 
ceeding SO liters of acetylene per hour per liter of catalyst. Good catalysts are 
mixtures of metallic oxides not reducible at 450® C. or single non-reducible 
compounds of zinc, aluminum, zirconium, thorium, tin, vanadium, bismuth, molyb¬ 
denum and tungsten, supported on silica or alumina gel. The nitriles yield acetic 
acid on saponification, ammonium salts being obtained as by-products.When 
saponified with alcohols at 50® to 250® C. in the vapor phase, esters are 
formed.'®®^ Rotger^*® prepared products containing 80 per cent pyridine ba.ses 
consisting predominantly of picolines, which can be used for the protection of 
plants, by passing ammonia and acetylene over silica gel and finely divided cad¬ 
mium at 320® C. Another process consists in condensing acetylene with am¬ 
monia or amines together with steam in the presence of condensing catalysts at 
250® to 500® C. and followed by mixing the reaction products with hydrogen and 
passing them over a hydrogenating catalyst at 180° to 250° C. Thus, a mixture 
of acetylene, ammonia, and hydrogen is passed at 35Q® C. over a catalyst of zinc 
oxide and thorium oxide on silica gel and then at 150° C. over finely divided 
nickel on silica gel to yield piperidine and monoethylamine. The treatment of 
aniline, acetylene, and hydrogen to furnish tetrahydroquinoline, and also of acety¬ 
lene, hydrogen, methane and ammonia to obtain ethylamine and acetonitrile, has 
been suggested by Nicodemus.^^® 

Vinyl cyanide is formed when acetylene and hydrogen cyanide are led over 
a catalyst consisting of, for example, a mixture of barium cyanide and active 
carbon, according to Baum and Herrmann.^*®* 

Thiophene and similar sulphur-containing compounds are made by the reaction 
of acetylene with sulphur, metallic sulphides or hydrogen sulphide. They may 
be produced, for example, by conducting acetylene over pyrites heated to 280°- 
310® C.®** The catalytic combination of acetylene and hydrogen sulphide in the 
vapor phase to yield thiophene has been described. A mixture of acetylene and 
hydrogen sulphide and a heated catalyst of nickel hydroxide mixed with a sili¬ 
cate cement or partially reduced bauxite is used.^** 

The manufacture from acetylene of liquid condensation products containing 

1929, 275; all patents assigned to I. G. Farbenindustrie A.-G. The product formed by condensation 
of ammonia and acetylene can be separated by washing out the gases (ammonia and acetylene) 
leaving the reaction chamber with the liquid products formed, according to Krnst and Nicodemus 
(U. S. Patent 1,872,432, Aug. 16, 1932; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 
26, 6081). 

»“R6tger. German Patent 526,798, 1929; Chem. Abs., 1931, 25, 4556; German Patent 528,897, 
1929; Chem. Abs., 1931, 25, 4891; British Patent 295,276, 1928; Brit. Chem. Abs. B, 1930, 50; 
all patfnts assigned to I. G. Farbenindustrie A.-G. 

Rotger, Gernuun Patent 560,543, 1930; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1933, 27, 1007. 

*"•‘1, G. Farbenindustrie A.-G., British Patent 366,106, 1930; Chem. Abs., 1933, 27, 1891. 

‘•(German Patent 541,655, 1928; Chem. Abs., 1932, 26. 2548; British Patent 321,177, 1929; 
Chem, Abs., 1930, 24, 2757; both patents assigned to I. G. Farbenindustrie A. G. See also Schlecht 
and Rotger, U. S. Patent 1,894,792, Jan. 17, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem. 
Abs.. 1933, 27, 2454. 

‘“L G. Farbenindustrie A.-G., British Patent 334,193, 1929; Brit. Chem. Abs. B, 1930, 1103. 

German Patent 479,351, 1927; Chem. Abs., 1929, 23, 4709; German Patent 504.238, 1927; 
Chem, Abs., 1930, 24, 5305; German Patent 516,765, 1928; Chem. Abs.^ 1931, 25, 1839; German 
Patent 547,518, 1929; Chem. Abs., 1932. 26, 3513; all patents assigned to I. G. Farbenindustrie A.-G. 
See also British Patent 283,163, 1927; Chem. Abs., 1928, 22, 3892. 

German Patent 559,734, 1930; assigned to Consortium fur elektrochemische Industrie G.m.b.H.; 
Chem. Abs.. 1933, 27. 735. 

Stejnkopf and Kirehhoff, British Patent 16,810, 1912; Chem. Abs., 1914, 8, 416; Ann., 1914, 
403, 1: Chem. Abs., 1914, 8, 1416. 

.it British Patent 109,983, 1916; assigned to Chemische Fabrik Rhenania; Chem. 

Abs., 1918, 12. 370. 
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both nitrogen and sulphur has been accomplished.^*® Such materials so obtained 
may be employed as denaturants for alcohols and as flotation agents. The liquid 
condensation products are made by passing a mixture of acetylene and ammonia 
over iron pyrites at 350° to 450° C. and consist of mixtures of nitriles, pyridine 
and other nitrogen bases and organic sulphur compounds such as ethyl mercaptan, 
thiophene as well as mustard oils containing the characteristic grouping -NCS. 
For example, a mixture of equal parts of acetylene, ammonia, and steam is passed 
over granular pyrites at 350° C. The condensate consists of two layers: an 
aqueous layer containing acetonitrile, water-soluble pyridine bases, sulphur, com¬ 
pounds, and ammonia; and an oily layer, made up of about 20 per cent of thio¬ 
phene, up to 30 per cent of pyridine bases, besides nitriles, mercaptans. and high- 
boiling sulphur compounds of unknown nature. A fraction, boiling below 200° C., 
of the oily layer may be used as a denaturant for ethyl alcohol, the amount re¬ 
quired being about 5 cc. per liter of alcohol. 

Bergmann and Bondi studied the action of phosphorus pentachloride on 
acetylene derivatives. Phenylacetylene, on treatment with phosphorus pentachlo¬ 
ride and subsequent hydrolysis, is converted to ^>chloro-)8-phenylvinylphosphinic 
acid, which may be changed by potassium hydroxide into phenylacetylenylphos- 
phinic acid. 

On treatment with potassium mercuri-iodide or with mercuric acetate, vinyl- 
acetylene yields divinylethynyl-mercury, a crystalline solid melting at 144° to 
145° C. Reactions of the compounds formed on treating vinylacetylenes with 
mercury salts have been studied by Carothers, Jacobson and Berchet.'*’^ 

’♦“Muller, Schlecht and Kotger, German Patent 512,712, 1927; Chcm. /lbs., 1931, 25, 1328; 
British Patent 326,795, 1928; Brit. Chem. Abs. B, 1930, 548; cf. Schlecht and Rotger, German Patent 
513,410, 1928; Chem. Abs., 1931, 25, 1329; all patents assigned to 1. G. Farbeiiindustrie A.-G. 

^^Ber., 1933, 66, 278; Chem. Abs., 1933, 27, 2431; Brit. Chem. .lbs. A, 1933, 290. 

**fJ.A.C.S., 1933, 55. 4665. 



Chapter 29 

Halogenation of Methane. Properties rfnd Uses 
of Halogen Derivatives 

The behavior of saturated hydrocarbons, i.e., paraffins and cycloparaffins, 
toward halogens is fundamentally different from that of unsaturated hydro¬ 
carbons. Whereas halogens combine additively with unsaturated hydrocarbons 
to form more saturated derivatives, they substitute or replace hydrogen of 
saturated hydrocarbons. The hydrogen atoms thus displaced are eliminated as 
hydrogen halide. The progressive substitution of hydrogen atoms of completely 
saturated hydrocarbons by chlorine may be expressed by the following general 
series of reactions: 

C.H«+, + a —>• C.H.„ + iCl + HCl, 

C.Htn+tCl + a* —CH*„C1, + HCl; etc. 

The order of decreasing reactivity of halogens with paraffin hydrocarbons is 
fluorine, chlorine, bromine and iodine, i.e., the higher the molecular weight the 
smaller the tendency to substitute a hydrogen atom of the hydrocarbon. Fluorine 
often reacts with explosive violence but iodine does not appear to react at all. 
On account of the comparative cheapness of chlorine, the chlorination of hydro- 
carbpns has been* much more extensively studied than the action of the other 
halogen elements. |^Many of the chlorohydrocarbons formed from the paraffins 
are of industrial value as solvents, while the monochlorinated products, the alkyl 
chlorides, have received much attention because of their use in the manufacture 
of alcohols. 


The Chlorination of Methane 

Both the abundance of methane and the comparative cheapness of chlorine 
favor the commercial application of the chlorination of methane for the produc¬ 
tion of one or other of the chloro-derivatives. The extensive amount of work 
on this subject indicates the great interest in this problem. The products of the 
chlorination usually consist of all of the four possible chlorination products and 
in general it is not possible to control the reaction so as to produce one substance 
only. 

Because of the very highly exothermic nature of the chlorination reactions, 
the successful control of the process is often a matter of difficulty even on a 
laboratory scale. Furthermore, there is always a danger of chlorination pro¬ 
ceeding extremely violently and even with explosive force. When this occurs high 
reaction temperatures are attained and the main products are carbon and hydrogen, 
chloride, formed according to the reaction: 

CH4 + 2a —C-f4HCl. 
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High temperature chlorination of methane and, other hydrocarbons can, in fact, 
be utilized for the production of lampblack or carbon black together with hydro¬ 
gen chloride.^ 

The actual heats of reaction of the various chlorination processes cannot be 
calculated with certainty, owing to the unreliability of the thermal data, but the 
approximate figures for the gaseous reactions at 400^ C. are as follows: ^ 

CH 4 -fCl* —^ CH.Cl + HCl + 33Cal. 

CH4-f2a, —CH,a. + 2Ha + 60C:al. 

CH4 + 3CU —^ CHC!. + 3HCl + 94Cal. 

CH 4 + 4CI, —CCU‘+4Hb-f 137Cal. 

Although there is no rigorous parallelism between the heats of reaction and 
reaction velocity, nevertheless as there is a slight increase in the heat of reaction 
with progressive chlorination, it may be expected that the chlorination reaction 
will tend to go to completion, i.e., to produce carbon tetrachloride, unless some 
temperature control is maintained. In fact Jones, Allison and Meighan * in 
their work on the chlorination of natural gas stated: 

the temperature of the reaction chamber rises above 500* C., the reaction proceeds 
according to the formulas : CH 4 + 203 == C-f 4Ha, and C.H. + 30. = 2C + dHO. 
This reaction is explosive in character and gives no hydrocarbon chlorides. The heat 
control of the reaction is the important pl^se of the problem that must be solved before 
the work can be placed upon a plant basis.’* 


Furthermore, active catalysts will evidently favor the formation of polychlo¬ 
rinated derivatives. Also thermodynamic calculations indicate the chlorination 
reaction possesses a great tendency to proceed even at comparatively low tem¬ 
peratures. These deductions are in accord with the observed facts. 

The methods which have been used for effecting the chlorination of methane 
have been of diverse character. In general, chlorination has been brought about 
by exposing a mixture of methane and chlorine to the action of actinic light, heat, 
catalysts, and other activating influences such as the silent electric discharge. 
The greatest difficulties arise in controlling the process to avoid both explo¬ 
sion and the formation of all but the desired chlorinated product. Proper con¬ 
trol of concentrations, temperature, and activating influence minimizes, though it 
does not entirely overcome, the latter difficulty while danger of explosion may 
be obviated to some extent by dilution of the hydrocarbon with inert gases, such 
as carbon dioxide, nitrogen, steam, hydrogen chloride, or chlorinated substances 
and also by accurate regulation of the quantities of chlorine admitted to reaction. 
Chlorination in inert liquid diluents has been utilized.^ 

Chlorination of methane may also be effected by means of certain reagents 
which give rise to chlorine in the reaction mixture, such as, for example^ sul- 
phuryl chloride, phosgene or antimony pentachloride, while hydrogen chloride has 
been proposed as a source of nascent chlorine. 

It is convenient to subdivide the work on the chlorination of methane into 
the following main headings, namely, (1) thermal, (2) catalytic, (3) photo¬ 
chemical, and (4) other modes of chlorination. 


^Mott, U. S. Patent 1,259,121. March 12, 1918; 1918, 37, 313A; Rumbarger. U. S. 

Patent 1,401,738, Dec. 27, 1922; ckem. Abs., 1922. 16, 995. See also Chapter 7. 

* ^nes, Allison and Meighan, U. S. Bureau Mines^ Tech, Paper 225, 1921. 

* Reviews of the chemistry of the chlorination of methane have been published by Wegacheidtf 
(g. Eiektrochem,, 1922, 28, 9^ and by Egloff, Schaad and Lowry (cSk Jteviewj^ IMl” 
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Thermal Chlorination 

Like all other chemical processes, chlorination of methane is greatly acceler¬ 
ated by heat alone and may become exceedingly violent if suitable precautions 
are not taken to moderate the reaction. According to Jones, Allison and Meighan,* 
the reaction in the dark between chlorine and natural gas begins at a temperature 
slightly below 250® C. and at this lower temperature the chlorine reacts with 
the ethane present in such gas in preference to the methane. At 250® C. the 
chlorination was only partial, but at 300® C., and higher, the niaximuni amount 
of chlorine was used and the reaction took place smoothly without carbon depo¬ 
sition. In the presence of light, however, and particularly of light from the 
electric arc, chlorination takes place very readily at much lower temperatures 
and, within certain concentrations of reactants, may become explosive. 

Pease and Walz * measured the rate of thermal chlorination of methane in 
the neighborhood of 250® C. using a cylindrical catalyst tube of Pyrex glass. 
At this temperature it was found quite safe to work with mixtures containing 
an excess of chlorine and which are subject to explosion at higher temperatures. 
Under the conditions employed by Pease and Walz the only reactions occurring 
were straightforward chlorinations to methyl chloride, methylene dichloride, 
chloroform, and carbon tetrachloride. With excess of methane (SCH^ilCL) 
and small conversion of chlorine (e.g., 25 per cent), methyl chloride is the main 
product of the thermal chlorination. The observation was made that the reac¬ 
tion under these conditions is powerfully inhibited by traces of oxygen, which 
suggests that a chain mechanism is involved. 

The chlorination of methane, and also of other paraffin hydrocarbons, is un¬ 
doubtedly a stepwise reaction in which the mono-chloro-compound first produced 
is progressively chlorinated to higher chlorinated products. The thermodynamic 
tendency appears to be toward complete chlorination over a wide temperature 
range. The stepwise nature of the chlorination process of methane is amply 
proved by the work of a large number of observers, particularly of Bedford.® 
Furthermore, methyl chloride may be readily chlorinated either to methylene di¬ 
chloride, chloroform, or carbon tetrachloride or to a mixture of these substances 
by thermal chlorination in the presence or absence of catalysts.'^ In connection 
with the mechanism of the methane chlorination, Martin and Fuchs® have cal¬ 
culated the following equation: 


The theoretical and practical results are, however, only in agreement in certain 
cases. This general formula gives the percentage of initial substance (e.g., 
methane), represented by y^f converted into the product of a reaction of 
n bimolecular stages, in terms of the total percentage of initial substance con¬ 
sumed (x). For example, in the chlorination of methane, the percentage of 
methane converted to dichloromethane is obtained by substituting 4 for n, 2 for m. 


*U, S. Bur, Mines Tech. Paper, 255, 1921. 

•J.A.C.S., 1931, 53. 382; ibid., 1931, 53, 3728. 

•7. Ind. Eng. Chem., 1916, 8 , 1090. 

* Damoiseau, Compt. rend., IBM, 91, 1011; Mason and Wheeler, J.C.S., 1931, 2282; I. G. 
Farbenindustrie A.-G., British Patent 283,119, 1928; French Patent 646,661, 1927; Carter and Coxe. 
U. S. Patent 1,572,513, Feb. 9, 1926; assigned to S. Karpen and Bros. ' 

•Z. Elektrackam., 1921, 27. 150. 
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and the total percentage of methane consumed in the entire chlorination for x in 
the equation.®'^ 

The purely thermal chlorination of methane at very high temperatures has 
been examined experimentally by Mason and Wheeler.® The use of very high 
space velocities (as high as 30,000 reciprocal minutes at 1400® C.) in conjunc¬ 
tion with high temperatures results in a cutting short of the chlorination process 
and consequently in a relatively large production of methyl chloride in preference 
to higher chlorinated products. Thus for example by passing a mixture of 1 
volume of chlorine and 7 volumes of methane through an alumina-silica refrac¬ 
tory reaction tube heated to 1200® C. and at a space velocity of '23^,800 reciprocal 
minutes, the yields of products calculated on the chlorine input were: methyl 
chloride 39.2 per cent, methylene dichloride 13.4 per cent, chloroform 20 per cent, 
and carbon tetrachloride 2.0. per cent. In later experiments somewhat lower tem¬ 
peratures (800® to 900® C.) and lower space velocities were used and it was 
found advantageous to pack the reaction tube* with refractory material. Passage 
of a mixture of 9.2 volumes of methane and 1.0 volume of chlorine at a space 
velocity of 9000 reciprocal minutes through the packed refractory tube at 
900° C. resulted in the formation of the following yields of products (calculated 
on the chlorine input) : methyl chloride 36.3 per cent, methylene dichloride 6.46 
per cent, and chloroform 2.35 per cent, with practically no carbon tetrachloride. 
It is evident, therefore, that this method of chlorination, consisting essentially in 
the use of high temperatures in conjunction with high space velocities (i.e., short 
heating periods) is very efficient for the production of methyl chloride with the 
coincident production of only small amounts of higher chlorinated products. It 
is very interesting to note that the results of Mason and Wheeler for the high 
temperature chlorination of both methane and methyl chloride were in quite good 
agreement with the theoretical predictions of Martin and Fuchs. Some of the 
experimental results of Mason and Wheeler are given in Table 117: 

Table 117 .—High Temperature Chlorination of Methane 



{Mason and 

Wheeler) . 




Experiment 

1 

2 

3 

4 

5 

6 

Temperature ® C. 

... 900 

900 

900 

900 

900 

900 

Space velocity (min."'). 

... 9400 

9400 

9300 

S700 

5600 

8100 

Ratios ClaiCH* . 

... 1:2.97 

1:4.85 

1:8.8 

1:8.6 

1:8.4 

1:7.5 

Yield of CHsCl 
(% on chlorine input). 

... 48.3 

50 

42.5 

82.1 

70.5 

75.6 

Chlorine balance 
(% on input) 

CH.Cl . 

.. 24.1 

25.0 

21.3 

41.1 

35.2 

37.8 

CHaCl, .. 

.. 14.2 

9.9 

4.5 

9.7 

8.4 

5.6 

CHCl, . 

.. 1.43 

— 

4.4 

— 

5.0 

3.7 

ecu . 

.. — 

— 





Total in washers (CU + HCl) 

., 54.7 

52.3 

51.1 

51.5 

51.3 

51.8 

Total chlorine balance. 

.. 94.5 

87.1 

81.2 

102.3 

99.9 

98.8 

Yield of CHaCl calculated 
100% CU balance. 

on 

... 59.3 

75.8 

80.2 



77.8 


Chlorination with Catalysts 

In general, catalysts tend to accelerate the chlorination of methane and ap¬ 
pear to favor the formation of higher chlorinated products than methyl chloride. 

*■ In the above equation In represents factorial n, i.e., when n = 4, |4 is 4 X i X 2 X 1, 
It it to be understood that jo is taken to be unity. The number of Inniolecular stages (») is the 
number of replaceable hydrogens in the molecule* 

•J.C.S,, 1931, 2282. 
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A variety of catalysts has been used and these include metallic chlorides (such 
as ferric chloride, silver chloride, partially reduced cupric chloride, aluminum 
chloride, manganous chloride, antimony pentachloride, molybdenum pentachloride, 
coke impregnated with the chlorides of platinum, zinc, cadmium, tin, and lead) 
as well as various adsorbent materials, such as activated charcoal, and animal 
charcoal admixed with finely divided calcium oxide. These catalysts have been 
used in conjunction with temperatures up to 300^ C. and above, and since chlorin* 
ation can proceed at these temperatures without the aid of catalysts, the results 
obtained cannot always be solely attributed to the effect of thes^ catalysts. 

The effect of various solid materials in promoting the combination of chlorine 
and methane was investigated by Phillips,who passed a mixture of chlorine and 
natural gas through heated tubes packed with sand, asbestos, and bone black. 
He found that the tendency was to form methyl chloride and carbon tetrachloride 
with very little of the intermediate products. When the temperature became too 
high, carbon was deposited. 

The chlorination of natural gas in the presence of pumice, alone and im¬ 
pregnated with cupric and managanous chlorides, was examined by Tolloczko and 
Kling.^' In order to eliminate the possibility of an explosion, which was very 
prone to occur in sunlight and also at higher temperatures, chlorination was car¬ 
ried out with an excess of one of the reactants and at as low a temperature as 
possible. Using pumice as a catalyst at 400® C. and an excess of chlorine, the 
products of the chlorination consisted mainly of carbon tetrachloride together 
with various chloro-hydrocarbons derived from ethane. Poor yields were ob¬ 
tained when an excess o-f the hydrocarbon gas was employed. A catalyst of 
pumice impregnated with cupric chloride was more efficacious than a pumice cat¬ 
alyst soak^ with manganous chloride, and could be used at a lower temperature. 
Passage of a mixture of chlorine and natural gas over the former catalyst at 
300® C. led to the production of methyl chloride, methylene dichloride and a little 
ethyl chloride as well as of chloroform, carbon tetrachloride, tetrachloroethylene, 
acetylene tetrachloride, and, in the fraction boiling above 165® C., dichloroethane. 

An experimental investigation of the chlorination of nearly pure methane 
(containing only small amounts of oxygen and nitrogen and no olefins) in the 
presence of antimony pentachloride and ferric chloride at 360® to 400® C. has 
been reported by Pfeifer, Mauthner and Reitlinger.^* The dried hydrocarbon was 
mixed with chlorine and passed through a heated quartz reaction tube containing 
the catalyst, while the gaseous products of the reaction were passed through two 
spirar condensers, the first of which was water-cooled and the second maintained 
at —^35® to —45® C. by means of alcohol and solid carbon dioxide. The dis¬ 
tillate in the first receiver contained dichloromethane, chloroform, and carbon 
tetrachloride, while that in the second receiver was mostly methyl cliloridc. The 
best results were obtained by-using ferric chloride as a catalyst. With this cat¬ 
alyst and tising a methane-chlorine volume ratio of 2:1, 85 per cent of the 
chlorine was converted and the product consisted of 30 per cent of methyl chlo¬ 
ride (calculated on chlorine) as well as about equal amounts of dichloromethane 
and <^loroform. Increasing the methane-chlorine ratio to 3:1 resulted in an 
increase in the methyl chloride yield to 40 per cent of the theoretical, based on 
the chlorine consumption. Attempts made to increase the yield of carbon tetra¬ 
chloride by increasing the chlorine content of the reacting gases resulted in vio¬ 
lent explosions. However, by employing an inert diluent, namely nitrogen, in 

>»Amer. Chem. 1894 , 16 , 361 . 

^Ahkamdl, Krakautr, Akad. IVisttmeK 1912, S2, 295; Chtm. Ztntr., 1913, 2, 98; 

191S2«. 742A* it 

»•/. pr. Ckm,, 1919, 99, 239; /.5.C./., 1919, 38, 924A. 
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conjunction with higher chlorine-methane ratios, risks of explosion were mini¬ 
mized and the products then consisted only of chloroform ^d carbon tetrachloride. 
Thus passage of a mixture of 1 volume of methane, 2 volumes of nitrogen and 
3 volumes of chlorine over the catalyst resulted in the formation of the two 
higher chlorinated products only. Table 118 shows some of the experimental 
results of these workers. 


Table 118. —Catalytic Chlonnation of Methane 
(Pfeifer, Mauthner, and Reitlinger), 



Volume 

Ratio 

Chlorine 

Catalyst 

CH.:a. 

Reacting 

SbCl.. 

... 1:2 

Per Cent 
64 

FeCl,. 

... 1:2 

83.6 

FcP.. 

... 1:1 

86.4 


Products: Per Cent on Total Chlorine Used 


CHsCl 

CH.C1, 

CHCls 

CCh 

0 

5.8 

20.3 

5.9 

trace 

13.25 

22.2 

6.35 

5.8 

15.7 

21.7 

0 


Important work on the chlorination of a Pittsburgh natural gas (containing 
89.5 per cent CH 4 , 10.1 per cent QHe, and 0.4 per cent Nj) in the presence of 
various catalysts was carried out by Jones, Allison and Meighan.'* The best 
catalysts tried were adsorbent charcoal (made from coconut shells), an active 
carbon called “Batchite”, made from anthracite, and metallurgical coke, both alone 
and impregnated with the nitrates or chlorides of nickel, zinc, cadmium, barium, 
platinum, copper, etc., or with mixtures of these nitrates and chlorides. Such 
substances as silica gel, porcelain, asbestos, glass wool and pumice were also 
tried but proved to be very poor catalyzers. The chlorination process proceeded 
satisfactorily in the presence of the better catalysts at temperatures above 300® C., 
the optimum temperature being about 400® C. Temperatures above 500® C, were 
undesirable owing to the violence of the reaction and the deterioration of the 
catalysts under such conditions. The products of the chlorination consisted not 
only of all the four chloromethanes but also of the higher chlorinated ethanes, 
notably hexachloroethane. The salient features of this important investigation 
may be summarized as follows: 

(1) Natural gas may be completely chlorinated to carbon tetrachloride in one opera¬ 
tion with yields of over 90 per cent of the chlorinated products on using chlorine-methane 
ratios of 5:1 to 2.5:1. 

(2) For the production of chloroform, coke impregnated with metals such as plati¬ 
num, nickel, and iron are most suitable. Using platinized coke, 50 per cent of gas was 
converted into chloroform. 

(3) Activated charcoals and **Batchite” furnished the highest yields of carbon tetra¬ 
chloride. 

(4) The highest yield (31 per cent) of methyl chloride was obtained by using a 
ratio of 2 volumes of chlorine to 1 volume of natural gas in the presence of coke impreg¬ 
nated with nickel, tin, and lead. 

(5) Addition of small amounts (up to 1 per cent) of moisture to the reacting gases 
was stated to aid chlorination. 

(6) Ethane tends to chlorinate much more readily than methane. 

The catalysts which showed a high adsorption capacity for chlorine were un¬ 
suitable for the production of methyl chloride and favored the production of 
higher chlorinated products, especially carbon tetrachloride.^* In view of the 

Jones and Allison, J. Ind. Eng. Chem., 1919, 11, 639; Jones, Allison and Meighan, U. S. Bnr. 
Mints Ttch. Paper 22S, 1921. 

It is also possible that such catalysts possess a powerful tendency to absorb the cMorides of 
methane rather than methane itself and hence hold them in the reaction sonc until chferination was 
complete. 
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obviously cumulative nature of the process and the thermodynamic tendency for 
complete chlorination to occur, it is to be expected that active catalysts will not 
favor the formation of methyl chloride but rather of carbon tetrachloride. 

Schleede and Luckow made a study of the chlorination of methane at tem¬ 
peratures of the order of 400® C. in quartz and glass reaction tubes with and 
without the addition of catalysts. When the reacting gases were used in molar 
proportions, inflammation occurred but the flame was not permanent except when 
an excess of chlorine was used. Ignition was not observed when methane was 
present in excess but in this case tlie chlorine was only quantitatively utilized if 
the temperature was above a certain minimum depending upon the precise com¬ 
position of the reacting gas mixture and upon the rate of flow. These phenomena 
were not greatly affected by the presence of catalysts or by an increase in tem¬ 
perature of 100° C. above the minimum. The rate of flow of the reacting gases 
over the surface of the catalyst was found to exert a marked influence on the 
nature of the products. If comparatively low rates of flow were employed, no 
ignition occurred but an increased production of chloroform and carbon tetra¬ 
chloride took place at the expense of methyl chloride and dichloromethane. 
However, when the velocity of the reacting gases per unit of surface exceeded .a 
certain value, the reaction was found to tend more and more to a steady ignition 
and increased formation of higher products (chlorinated products of higher par¬ 
affins) took place principally at the expense of the chloroform. Even at rates 
of flow below the ignition value, when higher products are not formed in any 
quantity, the relative proportions of the four chlorinated methanes produced were 
not in accordance with the formula of Martin and Fuchs for a bimolecular 
step-wise reaction. 

The production of chlorinated derivatives of higher paraffin hydrocarbons as 
observed by Schleede and Luckow in the flaming gases (at high gas rates) is 
probably the result of thermal dissociation of methane and of chlorinated methanes 
with subsequent changes of the following types: 

CH4 + CH3CI —>• GH. + HCI, 

CH.Cb + CH 4 ->■ CH.CHaCI -f HCI, etc. 


Also the change in the type of reaction on increasing the gas velocity may be due 
to local development of high temperatures as a result of highly exothermic chlo¬ 
rination. Another possible explanation for the formation of such compounds is 
indicated by the work of Besson.^^ The latter observed that when chloroform 
vapors, containing about 1 per cent of iodine, were heated to high temperatures 
a portion of the chloroform is decomposed yielding compounds such as carbon 
dichloride (C 2 CI 4 ), carbon tetrachloride, carbon hexachloride (CjClg), carbon 
sesquichloride (C4G,.), hexachlorobenzene, and pentachloroethane. Presumably 
some such decomposition of chloroform, made during the chlorination of methane, 
may take place in the presence of chlorine. 

All of the four possible chlorinated methanes were obtained by Gault and 
Benlian^® on the chlorination of natural gas of Vaux (France), using equal 
volumes of reactants, in the presence of ferric chloride catalysts in the dark at 
245° to 415° C 

The work of Boswell and McLaughlin^® was directed especially toward the 
production of maximum yields of methyl chloride from methane by chlorination 


^Ber., 1922. 55B. 3710; Chetn. Abs., 1923, 17, 2864. 

Elektrockem., 1921, 27, 160. 

^ICompt, rend,, 1893. 116, 102; Chem. Soc, Abs„ 1893, 64 (1), 242. 

0 t Industrie, Special No. (May), 1924, 272; Ckent» Abs., 1924, 18, 3109. 

^Canad. J, Research, 1929, 1, 240; Chem, Abs., 1930. 24, 53. 
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in the presence of catalysts at about 450^ C. Experiments on a small analytical 
scale were later translated to a larger-scale apparatus in which it was possible 
to produce 25 grams of methyl chloride per run. The catalyst used throughout 
these experiments was prepared by impregnating 18 grams of pumice (passing a 
12-mesh sieve) with a solution of 10 grams of cupric chloride, CuCl-j.^HjO, in 
15 cc. of water, followed by drying at 110® C. and heating in a current of 
moist nitrogen at 450® C. for 9 hours. This latter treatment effects a reduction 
to the cuprous condition to tlie extent of about 75 per cent. A number of factors 
were examined with regard to their influence on the yield of methyl chloride and 
the following conclusions were drawn: 

(1) It was found desirable to utilize moist gases in order to maintain the catalyst 
in a partially reduced and constant condition. 

(2) The most favorable reaction tem^rature was 450* C. 

(3) Other factors being equal, the yields of methyl chloride improved as the pro¬ 
portion of the chlorine was reduced. 

(4) The effect of diluting the reacting gases with a large volume of nitrogen was 
found to be advantageous both from the viewpoint of the methyl chloride yield and also 
in the suppression of explosions. 

(5) The best yields of methyl chloride in the presende of the partially reduced cupric 
chloride-pumice catalysts were obtained under the following conditions: nitrogen to 
methane ratio of 10:1, and methane to chlorine ratio of 7 or 8:1, using moist gases; 
reaction temperature of 45ff* C. In the presence of 8 per cent hydrogen in the methane, 
the methane to chlorine ratio could be reduced to 3:1. Under these conditions it was 
found possible to chlorinate methane to methyl chloride with a yield, based on the 
chlorine used, of 75 to 80 per cent or higher. A small amount of methylene dichloride 
was also formed. 

An attempt was also made by Boswell and McLaughlin to control the chlorin¬ 
ation so as to obtain principally carbon tetrachloride. A mixture of pure methane 
and chlorine in the volume ratio of 1:4 was passed at a rate of 2.5 liters per 
hour (per 173 grams of cupric chloride on 300 grams of pumice) at 450® C. 
and gave a 90 per cent yield of carbon tetrachloride. There was no indication 
of the formation of chloroform or other lower-boiling products but a slight resi¬ 
due boiling above 100° C. was obtained. On doubling the velocity of the reacting 
gases a series of explosions occurred and these could be suppressed only by dilut¬ 
ing the gases with a large quantity of nitrogen. Thus on passing a mixture of 
6.28 liters of methane, 26.0 liters of chlorine, and 47.0 liters of nitrogen during 
6.5 hours over the catalyst, smooth reaction ensued and the products consisted 
of 34.5 grams carbon tetrachloride, 3.0 grams of chloroform, and’ 1.0 gram of 
higher-boiling liquid. The yield of carbon tetrachloride was thus 80.2 per cent 
of the theoretical, based on the chlorine. 

The employment of catalysts in conjunction with photochemical excitation 
has been discussed by a number of workers and Tanaka*® observed that silver 
chloride was an effective catalyst for the chlorination of methane in the presence 
of ultraviolet light. The catalytic chlorination and bromination of gases rich in 
methane hydrocarbons has also been investigated by Zapan.*^ 


Photochemical Chlorination 

The chlorination of methane is a remarkable example of a reaction power¬ 
fully activated by light radiation. Sunlight, diffused daylight, light from a car¬ 
bon arc, from a metallic filament, and from a mercury vapor lamp have been 

>•/. Chem. Ind. (Japan), 1921, 24, 789; Chem. Abs., 1922, 16. 1309. 

“ Thists FaCi Sci* Univ, Paris, 1930, 9-99; CAcm. Abs„ 1932, 26, 77. 
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recommended to promote the chlorination process. In most cases, photochemical 
combination may be effected at room temperature or even at lower temperatures 
if methyl chloride is desired, while the reaction may become explosive if the illumi¬ 
nation is not carefully controlled.*'* 

According to Bedford, blue light is by far the most effective and though many 
investigators have suggested ultraviolet light as a suitable activating influence, it 
is by no .means certain that the active radiation is necessarily in the ultravidet 
range of wave length. 

The marked influence of sunlight on the combination of chlorine and methane 
was shown as early as 1840 by Dumas,** who observed that dthough methane 
and chlorine could be mixed in all proportions in the dark without evidence of 
immediate reactions, exposure of 3 volumes of chlorine and 1 volume of methane 
to daylight, even when diffused, resulted in a violent explosion. Dilution of this 
reaction mixture with a volume of carbon dioxide equal to that of the methane 
suppressed explosive reaction and the combination proce^ed smoothly with the 
formation of carbon tetrachloride and smaller amounts of chloroform. The ex¬ 
plosive reaction of methane with chlorine in bright daylight was also noticed by 
Bischoff *• and Berthelot ** hut, on the other hand, Phillips *® reported that a 
mixture qf chlorine and methane could be exposed over water to bright sunlight 
without appreciable reaction. These differences in results are possibly explicable 
on the basis of the influence of foreign substances on chain processes in general. 

Baskerville and Riederer*^ studied the photochemical chlorination of natural 
gas. Radiation from a “Uviol** ultraviolet lamp was found, contrary to a number 
of statements in the literature, to effect no noticeable reaction. However, the re¬ 
markable observation was made that light from either an unscreened carbon arc 
or from the arc screened with blue greatly accelerated the combination but the 
interposition of green, yellow, or red screens almost immediately decreased the 
rate of chlorination. Reimposition of the blue screen again accelerated the com¬ 
bination. It appears from this work that the blue radiation is the most effective 
activating influence and that red, yellow, and, green exerted little influence. In 
further experiments, Baskerville and Riederer obtained yields of 20 to 25 per 
cent of chloroform and carbon tetrachloride by exposing a heated mixture of 
chlorine and natural gas to the excitative influence of light from an iron arc. 

The influence of the light from a mercury vapor lamp on the combination of 
chlorine and methane at temperatures of 80® to 100® C. was investigated by 
Tolloczko and Kling.*^ No explosions occurred even when equal volumes of 
chlorine and hydrocarbon gas were used., Using a natural gas-^lorine ratio of 
1:2, and a gas rate of 4 liters per hour, the relative proportions of the chlorin¬ 
ated methanes formed were as follows: methyl chloride, 16 per cent; methylene 
chloride, 37 per cent; chloroform, 38 per cenr; and carbon tetrachloride, 10 per 
cent. Besides these products, various chloro-derivatives of ethane were produced, 
including the solid hexachloroethane. 

The work of Bedford *• on the chlorination of natural gas at low tempera¬ 
tures in the presence of illumination from a white flame arc is of considerable 
interest. The stepwise nature of the chlorination process was demonstrated by 


***The use of ultraviolet radiation in the halogenation of methane was also discussed bv Ellis and 
Wells, “The Chemical Action of Ultraviolet Rays,^hemical Catalog Co* Inc^ nS? York/ 1925* 196 
“/fnn. chim, 1840. (2) 73, 84; Ann., 1840, 33, 187. 

••Edinburgh New Phil. 1840-41, 30, 152. 

•* Compt. rend., 1857, 45, 916. 

» Afner. Chem. /., 1894, 16, 263. 

*/. Ind. Eng. Chem., 1913, 5, 5. 

...7 tVUMiueh., 1912, *2, 29Sj Cktm. Ztntr., 1913, 2, 98; Oum. Ah., 

lyi^ Op i2SZt 

”7. Ind, Eng, Chem,, 1916, 8, 1090. 
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adding the chlorine in small increments to the natural gas confined over water at 
room temperature when the lower chloro-derivatives were first produced. In 
order to obtain better control of the reaction and to suppress the formation of 
carbon tetrachloride, the chlorination was initiated (by means of a white flaming 
arc) in a gas mixture containing 12.5 per cent of chlorine in an apparatus so 
arranged that combination occurred in interstices between cakes of ice. The 
hydrocarbon gas and chlorine were then admitted at regular intervals as the reac¬ 
tion proceeded. The products obtained in this way consisted of 166 cc. of a mix¬ 
ture of methylene chloride and chloroform from 2.6 cubic feet of natural gas. 
This method of operation was also studied in a larger wooden reaction chamber, 
provided with a plate glass window through which illumination from a white 
Banie arc could be effected. In this apparatus, 250 cubic feet of natural gas, con¬ 
sumed at the rate of 14 to 30 cubic feet per hour, yielded several gallons of 
product consisting of the following proportions by volume of the various chlori¬ 
nated hydrocarbons: 35 per cent of dichloromefhane; 35 per cent of chloroform; 
5 per cent of carbon tetrachloride, as well as 20 per cent of chloroethancs. About 
14 per cent of the product (consisting of 61 per cent dichloromethane, 28 per 
cent chloroform, 1.5 per cent carbon tetrachloride, and 6 per cent chloroethanes) 
had dissolved in the water produced by the melting of the ice blocks. 

Whiston 2® carried out work on the photochemical chlorination of methane 
from the viewpoint of the production of methyl chloride. No reaction took place 
in a mixture containing 2 volumes of methane and 1 volume of chlorine in the 
dark but a slow combination occurred under the influence of light from an ordi¬ 
nary 60-watt metallic filament lamp, placed 30 cm. away from the reaction vessel. 
Exposure of equal volumes of chlorine and methane to the action of daylight 
for 4 hours, followed by arc light for 1 hour, produced only 9 per cent of 
methyl chloride, calculated on the chlorine, together with higher products which 
were not examined. The conversion of the chlorine into methyl chloride was 
increased to 24 per cent by employing an excess of methane (2.8 volumes of 
methane to 1 volume of chlorine). 

The observation of Whiston that the photochemical chlorination of methane 
is powerfully inhibited by nitrosyl chloride, together with the deviation from ihe 
law of photochemical equivalence observed in this reaction by Coehn and Cordes,*® 
make it appear that the photochemical reaction is of the chain type. The purely 
thermal chlorination of methane is also probably of the same nature. 


INDUSTRIAL PROCESSES 

Thermal Chlorination of Methane 

Colin proposed to produce chloromethanes by the reaction of a mixture 
of methane and tlie appropriate quantity of chlorine in a heated reaction cham¬ 
ber. The temperature was maintained at 100® to 200° G. for the production of 
chloroform. The reaction is induced and maintained by the passage of an electric 
spark discharge. Too high combustion chamber temperatures are stated to result 
in the dissociation of the products. The gaseous products of reaction are freed 
from hydrogen chloride by washing with water and the chlorinated products 
cooled and liquefied. 

1920. 117, 183; JS.C.I., 1920, 39, 384. 
physik. Ckvm.. 1930. 9B, 1. 

»* U. S. Patent 427,744, May 13. 1890. 
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Weickel ** described the chlorination of niethane to yield methyl chloride 
mainly without deposition of carbon by heating a mixture of chlorine (1 volume) 
and an excess of methane (e.g., 10 volumes) at a temperature not exceeding 400° 
C. for about 10 seconds. Porous catalysts, such as animal charcoal, are stated to 
assist the reaction and reduce the temperature required to about 350° G., while 
vessels of quartz, porcelain, earthenware, or glass reduce the tendency for carbon 
separation and allow the employment of moist gases. The products of the reac¬ 
tion are washed with water to remove hydrogen chloride and the methyl chloride 
is separated from the excess methane by solidifying at —120°.C. at 1 atmosphere 
pressure or, better, by liquefying at -^0° C. and 10.5 atmospheres pressure or 
at —30° C. and 105 atmospheres pressure. The methyl chloride contains some 
higher chlorinated products from which it is separated readily by fractional dis¬ 
tillation. 

A number of processes which relate to the thermal chlorination of methane 
to yield mainly the monochloro-derivative without carbon deposition have been 
described by Lacy.®® The chlorination is effected by passing a mixture of 
chlorine (1 volume) and a considerable excess of methane (e.g., 10 volumes) 
through a reaction vessel of quartz or porcelain, heated to a temperature of about 
400° C. Even at such high gas rates that the period of exposure of the reacting 
gases is only a matter of a few seconds practically all the chlorine is consumed 
and mainly methyl cMoride is produced. If less nict’.anc is employed, for example, 
4 to 6 volumes of methane and 1 volume of chlorine, the reaction heat is suffi¬ 
cient to maintain the reaction temperature without an additional source of heat¬ 
ing, but the products do not then consist merely of methyl chloride but contain 
higher chlorinated products.®* Lacy later ®® described a method of operation in 
which a very large excess of methane, namely 15 volumes to 1 volume of chlorine, 
could be used, thus restricting the chlorination to the monochloro-stage. At the 
same time the process could be rendered thermally self-supporting. This method 
of operation consisted in preheating 10 volumes of methane to a temperature of 
370° C. and then mixing with 5 volumes of methane and 1 volume of chlorine. 
No carbon deposition or inflammation of the gases occurs and the resulting 
mixture, now at a temperature of about 250° C., is passed immediately into the 
reaction chamber. The heat of reaction is then sufficient to maintain the tem¬ 
perature of the reaction chamber at 400° to 500° C. Only 0.01 per cent, or even 
less, of the chlorine introduced remains unconsumed. The final form of ap¬ 
paratus described by Lacy consists essentially of a cylindrical iron shell with 
a lining composed of an “acid tile” brick or of silica. The annular space between 
the brick and the iron shell is filled with finely ground flint. The reaction prod¬ 
ucts are washed with water to remove hydrogen chloride and the methyl chloride 
separated by cooling to —80° C. under 10 atmospheres pressure. For the pro¬ 
duction of higher chlorinated products it is claimed that the reaction can be 

"French Patent 474,741, 1914; J.S.C.L, 1915, 34, 1116. 

"U. S. Patent 1,111,842, Sept. 29, 1914; Chem. Abs., 1914, 8. 3839; U. S. Patent 1,242,208, 
Oct. 9, 1917; Chem. Abs., 1918, 12, 155; U. S. Patent 1,253,055, Jan. 8, 1918; Chem. Abs., 1918, 
12, 702; Canadian Patent 173,969, 1916; Chem. Abs., 1918, 12, 155; Canadian Patent 191,543, 1919; 
Chem. Abs., 1919, 13, 1909; British Patent 16,194, 1914; Chem. Abs., 1916, 10. 92; British Patent 
101,708, 1916; J.S.C.I., 1917, 36, 1063; French Patent 480,064, 1916; Chem. Abs., 1917, 11, 1276: 
French Patent 483,093, 1917; Chem. Abs., 1918, 12, 42; Swedish Patent 40,494, 1916; Chem. Abs., 
1916, 10, 1910; Norwegian Patent 27,040, 1916; Chem. Abs,, 1916, 10, 2502; all patents assigned to 
Koessler and Hasslacher Chemical Co. 

•* U. S. Patent 1,190,659, July 11, 1916; assigned to Roessler and Hasslacher Chemical Co.; 
Chem. Abs., 1916. 10. 2278. 

" U. S. Patent 1,263,906, Apr. 23, 1918; assigned to Roessler and Hasslacher Chemical Co.; 
Chem. Abs., 1918, 12, 1649. 

" U. S. Patent 1,286,353, Dec. 3, 1918; assigned to Roessler and Hasslacher Chemical Co.; 
Chem. Abs., 1919, 13, 322. 
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advantageously carried out in steps, always having present an excess of the 
particular carbon compound entering the step in question. 

Carter and Coxe obtained higher chlorinated products by passing a mixture 
of methyl chloride, methane, and chlorine through a reaction chamber heated to 
350® to 650® C. The higher chlorinated products, which, in a typical example, 
may consist of 80 per cent methylene chloride, 15 per cent of chloroform, and 
5 per cent of carbon tetrachloride, are removed by cooling and the residual 
methane and methyl chloride are recirculated with the continuous addition of a 
mixture of chlorine and methane in the ratio of 2 volumes of chlorine to 1 vol¬ 
ume of methane. 

In another vapor-phase halogenation process the hydrocarbons and halogen 
are mixed and heated in the dark. The temperature for the chlorination of 
methane is maintained at 380° to 400® C., but progressively lower temperatures 
are used for higher hydrocarbons (see Qiapter 30).' The products are said 
to be monohalogen derivatives, all the halogen is consumed, and no carbon 
deposition or inflammation occurs. 

Wheeler and Mason*® suggested exposing mixtures of chlorine and methane 
to a relatively high temperature in packed porcelain tubes for a very short period 
of heating whereby methyl chloride becomes the principal product of the reaction. 
The same process may be adapted to the chlorination of methyl chloride to yield 
mainly dichloromethane. The following example suffices to show the main fea¬ 
tures of the process. Three volumes methane and 1 volume of chlorine are 
passed through a packed porcelain tube, externally heated to 800® C., at a space 
velocity (calculated on volume of unpacked tube) of 5500 reciprocal minutes. 
This results in the production of about 25 per cent methyl chloride, 15 per cent 
dichloromethane, 1.5 per cent of chloroform, and 1.5 per cent carbon tetrachloride. 

Catalytic Chlorination of Methane 

In the processes dealing with the catalytic chlorination of methane it is 
usually proposed to mix the reactants in the cold and then pass such mix¬ 
tures over a solid catalyst in the dark. The tendency to result in violent reaction 
or explosions is reduced by the presence of suitable diluent gases or by the use 
of excess of methane. 

Mallet suggested the production of methyl chloride and other chlorinated 
derivatives by passing a mixture of methane and chlorine over a catalyst of 
animal charcoal or other porous material at 30° to 90° C., while MacKaye de¬ 
scribed a process for the chlorination of methane in a reaction chamber packed 
with granulated coke (said to prevent carbon formation) and heated to 250® to 
600® C., optimum about 400® C. The theoretical proportions of reactants (4 
volumes of chlorine to 1 volume of methane) are said to be satisfactory for this 
process, when carbon tetrachloride is desired, or 3 volumes of chlorine to 1 
volume of methane if chloroform is sought. Apparatus in which to conduct 
this reaction has been fully described by MacKaye.*- 

The use of charcoal as a catalyst for the chlorination of methane br natural 

”U. S. Patent 1,572,513, Feb. 9, 1926; Chem. Abs., 1926, 20. 1243; Canadian Patent 251,763. 
1925; Chem. Abs., 1925, 19, 3272; both patents a-ssigned to S. Karpen and Itros. 

** Bataafsche Petroleum Maatschappij, British Patent 338,742, 1929; Brit. Chem. Abs. B, 1931, 237; 
Dutch Patent 26,862, 1932; Chem. Abs., 1932. 26. 4342. 

LJ. S. Patent 1.918.624, July 18. 1933; Chem. Abs., 1933. 27. 4816; British Patent 342,329, 1929; 
Brit. Chem. Abs. B. 1931, 475; both patents assigned to Imperial Chemical Industries, Ltd. 

« U. S. Patent 220,397, Oct. 7. 1879. 

" U. S. Patent 880,900, Mar. 3, 1908; assigned to Stone and Webster. 

^ U. S. Patent 1,009,428, Nov. 21, 1911; assign^ to Stone and Webster, 
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gas has also been proposed by Garner and Clayton,*® Methyl chloride, methylene 
chloride and chloroform are said to be the main products of the reaction between 
5 volumes of natural jgas and 3 volumes of chlorine, which are first mixed in 
the cold in the presence of charcoal and then passed through a chamber'jacked 
with charcoal and heated to 300® C. The whole process is carried out in the 
absence of ‘light. 

The chlorination of methane at temperatures of ISO® to 500® C, in the pres¬ 
ence of polyvalent metals, such as iron, copper, or antimony, or their salts, has 
been described by Pfeifer.** A mixture of chloro-derivatiyes is obtained, the 
proportions of which depend upon the operating conditions. 

The employment of some kind of inert porous packing material, such as 
charcoal, has been described by a number of investigators. Thus, Yoneyama 
and Ban ** converted methane to a large extent into methyl chloride by passing 
a dry mixture of methane and chlorine over a catalyst of animal charcoal and 
finely divided lime at 250® C. 

Curme *® converted methane into a .mixture of chlorinated products by pass¬ 
ing a dry mixture of an excess of methane and chlorine, having a chlorine con¬ 
tent of 5 to 30 per cent according to the desired products, over heated activated 
carbon. In Curme’s process perfectly dry reagents are used and methyl chloride 
and dichloromethane are the main products. The prime requirement of the 
absence of water vapor permits the use of apparatus made of iron or steel. The 
hydrogen chloride may be recovered in the anhydrous condition. The operation 
is cyclical in character and the methane, substantially undiluted with nitrogen or 
other gas, is repeatedly circulated with fresh additions of dry chlorine. Dry 
methane and dry chlorine are continuously supplied to the apparatus but the 
methane is always maintained in excess. The reaction is carried out at an 
elevated temperature in the presence of activated carbon prepared by the Chaney 
process. The products of the reaction are first water-cooled to condense chloro¬ 
form and carbon tetrachloride partly and are then compressed and liquefied in 
a Linde tower. Conditions are arranged in this pressure liquefaction so that sub¬ 
stantially all the substances present except the methane are condensed, the excess 
methane alone being carried forward in a gaseous state. The liquid mixture 
contains the following substances in varying proportions; hydrogen chloride 
(b.p. —80® C.), methyl chloride (b.p. —^24® C), dichloromethane (b.p. -f42® C.), 
chloroform (b.p. -fdl® C.), and carbon tetrachloride (b.p. -j-78° C.). The mix¬ 
ture is then subjected to fractional separation and rectification. The hydrogen 
chloride may be adsorbed to yield commercial hydrochloric acid, but generally 
it is stored in steel cylinders in the anhydrous form. 

Chlorination has been effected by passing cold methane and chlorine into a 
liquid medium of high boiling point, such as a melt of inorganic salts, which may 
also contain a catalyst consisting of ferric or cupric chlorides.*^ For example, 
a mixture of 1 volume of chlorine and 2 volumes of methane are passed into 
molten potassium hydrogen sulphate at 320® C. to furnish mainly methyl chlo¬ 
ride. R6ka *® proposed to conduct the chlorination of methane in the presence of 
an excess of superheated steam (2 to 5 volumes of steam per volume of chlorine) 

** U. S. Patent 1,262,769, April 16, 1918; aasigned to Metals Research Co. 

M British Patent 157,253. 192ij Chem, Ahs„ 1921, IS, 1905; c/. Pfeifer, Mauthner and Reitlinger, 
J. prakt, Ckem^ 1919, 99, 239; Chem. Ahs., 1920, 14, 401. 

» Japanese Patent 35,701, 1920; Chem. Abs., 1920, 14. 3428. 

«»XJ. S. Patent 1,422,838, July 18, 1922; J.S.CJ;, 1922, 41, 686A; aasigned to Carbide & Carbon 
Chemicals Corp. 

^Mlolzverkohlunga-lndustrie A. G., German Patent 393,550, 1921; J.S.C.L, 1924, 43, 848B. 

«U. S. Patent 1,723,442, Aug. 6, 1929; Chem. Abe., 1929, 23, 4482; British Patent 186,270, 1921; 
Chem. Abe., 1923, 17, 289; German Patent 447,494, 1921; Chem. Abs.t 1929, 23, 3932; all patents 
assigned to HolsverkoblttngsJndustrie A.-G. 
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at 400^ to 500^ C.; and in the presence of catalysts such as a chloride of copper, 
iron, calcium, or magnesium. The proportions of chlorine and methane used 
depend upon the degree of chlorination required. For example, a mixture of 
25 volumes of methane, 38 volumes of chlorine, and 100 volumes of steam on 
catalytic treatment at 400® to 500® C. yields 8 per cent of methyl chloride, 13 
per cent methylene dichloride, 20 per cent chloroform, and 5 per cent carbon 
tetrachloride, the yields being based on the chlorine consumed. 

A combination of the photochemical and catalytic methods of procedure for 
the chlorination of methane has been described by Payne and Montgomery,^* 
who propose to employ as a catalyst the porous solid material produced by in¬ 
tensive chlorination of a light paraffinic oil.** A mixture, of 3 volumes of chlorine 
and 1 volume of methane are brought into contact with this catalyst at 150® F. 
in the presence of suitable illumination. 

Polanyi and von Bogdandy stated that methyl chloride may be produced 
by the addition of small amounts of the vapors of sodium, cadmium, or zinc to 
a mixture of chlorine and methane, while Martin and Lux effected the chlori¬ 
nation of methane in the presence of the vapor of the lower chloride of a poly¬ 
valent element capable of yielding a higher chloride, e.g., in the presence of 
antimony chloride. Sper** has describe a method of chlorinating saturated 
hydrocarbons, including methane, in a heated reaction chamber packed with 
pieces of graphite. 

Photochemical Chlorikation op Methane 

A considerable number of processes has been proposed for the photochemical 
chlorination of methane. Usually sunlight, either direct or diffused, is employed 
in these processes but ultraviolet radiation or other chemically active rays is 
also mentioned. Elworthy and Lance** proposed the chlorination of methane in 
the presence of a diluent gas such as nitrogen or carbon dioxide in a series of 
glass tubes exposed to sunlight or other illumination. Walter *® described the 
chlorination of methane in air-cooled glass tubes exposed to light of increasing 
intensity. Treatment of a mixture of 1 volume of methane and 4 volumes of 
chlorine is said to yield a mixture consisting of methyl chloride, methylene chlo¬ 
ride, and chloroform, and 45 per cent of the chlorine was utilized. The chlori¬ 
nation of hydrocarbons such as methane in the presence of ultraviolet radiation 
has been reported by Graul and Hanschke.** In the process of Bedford and 
Tallmadge,®^ the reaction is induced in direct and intimate contact with a cooling 
agent capable of removing halogen acids, e.g., ice blocks, in order to limit the 
reaction and also to remove the lower chlorinated products by condensation. 
The main products are said to be methyl chloride and methylene chloride while 
at higher temperatures, without the cooling effect of the ice blocks, quantities 
of higher chlorinated products are always formed. 

^U. S. Patent 1,520,506, Dec. 23, 1924; assigned to Standard Oil Co.; Canadian Patent 268,301, 
1927. 

^ For the preparation of this material see Payne and Montgomery, U. S. Patent 1,453,766, May 
1. 1923; assigned to Standard Oil Co.: Chem, Abt., 1923, 17, 2349. 

“ British Patent 289,795, 1927; Chem, Abs,» 1929, 23. 847. 

U. S. Patent 1,801,873, April 12, 1931; assigned to Dow Chemical Co.; Chsm. Abs,, 1931, 
3S, 3357. 

“U. S. Patent 1,721,873, July 23, 1929; Chem, Abs., 1929, 23, 4482. 

M French Patent 354,291, 1905; J,S.C,I., 1905, 24, 1083A. 

German Patent 222,919, 1909; Chem, Zentr,. 1910, 2, 255. 

M U. S. Patent 1,032,822, July 16, 1912; assigned to Badische Anilin and Soda Fabrik; Chem, 
Abs., 1912, 6, 2686. 

S. Patent 1,245,553, Nov. 6, 1917; assigned to Goodyear Tire & Rubber Co.; Chem, Abt., 
1918, 12, 280. 
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In the various methods of Snelling,®^ a calm and steady chlorination is induced 
by varying the intensity of illumination in accordance with the variation in the 
chlorine content of the reacting gases, the gases containing more reactable con¬ 
stituents being exposed to weaker radiation and vice versa. Control of the 
chlorination process is also enhanced by cooling and also by diluting the reacting 
gases with inert gases. The products of the reaction contain methylene chloride, 
chloroform, and carbon tetrachloride. 

An apparatus for conducting photochemical chlorination in accord with this 
principle was devised by Snelling.*'® It consists essentially of an enclosed box, 
all the sides of which except one (the one nearest the source of illumination) 
are opaque. The box is fitted with a series of parallel plates composed of trans¬ 
parent material such as glass, quartz, celluloid, or mica and as a source of illumi¬ 
nation a mercury vapor lamp or any other type of artificial light, or even sun¬ 
light, may be used. As a reactive gaseous mixture passes through the apparatus, 
it is illuminated by light of gradually increasing intensity. A multiple cell unit, 
operating on the same principle, is' arranged for drawing off condensed 
products or for preheating the gases or modifying the temperature between, dif¬ 
ferent cells and different compartments* of the same cell. 

Another form of apparatus developed by Snelling is of special value because 
of the small amounts of glass or other transparent media necessary for its con¬ 
struction. This cell possesses only one transparent side, all the other sides and 
partitions being of opaque material. The single transparent window is screened 
or clouded in a suitable manner so that its transparency is progressively in¬ 
creased from the point of entry of the reacting gases, where it is opaque, to 
the point of exit, where it is quite transparent. The gradation in transparency 
of this window may be effected either uniformly or in steps. 

An apparatus has been described by Brooks, Essex and Ward for the photo¬ 
chemical chlorination of a wide variety of hydrocarbons in presence of actinic 
light. The chlorination is carried out in an opaque container so that the mix¬ 
ture, or solution, of chlorine in hydrocarbons approaches the source of light 
gradually and so becomes illuminated by light of steadily increasing intensity. 
In the process of Riesenfeld,®^ the chlorination of methane is effected under the 
influence of actinic light in an apparatus designed with safety devices for pre¬ 
venting sudden release of flow of materials, which has a tendency to result in 
explosions. The products of the process were stated by Riesenfeld to vary with 
the proportions of reactants. By using equal volumes of chlorine and natural 
gas a product was obtained containing about 80 per cent of methyl chloride, 10 
per cent of methylene chloride, 6 per cent of chloroform, 2 per cent of carbon 
tetrachloride, and 2 per cent of hexachloroethane. 

Leiser and Ziffer described a process for the production of methyl chloride 
mainly in which a mixture of 1 volume of chlorine and 6 volumes of methane 
is passed successively through four reaction chambers of increasing size in 
which the gases are exposed to light from mercury vapor lamps extending 
axially through the chambers. The addition of small quantities of aqueous 
vapors and hydrogen chloride to the reacting gases prevents the separation of 

“U. S. Patent 1,271,790, July 9, 1918; JS.C.L, 1918, 37, 607A; U. S. Patent 1,285,823, Nov. 26. 
1918; J.S.CJ., 1919, 38, 158A; U. S. Patent 1,325,214, Dec. 16, 1919; 1920, 39, 135A; 

U. S. Patent 1.339,675, May 11. 1920; 1920, 39, 476A; U. S. Patent 1,365,740, Jan. 18. 

1921; Chem. Ahs,, 1921, 15, 780; U. S. Patent 1,420,346, June 20, 1922; Chem. Abs., 1922, 16 , 
2867; cf. U. S. Patent 1,421,733, July 4, 1922; Chem. Abs., 1922, 16 , 2867. 

•• Snelling. U. S. Patent 1.271,790, July 9, 1918. . 

U. S. Patent 1,191,916, July 18, 1916; assigned to Gulf Refining Co. 

U. S. Patent 1,455,508. May 15. 1923; assigned to The Chemical Foundation, Inc.; Chem. Abs., 
1923. 17. 2290; J.S.C.I.. 1923, 42, 744A. 

•U. S. Patent 1,459,777, June 26, 1923; Chem. Abs., 1923, 17, 2886; J.S.C.I., 1923, 42 , 952A. 
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carbon and the formation of, products other than methyl chloride. Only 15 per 
cent of the chlorine is said to appear in the form of products other than methyl 
chloride. 

Padovani and Magaldi studied the conditions for maximum yields of 
methyl chloride by the photochemical chlorination of methane, using a mercury 
arc with radiation rich in rays of wave-length of 2530 Angstrom units. Best 
yields were obtained by using methane-chlorine volume ratios of from 15 to 1 
up to 19 to 1, converting as high as 29 per cent of chlorine to methyl chloride. 

The use of the silent electric discharge as an activating agent in the chlorina¬ 
tion of methane has been proposed by Pfeifer and Szarvasy.®® 

Chlorination of Methane by Chemical Reagents Other Than Chlorine 

Hochstetter reported the production of methyl chloride by passing a mix¬ 
ture of 3 volumes of methane and 2 volumes of phosgene over finely divided 
charcoal at 400° C., and Hosshard, Steinitz and Strauss proposed the use 
of sulphuryl chloride as a chlorinating agent. By passing a mixture of sul- 
phuryl chloride and methane, in the weight proportions of 16 to 135, through 
an inon tube containing a catalyst, such as charcoal or metal halides, at 300° 
to 450° C., 30 to 35 per cent of the methane was stated to be converted into 
methyl chloride, and 15 to 20 per cent into methylene chloride and chloroform.®® 

Krause effected the chlorination of methane by means of antimony penta- 
chloride at 290° to 350° C. in the presence of refractory clay or pumice with 
the production of mainly methyl chloride with small amounts of methylene 
chloride and chloroform. In the presence of catalysts such as the chlorides of 
copper, iron, or calcium, the reaction temperature may be reduced to 250° C. 
During the reaction, the antimony pentachloride is dechlorinated to the tri¬ 
chloride, which is recovered and rechlorinated in a separate stage. A similar 
two-stage chlorination process has been described by Tizard, Chapman, and 
Taylor,®"^ who proposed the use of cupric chloride on pumice at a temperature 
of 500° C., or lower, to convert methane into a mixture of chlorinated deriva¬ 
tives. The dehalogenated copper salt is chlorinated for re-use. It is necessary 
to exclude oxygen from the chlorinating gases. 

Several processes have been described in which hydrogen chloride and oxy¬ 
gen are used as sources of nascent chlorine for the chlorination of methane. 
Thus, Krause and Roka reported a 60 to 80 per cent yield of chloroniethanes, 
based on the hydrogen chloride used, by treatment of a mixture of methane, 
hydrogen chloride, and oxygen at 300° to 650° C., and preferably 450° to 
550° C., in the presence of catalysts such as active carbon, cupric chloride, ferric 
chloride, that lie chloride, alkaline earth chlorides and rare earth chlorides. Krause 
and Roka®®® prevented the formation of hydrogen chloride in the chlorination 

^^ Giorn. chim, itid. applicata, 1933, 15, 1; Chem. Abs., 1933, 27, 3443. 

••U. S. Patent 1,012,149, Dec. 19, 1911; Chem. Abs., 1912, 6, 459; German Patent 242,570,. 1910; 
Chem. Abs., 1912, 6, 2211. 

••Austrian Patent 70,733, 1915; Chem. Abs., 1916, 10, 1254; German Patent 292,089, 1914; 
Chem. Abs., 1917, ll, 1520. 

••German Patent 413,724, 1921; assigned to Electrochemische Werke G.m.b.H.; J.S.C.I., 1925, 
864B. 

•• The combination of phosgene with -methane to yield mainly methyl chloride has been ascribed to 
the action of dilute chlorine; the same is probably true of the reaction with sulphuryl chloride. 

U. S. Patent 1,677,831, July 7, 1928; British Patent 195,345, 1922; assigned to Holeverkohlungs 
Industrie A.-G. 

«■ British Patent 214.293, Dec. 14. 1922; Chem. Abs., 1924, 18, 2523. 

•• U. S. Patent 1,654,821, Jan. 3, 1928; assigned to Hoizverkohlungs-Industrie A.*G.; Chem. Abs., 
1928, 22. 966. 

•••U. S. Patent 1,591,984, July 13, 1926; Chem. Abs., 1926, 20, 3171; German Patent 478,083, 
1923; Chem. Abs., 1929, 23, 4228; both patents assigned to Hoizverkohlungs-Industrie A.*G. 
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of methane by the addition of oxygen to the mixture, together with diluents such 
as steam, carbon dioxide or nitrogen. Ernst and Wahl converted methane into 
chloromethanes by treatment of that hydrocarbon with a mixture of hydrogen 
chloride and oxygen at 300® to 450® C. in the presence of cupric chloride as a 
catalyst. These processes, in which hydrogen chloride is utilized as a source of 
chlorine, would appear to possess considerable technical possibilities provided 
chlorination is sufficiently controllable at the rather high temperatures essential 
to such procedure. 

Gremli described a process for the chlorination of hydrocarbons such 
as methane, ethane, or benzene in which a mixture of tKe hydrocarbon and 
chlorine, together with oxygen and, if desired, hydrogen chloride and other 
gaseous diluents, is passed at 300® to 650® C. over catalysts, such as iron, 
thallium, alkaline earth and rare earth chlorides, or charcoal. 

Industrial Possibilities of the Methane Chlorination 

The results of many investigators indicate the possibility, starting with chlo¬ 
rine and methane, of synthesizing mixtures of chloromethanes either catalyti- 
cally or in a purely thermal manner without the aid of contact materials. The 
difficulties inherent in the chlorination process become more pronounced when 
an attempt is made to effect the reaction on a large scale. The very highly 
exothermic nature of the process together with the corrosive nature of the 
reactants and products present difficulties, though they may not be insuperable, 
in large scale application. At present it does not appear feasible to control the 
reaction so that only one product is obtained, though in some instances it seems 
possible to produce a preponderance* of one of the chlorinated derivatives. The 
production of methyl chloride together with only relatively small proportions of 
higher chlorinated substances has been achieved, while complete chlorination to 
carbon tetrachloride may also be accomplished though the latter process presents 
considerable technical difficulties on account of the high heat evolution and the 
necessity of employing large proportions of chlorine in the reacting mixture, 
under which conditions the tendency for the explosive reaction, CH 4 + 2 CI 2 —> 
4HG -f- C, to occur is greatly increased. On the other hand, no methods appar¬ 
ently have been described for controlling the process so as to result in the 
production of dichloromethane or chloroform in relatively pure state. 

For the optimum yield of methyl chloride a considerable excess of methane 
over chlorine and a fairly high reaction tube temperature (with or with¬ 
out porous packing material) appear to be required, but for the manufac¬ 
ture of carbon tetrachloride principally^ an excess of chlorine over methane is 
necessary in conjunction with active catalysts. In the latter case, the explosive 
tendency exhibited by the reaction mixture may be suppressed by the addition 
of a diluent gas such as carbon dioxide or nitrogen. Most of the processes 
which have been given a large scale trial appear to yield a mixture of chloro¬ 
methanes. Numerous processes employing light energy as the accelerating agency 
have been suggested but none has attained any commercial success, probably 
owing to the difficulty of controlling such photochemical reactions. 

Little information is available as to the extent to which the chlorination of 
methane has been utilized industrially to yield various chloromethanes, but the 
indications are that the method has not yet achieved a very extensive application. 
This is probably to be ascribed to the perfection of the existing methods for 

^ German Patent 486,952, 1922; assigned to I. G. Parbenindustrie A.«G.: Ckcm, Abs.» 1930. 84 * 1393. 

Austrian Patents 108,421, 1924, and 108,424, 1924; Brit. Cktm, Aht. B, 1930, 50. 
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making chloroform and carbon tetrachloride and to the economy in chlorine con¬ 
sumption which the latter processes present. It is known, however, that methyl 
chloride is being manufactured from methane for industrial purposes by a num¬ 
ber of concerns in the United States. 

The products produced by the chlorination of methane (or natural gas con¬ 
taining large proportions of methane) consist of the four chloromethanes, all of 
which have important industrial applications, besides large amounts of hydrogen 
chloride which may be marketed either as hydrochloric acid or in the anhydrous 
state.^* From the economic standpoint, however, it would appear that a very 
cheap source of chlorine, as well as of methane, would need to be available in 
order to render the industrial production of t)ie various chloromethanes (the 
more important of which can be synthesized cheaply in other ways) a commercial 
success. In particular, the production of carbon tetrachloride by chlorination 
involves the consumption of the maximum amount of chlorine, while this sub¬ 
stance is by far the cheapest of the chlorohydrocarbons.^* 


Properties and Uses of the Chloromethanes 

Methyl chloride, CH 3 CI, is a colorless gas of ethereal odor which burns with 
a white flame. It boils at —24® C. at 760 mm., and dissolves in water to the 
extent of 4 volumes per volume of solvent and in alcohol to the extent of 35 
volumes. The chief industrial application of this substance is as a refrigerant, 
for which purpose it possesses, in common with ethyl chloride, a particular 
value.^^ However, care must be taken in its utilization for refrigeration since a 
number of cases of asphyxiation caused by this gas have been reported.^® It is 
also a possible source of methanol, which can be obtained by hydrolysis with 
steam in the presence of a catalyst. Actually, however, the reverse process, 
namely, the esterification of methanol by means of dry hydrogen chloride, has 
been utilized for its manufacture.^® 

The chlorination of methyl chloride is of interest in showing the cumulative 
nature of the chlorination of methane.'^^ Pease and Walz,^® for example, have 
shown that methyl chloride undergoes thermal chlorination at approximately 
twice the rate of methane. The products of the chlorination consist, as might be 
expected, of all the other three chloromethanes. By suitable adjustment of the 
conditions it has been found possible to stop the chlorination process principally 
at one stage. The thermal chlorination of methyl chloride to dichloromethane 
and to chloroform at temperatures up to about 500® C. has been described by 

** It has been proposed to utilize the anhydrous hydrogen chloride produced in chlorination 
processes for the manufacture of alkyl chlorides from alcohols. 1. G. Farbenindustrie A.*G., British 
Patent 283.877. 1928. 

** Ethylene dichloride, which can be employed in the place of carbon tetrachloride in some 
instances, is cheaper on a gallon basis than carbon tetrachloride. For the production of ethylene 
dichloride. see Chapter 20. 

Henning. Proc. Fourth Int, Congress of Refrigeration, 1924. 1, 792. Kuenali (U. S. Patent 
1,808.604. June 2, 1931; assigned to Serve!, Inc.; Brit. Chem. Abs. B. 1932, 84) suggest^ a 
refrigerant composition consisting of methyl chloride with 0.05 to 5 per cent of acraldehyde. 

Schwartz and Zanger, Zentral. Gewerbekyg. u. Vnfallverh., 1926, 3. 246: Chem. Abs., 1927. 
21. 2946. 

'•Douane. U. S. Patent 777,406. Dec. 13. 1904; 190$, 24. 455. I. G. Farbenindustrie 

A.-G., German Patent 503,716, 1927; Chem. Abs., 1930, 24, 5768; British Patent 283,877, 1928; Brit. 
Chem. Abs. B, 1928, 886. 

** In this connection it may be noted that Mason {Nature, 1932, 129, 97; Chem. Abs., 1932, 26, 
2696) has suggested that the more rapid chlorination of methyl chloride as compared with that 
of methane may be due to the four hydrogen atoms of methane not being equivalent. Drindley and 
Lowery {Phil. Mag., 1931, 12, 945; Chem. Abs., 1932, 26, 893), on the other hand, from a study of 
the refractivities and optical dispersions of methane and its substituted chlorine derivatives conclude 
that their results did imply the equality of the four carbon to hydrogen linkages in methane. Also 
as pointed out by Hass (nrivate communication) the substitution of one hydrogen in methane by 
chlorine may affect the other three carbon to hydrom linkages and this accounts for the more 
rapid chlorination of methyl chloride as compared with methane. 

"/.A.C.S., 1931, S3, 3728. 
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the I. G. Farbenindustrie and by Carter and Coxe,*® while Damoiseau 

obtained chloroform by passing a mixture of methyl chloride and chlorine over 
active charcoal at 280® to 350® C. Mason and Wheeler have shown that it is 
possible to chlorinate methyl chloride mainly to dichloromethane by the purely 
thermal method at high temperatures and high space velocities. Thus by passing 
a mixture of 1 part of chlorine and 5.4 parts of methyl chloride through a packed 
porcelain tube at a space velocity of 1660 reciprocal minutes and at 600° C. a 
17.2 per cent conversion of methyl chloride to dichloromethane took place with 
the formation of only a trace of higher chloro compounds. The yield of dichloro¬ 
methane based on the chlorine input was 96 per cent of the Tlieoretical. 

Dichloromethane (methylene chloride), CHoCU. is a colorless liquid of 
chloroform-like odor, boiling point 41° C., and d*® 1.337. Besides being an 
important product of the controlled chlorination of methane and methyl chloride 
it may be conveniently prepared, in 70 per cent yield, by the reduction of carbon 
tetrachloride with the theoretical amount of alkaline ferrous salt.“® It may be 
separated from methyl chloride by fractional distillation or by hydrolysis of the 
latter with Hme.®^ 

The stability of methylene chloride under various conditions has been investi¬ 
gated by Carlisle and Levine.®® This chlorohydrocarbon was found to be stable 
to heat up to 120° C. Small quantities of water did not affect its stability at 
temperatures below 100° C.; the presence of an excess of water brought about 
no decomposition at its boiling point, but at higher temperatures some decompo¬ 
sition did take place. Pure oxygen or air had only a slight effect up to 120° C. 
Various metals, such as soft steel, aluminum, copper, tin and lead were not cor¬ 
roded by either dry methylene chloride or the chloride saturated with water up to 
140° C. Brass, however, was attacked at 60° C. Methylene chloride appears to 
be the least corrosive of the higher chlorinated hydrocarbons and its corrosive 
effect is hardly greater than that of water. Davenport ®®'‘ suggested the addition 
of a base to inhibit the reaction of refrigerants such as methylene chloride with 
water. Methylene chloride and other chlorinated hydrocarbons are also sai(J to 
be rendere<l more stable by the presence of a small quantity of amylene.'*®** Chloro¬ 
form, as well as carbon tetrachloride, hexachloroethane, trichloroethylene and 
other chlorinated hydrocarbons may be stabilized by the addition of oil-soluble 
azo-dyes such as amino-azobenzene, according to Zuckermandel.®®® Alkylamines 
have also been suggested®®*^ for preventing or reducing the decomposition of 
liquid chlorinated hydrocarbons. 

Methylene chloride is a Valuable solvent for fats, oils or resins, but it must 
always be used with caution and in well-ventilated rooms. This substance, as 
well as dicliloroethylene, has been suggested as a refrigerant for air-conditioning 
plants.®® 


» British Patent 283,119, 1927; Chem. Abs., 1928, 22, 3893; French Patent 646,661, 1927; C/irm 
Abs., 1929, 23, 2191. 

** U. S. Patent 1,572,513, Feb. 9, 1926; assigned to Karpen and Bros. 

«Compf. rend., 1880, 91, 1011. 

1931, 2282. 

•*Soc. chira. dcs usines du Rhone anciennement Gitliard, Monnet et Cartier, British Patent 225 174 
1923: Chem. Abs., 1925, 19, 1866. ’ ' 

Weber and Erasmus, U. S. Patent 1.565,345, llec. IS, 1925; assigned to T. Goldschmidt A-G 
“ind. Eng. Chem., 1932, 24, 146. 

U. S. Patent 1,809,833, June 16, 1931; assigned to Chicago Pneumatic Tool Co.; Chem. Abs. 
1931, 25, 4638. 

“‘•Harris, U. S. Patent 1,904,450, April 18, 1933; Chem. Abs., 1933, 27. 3481; German Patent 
562,820, 1932; Chem. Abs., 1933, 27, 992; Iwth luitenU assigned to Roessler and Hasslacher Chemi¬ 
cal Co. 


S. Patent 1,819,585, Aug. 18, 1931; assigned to Dow Chemical Co.; Brit. Chem. Abs. B. 

216* 

Sflmpenal Chraical Ii^ustries, Ltd., French Patent 744,128, 1933; Chem. Abs., 1933, 27, 3941. 
“Wateriill, Ind. Eng. Chem., 1932, 24, 616. ’ ’ 
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It has also been suggested as a solvent for the dewaxing of lubricating oils 
since it dissolves only very small quantities of wax at low temperatures and is 
still miscible with the oils in all proportions.®^ Other advantages claimed for its 
use follow. (1) The wax cake, after filtering, can be freed of oil by washing 
with methylene chloride and therefore fractional melting and sweating need not 
be resorted to as in the usual dewaxing processes to free the wax of oil. (2) The 
rate of chilling is not an important factor as when solvents such as naphtha are 
used, since with the latter solvents too rapid chilling may cause difficulties in the 
filtration operation. (3) Dewaxing and chilling may be carried out in one opera¬ 
tion by reducing the pressure, whereby part of the methylene chloride is evapo¬ 
rated, thus lowering the temperature of the remaining liquid. 

The progressive chlorination of methylene chloride to yield chloroform and 
carbon tetrachloride has been described by Lacy.®* Six volumes of methylene 
chloride and 1 volume of chlorine are led in gaseous form through a reaction 
vessel maintained at 350® to 450° C. 

On treatment of dichloroniethane (methylene dichloride) with ammonia, 
hexamethylenetetramine [(CH 2 )flN 4 ] results, according to Carter.®*® The con¬ 
densation of dichloromethane with phenols in the presence of ammonia (appar¬ 
ently through the intermediate formation of hexamethylenetetramine) to form 
synthetic resins has been described by Coxe and Carter.'"** 

Chloroform, CHCI3, because of its use as an anesthetic and also as a solvent 
and extraction agent for ethereal oils, fats, resins, rubber, sulphur, and some of 
the alkaloids, is an important chlorinated derivative of methane. It may be pro¬ 
duced not only by the chlorination of methane but also by other well-known 
methods. In the United States a common method of preparation is the reduction 
of carbon tetrachloride by means of finely divided iron in the presence of dilute 
acid, a process which proceeds smoothly to the chloroform stage.*® The Soc. 
chim. des usines du Rhone reported that the reduction of carbon tetrachloride 
to chloroform can be accomplished with 90 per cent yield by treatment with a 
warm alkaline ferrous salt. Chloroform is a heavy colorless liquid of boiling 
point 61.2° C. and dj 1.5264. 

Carbon tetrachloride, CCI4, is a colorless heavy liquid of boiling point 76.7° C. 
at 760 mm. It finds very extensive application as a solvent for resins, fats, 
bitumens, etc. It is a solvent for asphalts, refined bitumens, rubber, most natural 
gums, but not for cellulose esters, celluloids, gum arabic or gum tragacanth. 
Carbon tetrachloride and dichloroethane (ethylene dichloride) have been suggested 
by Britton as solvents for the extraction of o-hydroxydiphenyl (o-phenyl- 
phenol) from alkaline solutions of the crude product. It is produced industrially 
on a very large scale by the chlorination of carbon disulphide in the presence 
of a catalyst, such as sulphur chloride or iodine.®- It may also be produced by 
passing chlorine through a mass of incandescent coke.®* Although used con- 

Carlisle and Levine, Jud. Eng. Chem.,. 1932, 24, 384. 

“Canadian Patent 191,543, 1919; Chem. Abs., 1919, 13, 1909. 

U. S. Patent 1,635,707, July 12, 1927; Chem. Abs., 1927, 21, 2906; British Patent 252,609. 
1925; Chem. Abs., 1927, 21, 2273; both patents assigned to S. Karpen and Bros. 

•••» U. S. Patent 1,566,823, Dec. 22, 1925; Chem. Abs., 1926, 20, 484; British Patent 220,985. 
1923; J.S.C.J., 1924, 43, 953B; both patents assigned to S. Karpen and Bros. 

“ Smith, U. S, Patent 753,325, March 1, 1904; Griswold and Strosacker, U. S. Patent 1 101.025 
June 23, 1914. . » . 

“British Patent 225,174, 1924; J.S.C.I., 1925, 613B. See also, Bellone, U. S. Patent 1.627.881. 
May 10. 1927; Chem. Abs., 1927, 21, 2136. 

U. S. Patent 1,835,755, Dec. 8, 1931; assigned to Dow Chemical Co.; Brit. Chem. Abs. B 1933 

220 . 

“ BailUo, U. S. Patent 1,260,622, March 26, 1918; for separation from sulphur compounds see 
Baillio, U. S. Patent 1,260,621, March 26, 1918. ^ 

“Cote, French Patent 327,322. 1902; Febvrc, French Patent 355,423, 1905. 

“ Maywald, U. S. Patent 870,518, Nov. 5, 1907. 
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siderably as a cleansing agent and solvent it does possess toxic qualities and 
also tends to liberate hydrochloric acid slowly in the presence of water; when 
dry it is non-corrosive to iron, nickel, and aluminum. Another of its important 
applications is as a component of fire-extinguishing solutions or emulsions, in con¬ 
junction with emulsified carbon dioxide solutions, etc. Unfortunately it tends to 
decompose, liberating hydrogen chloride and chlorine when exposed to burning 
materials in the presence of water-vapor. This tendency to decompose under such 
conditions may be partly suppressed by the addition of various chemical agents. 

Because of their high specific gravities carbon tetrachloride^as well as chloro¬ 
form and tetrachloroethylene have been suggested as solvents for dewaxing opera¬ 
tions in which the wax or solid paraffin and chilled oil are separated by centrifugal 
methods.®** The chlorinated hydrocarbon, in which the wax is insoluble or only 
slightly soluble, is added to the chilled oil in such a quantity as to produce a 
mixture of hydrocarbon and halogenaM hydrocarbon which possesses a higher 
specific gravity than the wax. If necessary the viscosity of the mixture may be 
diminished by the addition of a light hydrocarbon. 

According to Daur,®**» carbon tetrachloride reacts with methane to form com¬ 
pounds such as chloroform, tetrachloroethylene, carbon, hydrogen chloride and 
hexachloroethane. Bartlett prepared hexachloroethane by treating carbon 
tetrachloride with aluminum and aluminum chloride at a temperature of about 
60“ to 75“ C. 


Action op Other Halogens on Methane 


Very little work on the hromination of methane has been reported and only 
a few processes have been described dealing with this subject. The bromination 
of the higher paraffins appears to take place with much greater difficulty than 
chlorination and also there is less tendency for polysubstitution products to be 
formed. From the standpoint of toxicity, Henning®®* found methyl bromide 
safe to use as a refrigerant or fire extinguisher. Kudicke and Weise ®®** observed 
that bromoform, tetrachloroethane, dibromoethylene, and in high concentrations, 
tetrachloroethylene, proved effective germicides in vapor form. 

According to Schroeter,®® methyl bromide may be produced by passing a 
gaseous mixture of bromine and methane over a catalyst at temperatures above 
200® C. The catalysts suggested comprise iron, copper, copper bromide, nickel, 
cobalt, or salts of these metals and their mixtures, and, in general, of compounds 
of polyvalent metals. An excess of methane is said to favor the production of 
methyl bromide, while methylene bromide and bromoform are also formed if 
higher bromine concentrations and higher temperatures are employed. 

In the process developed by Bosshard, Steinitz, and Strauss ®^ a gaseous mix¬ 
ture of bromine and methane is subjected to a temperature of 300“ to 450® C. 
at atmospheric pressure, or at higher pressures, in the absence of active catalytic 
agents. Thus, on passing a mixture of 1 part of methane and 12 parts of bromine 


An editorial discuwion of toxic qualities of chlorinated hydrocarbons, particularly carbon tetra* 
chloride, is found in Ind. Ena. (Ckem., 1932, 34, 716. The toxic qualities of the halogen derivatives 
of methane, ethane and ethylene have been investigated by Lazarev, Areh. expH. Path. Pharmakol 
Hit* IV*.a* ^ ^ Henderson, Arch, intern. pharmacodynanZel 

1930, Sf, ISO; Chem. Abs.. 1932, 26, 2511. ' 

26 j j®”*^***®*’^®*^ Eisenwerk A.-G., Astra Werke, German Patent 535,274, 1926; Chem. Abe., 1932, 

*9«^Ges. Abhandt. Kenntnis Kohle, 1932, 10, 155;- them. Zentr., 1932, 2, 2032; Brit. Chem. Abs. A, 

••’U. S. Patent 1,800,371. April 14, 1931; Chem. Abs., 1931, 23, 3362. 

^•Chemistry ami It^usiry, i933. 462. * » , ooo^. 

Arch. Schiifs-Tropen Hyp., 1926, 30, 231; Chem. Abs., 1926, 20. 3307. 

** German Patent 330,642, 1917; J.S.C.I., 1921, 40, 280A. 

** German Patent 391,745, 1921; assigned to Eh^trochemische Werke; J.S.C.I., 1924, 43, 81 IB 
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through a quartz tube at 400® C. about 3.1 parts of methylene bromide and 3.1 
parts of bromoform, as well as small amounts of carbon tetrabromide, are pro¬ 
duced. It is maintained that by varying the concentration of the reactants, 
any of the four bromo-derivatives may be produced in predominating amount. 

The direct iodination of methane by elemental iodine has not been reported. 
The only industrially important iodome^ane, namely iodoform, CHIa, can readily 
be prepared by the action of iodine in alkaline solution on many alcohols, ketones, 
and aliphatic oxygenated compounds. It is interesting to note that the iodine 
atoms in many iodomethanes may be replaced by the other halogens by direct 
treatment with the halogen. Thus bromiodomethane, CHjBrl, may be obtained 
by the action of a limited quantity of bromine,,or better of iodine bromide, on 
diiodomethane, while chlorobromomethane, CHgBrCI, is produced by treatment of 
chloriodomethane with bromine.®* 

Fluorine Derivatives of Methane 

The direct combination of fluorine and methane occurs with explosive vio¬ 
lence. Moissan ®® found that, on passing a current of fluorine through a platinum 
tube into an atmosphere of methane, a violent reaction occurred, accompanied by 
incandescence and carbon deposition. A mixture of fluoromethanes was obtained 
from which he was able to isolate carbon tetrafluoride. Even at very low tem¬ 
peratures the reaction takes place with extreme violence, for Moissan and 
Chavanne found that solid methane at —187® C. combined with liquid fluorine 
witli a bright flash and an explosion. 

Although the simple fluoromethanes are of no industrial importance, certain 
mixed fluorochloro compounds are attracting much attention from the viewpoint 
of their use as refrigerants, particularly the dicklorodifluoromethane, CCI 2 F 2 , 
which has been developed for this purpose by Midgley. 

It is essential that a medium for mechanical refrigeration should be stable, 
and non-corrosive, and possess suitable vapor-pressure characteristics. In addi¬ 
tion, when certain special cases are contemplated, non-toxicity and non-inflamma¬ 
bility become of equal importance. It has been shown that dichlorodifluoro- 
methane fulfills these conditions to an unusual degree. 

Preparation and Properties of Dichlorodifluoromethane 

The pioneer work of F, Swarts supplied the basis for the large scale manu¬ 
facture of dichlorodifluoromethane, which is carried out by treating carbori 
tetrachloride with pure dry (sublimed) antimony trifluoride in the presence of a 
small amount of antimony pentachloride as catalyst. The reaction may be repre¬ 
sented as follows: 

(SbCU 

3CC1* -f 2SbF, —3CC1.F, + 2SbCU 

and although small amounts of trichlorofluoromethane are formed, under suitable 
conditions the yield of CClaFj may be as high as 94 per cent of the theoretical. 
The apparatus, described by Midgley and Henne for carrying out this process, 
is represented in Figure 26, and consists essentially of a steam-jacketed autoclave, 
A, with loading hole, B, and a dump valve at bottom. C is a flat spiral fraction- 

** Henry, Compt. rend., 1886, 101, 599; Chem. Soc. Abe., 1886, 50, 43. 

^Compt. rend., 1890. 110, 952. 

Compt. rend., 1905, 140, 409. 

**** The numerous contributions of Swarts are abstracted in Chem. Abe. 

Ind. Eng. Chem., 1930, 28, 542. 
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ating column made from monel metal; D is a monel metal dephlegmator. The 
pipe, P, leads the gases escaping from the dephlegmator to the washer> F, in 
which a caustic solution eliminates any traces of phosgene, chlorine, or any 
derivative of pentavalent antimony. From there the gases pass through a regu¬ 
lating valve to the gasometer, G, and thence to pump, H, which delivers the 
liquefied product to receivers located on a lower level. 

The operation is as follows: 125 pounds of sublimed antimony trifluoride is 
delivered to the autoclave through B, and the required amount of antimony penta- 



Courtesy Industrial and Engineering Chemistry 


Fig. 26. —Apparatus for Production of Dichlorodifluoromethane. 

.i —Autoclave; C—fractionating column; D —dephlegmator; F —washer; G —gasometer; H —pump. 

(Midgley and Henne) 


chloride is added. Hole B is closed, the carbon tetrachloride supply pump, /, is 
started, and steam is turned on. The reaction starts immediately and in a short 
while the pressure reaches 60 pounds; the subsequent operation is automatic. 
The end point is very sharp and corresponds to the theoretical quantity of tetra¬ 
chloride. The pressure is then released through a by-pass valve on the pressure¬ 
regulating system. The dump valve is opened and the molten antimony trichloride 
flows by gravity into hooded containers. No further cleaning is required. After 
the dump valve is closed the apparatus is ready for the next run. 

Another method for preparing fluorinated hydrocarbons consists in passing 
chlorinated hydrocarbons over an alkali or alkaline-earth fluoride at temperatures 
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above 350® For example, carbon tetrachloride reacted with calcium fluoride 

at 500® C. yields 61 per cent of dichlorodifluoromethane, 35 per cent of trichloro- 
fluoromethane and 4 per cent of unchanged carbon tetrachloride. 

The preparation of fluorinated hydrocarbons, by the reaction of hydrogen 
fluoride with aliphatic hydrocarbons or their halogen derivatives, in the presence 
of antimony trichloride or pentachloride at raised temperatures and pressures, has 
also been suggested.Carbon tetrachloride, chloroform, methylene chloride, 
fluorotrichloromethane, ethyl chloride, isopropyl bromide, ethylene dibromide, 
tetrachloroethane and similar compounds may be used as starting materials. 

The general properties of dichlorodifluoromethane have been described by 
Midgley and Henne,^®® while a very full accoutjt of the general thermodynamic 
properties of this compound has been given by Buffington. Gilkey. and others.^^*® 
Dichlorodifluoromethane is a colorless gas having the following physical con¬ 
stants: boiling point, —30® C; freezing point, —155® C.; density of liquid 1.40— 


0.00326 /; Cp (liquid), 0.224; Cp (vapor), 0.15; vapor = 1.124; latent heat, 

^<0 

39 cal. per gram at boiling point and 34 cal. per gram at 30® C.; vapor pressure, 

1 ^ 1047 

log ^ = 4.321-^. 

According to vapor-phase tests, the vapor of this compound is stable for r.t 
least 30 days at 175® C, if pure and dry and in an unreactive container, i.e., one 
made of carbon steels and stainless steels, aluminum, copper, monel metal, tin, 
and tin-lead solders. Water always causes corrosion and decomposition; zinc, 
magnesium, and water all attack the combined chlorine but not the fluorine. At 
room temperature, liquid did lorodifluoromethanc is neither decomposed nor cor¬ 
rosive in contact with the ordinary structural materials. The compound is non- 
inflammable and its fire-extinguishing properties may be gaged by the fact that 
gaseous mixtures of it and butane, containing as high as 30 per cent butane, are 
non-inflammable. Table 119a, in which the toxicity of this compound is compared 
with some of the refrigeration media at present employed, shows that dichloro¬ 
difluoromethane is non-toxic from the practical viewpoint of health hazards. 


Table 119b. —Comparative Toxicity of Dichlorodifluoromethane 
and Some Refrigerants. , 

(Concentrations in per cent by volume.) 

Kills Animals Dangerous to Maximum for Sev- 


in Very Life in 30- eral Hours Without 

Gas Short Time 60 Minutes Danger to Life 

Ammonia. 0.5-1.0 0.25-0.45 0.01 

Methyl chloride. 15-30 2-4 0.05-0.1 * 

Carbon dioxide . 30 6-8 2S 

Dichlorodifluoromethane. not attainable 80 40 


The diagrams (Figs. 27 and 28), which have been made by Midgley and 
Henne, give an approximate representation of the variation of boiling points of 

E. I. duPont de Nemours and Co., Inc., British Patent 390.191, 1931; Brit. Chem. Ahs, B, 
1933, 457. 

Kinetic Chemicals, Inc., British Patent 391,168, 1933; Chem. Abs., 1933, 27, 4813; German 
Patent 552,919, 1931; Chem. Ahs., 1932, 26, 5967; ef. Osswald, Muller and Steinhiiuser. German 
Patent 575,593, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 27, 4813. 

‘•■Z.OC. cit.; also Ind. Ena. Chem.. News Ed., 1931, 10 (1). 3. 

’"Buffington and Gilkey, Ind. Eng. Chem., 1931, 23, 254; Gilkey, Gerard and Bixler, ibid., 1931, 
23, 364; Bichowskv and Gilkey, ibid., 1931, 23, 366; Buffington and Fleischer, ibid., 1931, 23, 1290; 
Buffington and Gilkey, ibid., 1931, 23, 1292. 
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various chloro- and fluorochloro-niethanes, and help to demonstrate the superiority 
of dichlorodifluoroniethane for practical refrigeration purposes. 

In addition to their use as refrigerants the fluorine derivatives of methane 
have been proposed as fire-extinguishers and as anesthetics. This applies par¬ 
ticularly to those derivatives which are prepared by replacing another halogen 



Fig. 27. — Diagram Showing 
Boiling Points of Chloro and 
Fluoro Derivatives of Me¬ 
thane. (Midgley and Henne.) 

(Halogens only are indicated. Car¬ 
bon and hydrogen understood, thus; 
CIF = CH,cTf and Cl* = CCI*). 



Fig. 28. —Flammability of Chloro 
and Fluorochloro Derivatives of 
Methane. (Midgley and Henne.) 


element by fluorine in compounds containing at least two halogen atoms. Ex¬ 
amples of such substances are dichlorodifluorometiiane and trichloromonofluoro- 
ethane prepared from carbon tetrachloride and tetrachloroethane, respectively, by 
treatment with antimony trifluoride in the presence of antimony pentachloride.^®* 


Frigidaire Corporation, French Patent 701,324, 1930; Chem. Ahs., 1931, 2S, 4011. Also 
Midgley, Henne and McNary, British Patent 3572263, 1930; assigned to Frigidaire Corporation; 
Brit, dkim. Abt. B, 1932, 84. Cf. Henne. British Patent 389,619, 1932; Brit. Chem. Abs. B, 1933» 
457; British Patent 378,324, 1932; Brit, Chim. Ahs, B, 1932, 1019; iMth patents assigned to 
Frigidaire Corp. 





Chapter 30 

Halogenation of Methane Homologues. 
Properties and Uses of Halogen Derivatives 

As the series of paraffin hydrocarbons is ascended the number of'possible 
halogen-substituted derivatives increases enormously.^ Direct halogenation of the 
methane homologues, though it furnishes orly a relatively small proportion of the 
theoretically possible number of products, nevertheless results in the production 
of a diversity of derivatives so that the difficulties of controlling the process in 
order to obtain a preponderance of one compound are considerably increased. As 
in the case of methane, halogenation of the homoiogues of methane is an exother¬ 
mic process the control of which often necessitates the use of diluent gases (in 
the vapor-phase halogenation) or diluent liquids (in liquid-phase operation). 
Methods of halogenation may be broadly summarized under the general heads of 
(1) thermal, (2) catalytic, and (3) photochemical, and (4) the use of chemical 
halogenating agents, other than the halogens themselves. 

No general rules appear to apply adequately to the course of halogenation of 
higher paraffins, though Herzfelder^* has proposed the following generalizations: 

“When into a monohalogen compound a second halogen atom is introduced it always 
attaches itself to that carbon atom which is situated next to the carbon atom already 
united with halogen. In the case of further substitution, this rule only holds for 
bromine, of which it is never possible, by other than violent means, to attach more than 
one atom to each atom of carbon. On the other hand, when a third atom of chlorine 
is introduced it frequently attaches itself to a carbon atom that is already united with 
chlorine. 

“Bromides that already contain one atom of bromine united with each atom of carbon, 
cannot easily be further brominated; chlorides, however, take up more chlorine. A 
normal hydrocarbon, when brominated by ordinary means, takes up as many atoms of 
bromine as it contains atoms of carbon; this was shown in the case of methane, and 
also, although not with absolute certainty, in that of butane, hexane, heptane and octane." 

With respect to the chlorination of hydrocarbons the following generalizations, 
given by Hass and McBee * have been found to hold for propane, normal butane, 
isobutane, normal pentane and isopentane: 

“1. When a paraffin hydrocarbon is chlorinated either thermally or by the action of 
light, all of the theoretically possible isomers are formed. 

2. At low temperatures tertiary and secondary hydrogen atoms are substituted more 

* Blair and Henae 1932, 34, 1098) calculated the number of stereoisomeric and non- 

atereoisomeric mono-substitution products of paraffin hydrocarbons. Some of their values for the total 
number of both stereoisomers and non-stereoisomers of mono-substituted paraffins are as follows: 


Carbon Atoms 

Total Isomers 

Carbon Atoms 

Total Isomers 

1 

1 

7 

74 

2 

1 

8 

199 

3 

2 

10 

1,553 

4 

S 

12 

12,832 

5 

11 

15 

328,092 

6 

28 

20 

82,299,275 


1893, 26, 2432; Chem. Soe, Ahs., 1894, 66, 1. 

* Private communication from Professor H. B. Hass of Purdue University. 
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rapidly than primary ones. If the primary hydrogen atoms outnumber the tertiary 
and/or secondary ones sufficiently (isobutane» isopentane) the primary isomers will pre¬ 
dominate at any temperature between 20* and 620* C. At still lower temperatures the 
tertiary isomer predominates even in the case of isobutane. 

3. At 600* C. and above, there is a very close approach to non-selective chlorination, 
all hydrogen atoms being substituted at the same rate. Thus the yields of primary 
isomers relative to total monochlorides is approximately 90 per cent for isobutane, 60 
per cent for n-butane and 75 per cent for propane. 

4. Neither highly moist conditions nor careful drying affects appreciably the ratio of 
isomeric monochlorides. The same is true of the carbonaceous deposit which forms on 
the walls of the reaction tube. 

5. An unnecessary prolonged reaction time results in appreciable pyrolysis, the 
tertiary isomers decomposing most rapidly followed in order by the secondary and 
primary. 

6. The ratio by weight of total polychlorides to total monochlorides at any ratio of 
hydrocarbon to chlorine greater than 1:1 is approximated by the equation X = KY 
where X is the ratio of monochlorides to polychlorides, K is an empirical constant 
peculiar for each hydrocarbon and Y is the ratio of moles of hydrocarlwn to moles of 
chlorine in the unreacted gases. 

7. A high proportion of primary hydrogen in the hydrocarbon molecule correlates 
with a high value of K in the above equation. 

8. Dichlorination proceeds by two mechanisms: (1) loss of hydrogen chloride and 
addition of chlorine to the resulting olefin, and (2) progressive substitution. 

9. A slow thermal chlorination favors mechanism (1), while a rapid thermal chlo¬ 
rination favors mechanism (2). 

10. The presence of chlorine on a carbon atom does not tend to promote further 
reaction on thdt carbon atom during the second substitution.” 

From an industrial standpoint, the chlorination of lower homologues of 
methane has attracted much attention as a basis for the conversion of these 
abundant hydrocarbons into the lower aliphatic alcohols. For this purpose it is 
necessary to control the chlorination process so that fiionochlorinated products are 
formed either exclusively or to a preponderating extent. The hydrolysis of such 
monochlorinated products proceeds smoothly in the presence of alkalies to the 
corresponding alcohol. Because of the relatively high cost of bromine, bromina- 
tion processes are of less interest from a commercial point of view, although 
ethyl bromide has attained a measure of importance in the manufacture of tetra¬ 
ethyl lead. Fluorinated paraffin hydrocarbons have been prepared and described, 
particularly by Swarts, but only the methane derivatives have been of com¬ 
mercial interest (see Chapter 29). Direct iodination of saturated hydrocarbons 
has received but little attention. 


Ethane 


Thermal Chlorination. Ethane is so much more readily chlorinated than 
methane that it is possible to chlorinate this hydrocarbon in natural gases con¬ 
taining only 10 per cent of the hydrocarbon, mixed with upwards of 90 per cent 
of methane, without appreciable formation of chloromethanes.** 

For the purely thermal chlorination of ethane a number of investigators have 
used various contact materials at moderately high temperatures. Thus Jones, 
Allison, and Meighan * found that chlorination of natural gas, containing 10 per 
cent of ethane, took place at temperatures slightly below 250® C. in the presence 
of porous charcoal with the production of chlorinated ethanes mainly. TTie main 
product of the chlorination of ethane under such conditions was hexachloro- 


(U. S. Patent 1,908,312, May 
Chem. Abs,, 1933, 27, 3724) take advantage of this diftei 


. •• Britton and Prescott 


9, 1933; assigned to Dow Chemical Co.; 
„ Jference in reactivity in purifying methane 
from ethane and higher hydrocarbons. They proposed to react the mixture of gases with only 
sufficient chlorine to combine with ethane and the higher hydrocarbons at 200* to 400* C. in the 
presence of lead chloride. 

> V. S. Bur. Mines Tech. Paper, 255, 1921. 
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ethane, CsCIq, but ethyl chloride, dichloroethane, trichloro- and tetrachloro-ethanes 
were also noted. 

As a method of obtaining principally ethyl chloride Lacy^ proposed the 
passage of a gaseous mixture containing chlorine and an excess of ethane (1 
volume of chlorine and 8 volumes of ethane) through a reaction chamber main¬ 
tained at 300® to 500® C. The hydrogen chloride formed during the reaction was 
removed by washing with water and the ethyl chloride separated from the excess 
ethane by cooling to a low temperature and condensing; for example to —^20® C. 
and 8 atmospheres pressure. The ethyl chloride obtained by this process can be 
passed over lime (calcium oxide) at 450® C to yield ethyl ether.® 

In still another process the paraffin hydrocarbon and chlorine (or bromine) 
are mixed in the vapor phase in the dark and heated.® In the reaction all of the 
halogen is used up and no carbonization or flame results; the product is prin¬ 
cipally the alkyl halide. The temperatures specified are 380® to 400® C. for 
methane; 360® to 380® C. for ethane; 330® to 380® C. for propane and butane; 
and 250® to 330® C. for pentane. 

Catalytic Chlorination. Tolloczko and Kling^ chlorinated natural gas in the 
presence of pumice or pumice impregnated with cupric chloride at temperatures 
of 400® C. or thereabouts. When chlorine was in excess the preponderating ethane 
derivative formed was hexachloroethane while in the presence of an excess of 
natural gas, ethyl chloride, dichloro- and tetrachloro-ethanes were obtained. 

A pumice catalyst impregnated with cupric chloride which was reduced par¬ 
tially to the cuprous condition before use was employed by Boswell and Mc¬ 
Laughlin.® It was found that the procedure followed in the chlorination of 
methane had to be considerably modified for the chlorination of ethane. Only 
a few experiments were performed but the yield of ethyl chloride, calculated 
from the ethane and chlorine used, was at least 75 per cent. 

Charcoal, or other porous material, has also been suggested as a catalyst for 
the chlorination of ethane. For example, Mallet * suggested the chlorination of 
ethane in the presence of animal charcoal at 30° to 90° C. In another process^® 
the mixture of halogen gas and excess hydrocarbon gas is caused to react with the 
liberation of the gaseous halogen acid and the formation of reaction products of 
higher boiling points than the original hydrocarbon. The gaseous reaction prod¬ 
ucts are then separated from the unchanged hydrocarbon by liquefaction, and the 
latter is returned to the system for further treatment. 

In the process developed by Gremli methane, ethane, or benzene is treated 
with chlorine at 300° to 650° C. in the presence of oxygen together with hydrogen 
chloride, if desired. Diluents such as steam, carbon dioxide, or nitrogen may be 
added to the gaseous mixture. Catalysts such as iron, thallium, alkaline or rare 
earth chlorides, or charcoal are employed. 

Photochemical Chlorination. Frankland and his collaborators employed photo¬ 
chemical chlorination in their early work on the structures of ethane and the 
other paraffins. Dry ethane and chlorine were mixed in the dark and then exposed 

* U. S. Patent 1.242,208, Oct. 9, 1917; assigned to Roessler and Hasslacher Chemical Co.; 

J.S.C.I., 191 36, 1248. 

*Lacy, U. S. Patent 1,245,742, Nov. 6, 1917; assigned to Roessler and Hasslacher Chemical 
Co.; J.S.C.I., 1918, 37, 20A. 

* Bataafsche Petroleum Maatschappij, British Patent 338,742, 1929; Brit. Chem. Abs. B, 1931, 
237. Also Dutch Patent 26,862. 19.32; Cketn. Abs.. 1932, 26. 4342. 

Abhandl. Krakauer Akad. IVissensck., 1912, 52, 295; CIrem. Zentr., 1913, 2, 98; Cktm, Abs., 
1914, 8. 1282; /.S.C.I., 1913, 32. 742B. 

* Canad. J. Restarch, 1929, 1, 240; Chem. Abs., 1930, 24, 53; cf. Canadian Patent 301,542, 1930; 
Chem. Abs., 1930, 24, 4127; Canadian Patent 306,li29, 1930; Chem, Abs., 1931, 25, 715. 

•U. S. Patent 220,397, Oct. 7. 1879. 

**Curme, U. S. Patent 1,422,838, July 18, 1922; assigned to Carbide and Carbon Chemicals Corp.; 
J.S.C.I.. 1922, 41. 686A. 

»Austrian Patents 108,421, 1924, and 108,424, 1924; Brit. Chem. Abs. B, 1930, 50. 
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to diffused daylight. Using equal volumes of reactants, ethyl chloride was pro¬ 
duced ; by using two volumes of chlorine to oiie of ethane, some ethylene dichlo¬ 
ride was formed.^* Gilorinatlon of ethyl chloride with an excess of chlorine in 
sunlight led to the production of a substance whose odor resembled camphor.^* 
Schorlemmer found that ethane from two sources, when treated with an equal 
volume of chlorine and exposed to diffused daylight at 5° C., yielded ethyl chloride 
with a small amount of ethylene dichloride. The same pr^ucts were obtained 
when using dry and also moist gases and the chlorination reaction served to 
demonstrate the identity of ethanes s)mthesized in different ways. Similarly, 
Darling obtained ethyl chloride and ethylene dichloride by exposure of an 
equimolecular mixture of ethane and chlorine to the influence of diffused daylight. 
The photochemical chlorination of natural gas under the influence of ultraviolet 
light at 80® to 100® C. was found by Tolloczko^^ to proceed smoothly without 
explosion when using equal volumes of chlorine and natural gas. Besides chloro- 
methanes, di- and tetrachloroethanes were formed, as well as hexachloroethane 
when an excess of chlorine was employed. 

Other methods have been suggested for the photochemical chlorination of 
ethane, as for example the chlorination of parafhn hydrocarbons by exposure of 
the hydrocarbons and chlorine to actinic light or light from a mercury vapor 
lamp.^* Tompkins proposed the chlorination of ethane from coal gas by one 
of two methods; either the separation of ethane and methane by liquefaction 
followed by chlorination of the former in the presence of actinic light, or the 
chlorination of the gaseous mixture in the presence of actinic light of such 
intensity that the methane is not attacked. Snelling,*® on the other hand, effected 
the photochemical chlorination of ethane by means of an illuminated cell with 
transparent baffles and gradually increasing the intensity of the actinic light. The 
products of the reaction are circulated in contact with a solvent for the halo- 
genated hydrocarbons, such as oil or carbon tetrachloride.*®* 

Miscellaneous Processes. There are several other processes which are said 
to be applicable to the treatment of methane homologues generally. Those of 
Polanyi and von Bogdandy and Payne and Montgomery ** concern the 
chlorination of gaseous paraffln hydrocarbons, among which may be included 
ethane. In the former process the chlorination of paraffin hydrocarbons, such as 
methane or its immediate homologues or higher paraffins, is accomplished by 
treatment with chlorine in the gaseous phase in contact with catalysts such as an 
alkali metal or arsenic or phosphorus. The process of Payne and Montgomery 
contemplates the chlorination of gaseous paraffins (3 vols. of Cl^ per vol. of 
hydrocarbon gas) in the gaseous phase at temperatures of about 300® F. in the 
presence of a special porous solid catalyst made by the complete chlorination 
of higher petroleum fractions, or of such oils mixed with powdered coal.*® The 
chlorination of the gaseous paraffins may be completed after this catalytic treat- 

» Kolbe and Frankland. 1849, 1, 65. 

«Frankland, J.C.S.. 1851, 3, 338. 

*^See footnote 12; the camphor-like substance may have been hexachloroethane. 

«/.C.5., 1864, 17, 262; Proc. Roy. Soc. {London), 1865, 14, 167. 

1869. 150. 217. 

Abhandl. Krakauer. Akad. Wissensck., 1912, 52, 307; Chem. Zentr., 1913, 2, 99; Chem. Abs.j 
1914, 8, 1282. 

>*Graul and Hanschke, U. S. Patent 1,032,822, July 16, 1912; Chem. Abs., 1912, 6, 2686; German 
Patent 261,677, 1911; Chem. Abs., I9l3, 7, 3641; British Patent 4766, 1912; Chem. Abs., 1913, 7, 
2854; all patents assigned to Badische Anilin- und Soda-Fabrik. 

«• Mritish Patent 780, 1915; J.S.C.I., 1915. 34. 1225. 

**U. S. Patent 1,285,823, Nov. 26, 1918; J.S.C.I., 1919, 38, 158A. 

*** The use of ultraviolet radiation in the halogenation of paraffins was also discussed by Ellis and 
Wells, “The Chemical Actbn of Ultraviolet Rays,“ Chemical Catalog Co., Inc., New York, 1925, 195. 

"British Patent 289,795. 1927; Chem. Abs., 1929. 23, 847. 

"Canadian Patent 268,301, 1927; Chem. Abs., 1927, 21, 1660. 

" See also Payne and Montgomery, U. S. Patent 1,453,766, May 1, 1923. 
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ment, if so desired, by a further treatment consisting of exposure to ultraviolet 
light in quartz tubes. 

The preparation of liquid compositions which may be used as dry-cleaning 
agents and as solvents in the paint and varnish industry, by the chlorination of 
natural gases containing mainly methane, ethane, propane, and butane, has been 
described by Vivas.*®* Natural gas, under a pressure of about 120 pounds per 
square inch, is passed into a closed container (lined with material resistant to 
hydrogen chloride) containing antimony or phosphorus pentachloride equivalent 
to 2 per cent of the weight of gas. ^lorine gas is then introduced at a rate 
gradually increasing from 2.5 per cent of the,natural gas for the first hour to 
10 per cent after the seventh hour until chlorination is complete. The hydrogen 
chloride is removed during the process and the temperature is maintained at about, 
—15° to —^20° C. by cooling. The resulting liquid is neutralized with dilute 
sodium hydroxide and is later separated. 

Graul and Hanschke proposed to effect the chlorination of ethane by ex¬ 
posing a gaseous mixture of this hydrocarbon and chlorine to the influence 
of a silent electric discharge. 

Alkyl halides may be obtained by heating a liquid alkyl hydrogen sulphate or 
dialkyl sulphate in the liquid phase with aqueous hydrogen halides at 130° to 
140° C. under pressure. From appropriate compounds, a 90 to 95 per. cent yield 
of ethyl chloride or 1-chlorobutane is said to result.*® Daudt *®* proposed to make 
ethyl chloride by passing a mixture of ethyl ether with an excess of hydrogen 
chloride over alumina at about 360° C. 

Ethyl chloride results from the reaction of gaseous hydrogen chloride and 
ethylene in the presence of catalysts**; it is also formed in 10 per cent yield 
by passing moist methyl chloride over finely divided platinum on asbestos at 
275° C. and in a larger yield at 200° C. when passed over activated charcoal 
impregnated with bismuth chloride or zirconium chloride.*^ Ethyl chloride is 
used as a local anaesthetic and as a refrigerant. A non-inflammable refrigerant 
containing ethyl chloride and ethyl bromide, together with alcohol and diethyl 
carbonate, has also been suggested.*^* 

Attempts made to prepare pentachloroethane by chlorination of acetylene tetra¬ 
chloride in the presence of catalysts in the liquid phase were unsuccessful, the 
products being always the hexachloroethane; pentachloroethane, however, is said 
to be obtainable by chlorination of the tetrachloro-compound under the influence 
of actinic light.*® 

The physical properties of the chlorinated derivatives have been tabulated in 
Chapter 20. From the viewpoint of its possible application for the synthesis of 
ethyl alcohol and its derivatives, chloroethane (ethyl chloride) is of interest. 

Bromimtion of Ethane, Merz and Weith,** from their experiments on the 
bromination of ethyl iodide, predicted that the bromination of this hydrocarbon 
should yield tetrabromoethane and hexabromoethane. 

U. S. Patent 1,920.282, Aug. 1, 1933; assigned to Safety Products, Inc.; Chem, Abs., 1933, 
27. 4939. 

** Loc. cit.; see also German Patent 263,716, 1911; addition to 261,677; Chtm. Abs., 1914, 8. 211; 
British Patent 5125, 1912; Chem, Abs., 1913, 7, 2854; both patents assigned to Badische Anilin- und 
Soda-Fabrik. 

*"1. G. Farbenindustrie A.-G., British Patent 370,211, 1931; Brit. Chem. Abs. B, 1932, 762. 

U. S. Patent 1,920,846, Aug. 1, 1933; assigned to £. I. duPont de Nemours and Co., Inc.; 
Chem. Abs., 19.13, 27, 4818. 

** See, for example, Suida, German Patent 369,702, 1921; assigned to Chem. Fabrik. vorm. Weiler- 
ter M«r: J.S.C.I., 1923, 42, 578A. 

Farben. vorm. Meister, Lucius and Bruning, British Patent 196,272, 1923; J.S.C.I., 1924, 
43 200B ’ r w , . 

’"•Sorensen, U. S. Patent 1,845,355, Feb. 16. 1932; Chem. Abs.. 1932, 26, 2257. 

"Kokatnur, J.A.C.S., 1919, 41, 120; Chem. Soe. Abs., 1919, 116 (1). 145. 

•Ber., 1878. ll, 2235. 



716 


CHEMISTRY OF PETROLEUM DERIVATIVES 


In an early process Mallet reported the direct bromination of ethane by 
passage of a mixture of bromine and the hydrocarbon through charcoal or other 
porous material at 30® to 90® C. 

Propane 

Chlorination, The chlorination of propane has been very inadequately studied 
but it appears that this hydrocarbon is more easily chlorinated than methane and 
on chlorination readily yields monochlorides as well as highly chlorinated prod¬ 
ucts. Chlorination may be effected thermally, or by the aid of catalysts or photo- 
chemically, the latter method having been investigated most thoroughly. The 
number of possible products is very great and a few of the lower chlorinated 
products are given in Table 119a. Only a relatively small number of the total 
possible chloro-derivatives have been definitely identified among the products of 
the chlorination of propane, most of the compounds in Tab’e 118 having been pre¬ 
pared by indirect methods. 


Table 119a. —Loivcr Chloro-Derivatives of Propane. 


Systematic Name 

1- Chloropropane 
(n-propyl chloride) 

2- Chloropropane 
(isopropyl chloride) 

1.2- Dichloropropane 

1.3- Dichloropropane 

1.1- Dichloropropane 

2.2- Dichloropropane 

1,1 ,2-T richloropropane 
1,1 ,3-T richloropropane 

1.2.3- T richloropropane 


Formula 

B.P. * C. 

Density, do 

CH,CH,CH*C1 

46.5“ 

f 0.9156 at 0“C. 
(0.8918 at 19.8“ C. 

CH*CHC1CH* 

36.5“ 

0.8588 at 20“ C. 

CH,CHaCH,a 

97.5“-98.5“ 

1.1656 at 14“ C. 

CH,ClCH,CH,a 

119“ 

1.201 at 15“ C. 

CH*CH*CHC1* 

85“-87“ 

1.143 at 10“ C. 

CH.CCUCH, 

69.7“ 

1.827 at 16“C.(?) 

CH.CHaCHCI, 

140“ 

1.402 at 0“ C. 

CH,C1CH,CHC1, 

146 ®- 148 - 

1.362 at 15“ C. 

CH,C1CHC1CH,CI 

158“ 

1.417 at 15“ C. 


The purely thermal chlorination of propane, using an excess of hydrocarbon 
over chlorine and high temperatures and high space velocities, has been examined 
by Mason and Wheeler.*^ Under these conditions chlorination may be restricted 
to the production of the monochloro-compounds mainly. Both normal and iso- 
monochloro-compounds were formed, but the former always predominated. The 
experimental results of Mason and Wheeler are given in Table 120. 


Table 120 .—Chlorination of Propane. 
(Empty reaction tube 1 cm. bore x 15 cm. long.) 


Temperature . 

Space velocity (reciprocal minutes) 

Ratio C1*:C«H». 

% Cl* in* washers (as Cl*). 

% Cl* in washers (as HQ). 

C/* balance (% on input) 

As C*H,CI . 

As c»H*a* . 

In washers . 


Total.... 
Yield of C*HtCl 


••U. 


(calculated on 100% Cl* balance) 
S. Patent 220.397, Oct. 7. 1879. 


Expt. 1 

Expt. 2 

700“ C. 

700“ C. 

960 

795 

1:6.2 

1:5 

Trace 

Nil 

55.9 

60.4 

28.3 

28.4 

— 

2.3 

55.9 

60.4 

84.2 


88.2 

74.6 
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The experimental results are in good agreement with the theoretical formula 
of Martin and Fuchs for a bimolecular stage process. 

No work on the catalytic chlorination of propane has been reported but Herz- 
felder®* studied the chlorination of seven di- and tri>chloropropanes by means 
of antimony pentachloride at varying temperatures up to 190® C. The main 
products obtained by this worker are given in Table 120a: 


Table 120a.— Products from Catalytic Chlorination of Di- and Tri-chloropropanes» 


Initial Material 

1.1- Dichloro- 

1.2- Dichloro- 

1.3- Dichloro- 
2,2-Dichloro-. 

1,2,3-Trichloro 

1.2.2- Trichloro- 

1.1.2- Trichloro- 


Main Product 

1,1,2-Trichloro- 

1.1.2- Trichloro- 

1.1.3- Trichloro- 
1^,2-Trichloro- 

1.1.2.3- T etrachloro- 

1.2.2.3- T etrachloro- 
Pentachloro- 


Mixtures of propane and chlorine appear to be stable in the dark but reaction 
takes place under the influence of sunlight, with the production of a com¬ 
plex mixture of chloro-substitution products. The reaction has been carefully 
investigated by Schorlemmer,®* who found that exposure of equimolecular pro¬ 
portions of chlorine and propane to the influence of diffused sunlight led to the 
production of 1,2-dichloropropane, small quantities of n-propyl chloride, together 
with a mixture of more highly chlorinated products boiling between 100® and 
200° C. Further exposure of a fraction boiling above 80® C. to the action 
of chlorine in direct sunlight led to the formation of trichloropropanes and a solid 
tetrachloropropane. A higher fraction boiling between 205® and 250® C. was 
acted on only very slightly by chlorine even in the presence of bright sunlight 
and complete chlorination to an octachloro-compound was not accomplished, though 
a liquid hexachloro-propane was isolated from the mixture. 

The chlorination of isopropyl chloride in sunlight was found by Friedel and 
Silva to furnish a mixture of 2,2-dichIoro- and 1,2-dichlOropropanes, the former 
being the preponderating product. However, by heating isopropyl chloride with 
pure iodine monochloride to 120° C. only 1,2-dichloropropane was formed and 
no 2,2-dichloropropane. 

On the basis of the very inadequate state of our knowledge, the first few 
stages of the progressive chlorination of propane may perhaps be represented by 
the following scheme: 


CHaCH,CH, 


i 

CH,CH,CH,C1 


i 

CH,CHCICH. 


i 

CH,C1CH.CH,C1 


i i 
cH.cHacH,a 

i 

CH,ca.CH.a 

pentachloro compound 


I 

CH,Ca,CH, 

1 

CH,CCUCH,a 

1 

CH.aCCl.CH,Cl 


*»Ber., 1893, 26, 2432; Chem. Soc. Abs., i894. 66. (1). 1. 

** Proc. Roy. Soe. {London), 1868, 16; 35; Ann., 1869, ISO, 210; Ann. chim. phys., 1870, <4), 
19, 439. 

WZ. fUr Chem., 1872, (2), 7, 489. 
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The industrial methods relating specifically to the chlorination of propane are 
very few. Snelling** stated that his process of photochemical chlorination, in 
which the reacting gases are illuminated by light of gradually increasing inten¬ 
sity is applicable to propane and other paraffin hydrocarbons. The halogenation 
of propane and butane to yield monohalogen derivatives is accomplished by the 
Bataafsche Petroleum Maatschappij by mixing that hydrocarbon with chlorine 
gas in the dark and then exposing to a temperature of 330° to 380° C. without 
apcess of light. All the halogen is said to be used up and no carbonization or 
flame production takes place. According to one process developed by the Union 
Carbide Co., dichloropropane may be obtained relatively free from higher chlo¬ 
rinated products by the treatment of an excess of liquid propane with liquefied 
chlorine, while an inert solvent (e.g., carbon tetrachloride or some preformed di¬ 
chloropropane) may be used to control the reaction.®^ Use of an excess of chlo¬ 
rine or of propane in the gaseous condition is said to result in the formation of 
some trichloro-compounds. 

With the exception of the two monochloro-derivatives (n- and iso-propyl 
chlorides) and of 1,2-dichloropropane (propylene dichloride) the chlorinated pro¬ 
panes are almost unknown except as laboratory preparations. The monochloro- 
derivatives might be utilized in the manufacture of the respective alcohols if their 
economical production in a relatively pure condition, i.e., free from higher chlo¬ 
rinated products, could be effected. 

Bromination. By the action of bromine on propane in the presence of iron 
as a catalyst, Mereshkowsky ®* reported the formation of tetra-, penta-, and hexa- 
bromo-derivatives, but experimental details are not definite. A pentabromo-deriva- 
tive of propane was obtained by Merz and Weith ®® by the action of bromine on 
allyl bromide at 210° C. in the presence of iodine. 

The bromination of propane at elevated temperatures is described by Snell- 
ing,*® who proposes to circulate the gas mixture after reaction in contact with 
an inert solvent to remove halogenated products. 

Normal Butane 

Chlorination. Like its lower homologues, n-butane does not appear to react 
directly with chlorine in the dark at ordinary temperatures but reaction immedi¬ 
ately occurs under the influence of diffused daylight. As might be expected the 
reaction product is usually a mixture in which mono- and di-chloro-derivatives 
have been definitely found. As early as 1849, Frankland observed the reaction 
of dry chlorine with dry butane on exposure of diffused daylight. Schoyen 
exposed a mixture of butane and chlorine (over water) to diffused sunlight and 
noted the formation of hydrochloric acid and of a liquid insoluble in water. This 
latter product consisted of a mixture of butyl chloride, butylene chloride, and 
more highly chlorinated products. The production of a butyl chloride when butane 
from American petroleum was allowed to react with two volumes of chlorine in 
the presence of ligdit was reported by Ronalds.^® On the other hand, by exposure of 
a mixture of ten volumes of butane and nine volumes of chlorine to daylight, But¬ 
lerov ^® obtained a liquid product containing more chlorine than a dichlorobutane. 

»U. S. Patents 1,271,790, July 9. 1918; 1,285,823, Nov. 26, 1918; 1,421,733, July 4, 1922. 

M British Patent 338,742, 1929; BnU Chem, Abt. B, 1931, 237. 

« British Patent 137,247, 1919; J.S.CJ., 1920, 39, 174A. 

soc. chim., 1925, (4). 37, 864; Chem. Abe., 1926, 20, 38.. 

»Ber., 1878, 11. 2235. 

. ^U. S. Patent 1,421,733, July 4, 1922; Chem. Abe., 1922, 16, 2867. 

*^Ann., 1864. 130. 233. 

« Trane. Roy. Soc. Edinburgh, 1864, 23, 496; J.C.S., 1865, 18, 60. 

^Ann., 1867, 144, 15. 
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The work of Mabery and Hudson*^ was carried out on a fraction of Penn¬ 
sylvania and Ohio naphtha of boiling point — 2^ to +2® C. This was chlorinated 
in the cold in the presence of diffused light in order to obtain smooth chlorina¬ 
tion and the maximum production of monochlorinated products. The main portion 
of the monochloro-compound fraction boiled, however, at 68® to 69® C. and was 
thought to be isobutyl chloride. In no case was n-butyl chloride found. Sim¬ 
ilarly Pelouze and Cahours*® chlorinated a petroleum distillate of boiling point 
5® to 10® C. in diffused light and obtained a product boiling between 65® and 
70° C. possessing the properties and composition of a butyl chloride. This could 
hardly have been n-butyl chloride, which boils at 78.5° C. at 7^ mm.*® 

n-Butane can give rise to two isomeric butyl chlorides of the formulas 
CHaCHgCHjCHoQ and CHaCHjCHQCHg respectively while there are six pos¬ 
sible dichloro-derivatives. In the present inadequate state of our knowledge of 
the chlorination of n-butane it is impossible to assign definite formulas to the 
products observed. 

Most processes which deal with the chlorination of higher hydrocarbons do not 
mention specifically the conditions necessar> for butane alone but refer more 
generally to the chlorination of its immedifite higher homologues, par¬ 
ticularly pentane. The main accelerating agency mentioned is sunlight or actinic 
light but later work favors purely thermal chlorination in the absence of light, 
since it is claimed that by the latter method the chlorination reaction may be 
restricted to the formation of monochlorinated products. 

Graul and Hanschke suggested the vapor-phase chlorination of low-boiling 
paraffins in the presence of light from a mercury-vapor lamp. An excess of 
hydrocarbon vapor is used and the temperature is maintained at a point sufficient 
to maintain the hydrocarbon wholly in the vapor phase (reduced pressure may 
be employed). Snelling*® proposed to convert butane mainly into butyl chloride 
by mixing chlorine with an excess of hydrocarbon vapor in a reaction vessel from 
which the gaseous mixture can be circulated and brought into contact with a 
solvent for the halogenated products (suitable solvent is carbon tetrachloride) 
and then a second solvent to remove hydrogen chloride. The photochemical chlo¬ 
rination of butane and other paraffins to butyl and alkyl chlorides can be 
carried out, according to Brooks, Essex and Smith,*® in such a way that the mix¬ 
ture of gaseous or liquid reactants approaches the source of illumination in a 
gradual manner. The thermal chlorination of butane to form monochlorobutane 
(and also of other paraffins of more than two carbon atoms to furnish mono- 
chloro-derivatives generally) is accomplished by Ayres®® by mixing the hydro¬ 
carbon vapor with a smaller volume of chlorine and heating (in the absence of 
actinic light, electric discharge, or catalyst) to a temperature sufficient to pro¬ 
duce a preponderance of monochlorinated^ products and simultaneously to effect a 
complete consumption of the chlorine. Another proposal ®^ was for the mono- 
chlorination of propane or butane in the vapor phase and in the dark at 330® to 
380° C. and also presumably in the absence of catalysts. The main product is 


** Proc. Amcr. Acad. Arts. Set., 1897, 32, 101; Amer. Chem. J., 1897, 19, 243. 

^^Compt. rend., 1862. 54, 1241; 1863, 56. 505; 57, 62. 

Timmermans and Hennault-Roland, J. chim. phys., 1930, 27, 401; Chem. Ahs., 1931. 2S. 2038 
U. S. Patent 1,032,822, July 16, 1912; Chem, Abs., 1912, 6, 2686; British Patent 4766. 1912: 

Chem. Abs., 1913, 7, 2854; German Patent 261,677, 1911; Chem, Abs., 1913. 7. 3641: idl oatents 

assigned to Badische Anilin- und Soda-Fabrik. 

« U. S. Patent 1.421.733, July 4, 1922; Chem. Abs., 1922, 16. 2867. 

U. S. Patent 1,191,916, July 18, 1916; Chem. Abs., 1916, 10, 2297. 

f*®U. S. Patent 1.741.393, bee. 31, 1929; Chem. Abs., 1930. 24, 1119. 

“ llataafsche Petroleum Maatschappij, British Patent 338.742, 1929; Brit. Chem. Abs. B, 1931 
237. For the description of an apparatus for such chlorination processes see Bataafsche Petroleum 
Maatschappij, French Patent 715,187, 1931; Chem. Abs., 1932, 26, 1479. 
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stated to be the alkyl halide and the reaction is said to be effected smoothly witli 
complete utilization of the chlorine (or bromine) present in the reacting gases. 

It has been stated that the presence of small proportions of unsaturated hydro¬ 
carbons facilitates the halogenation of saturated hydrocarbons, that is, halogena- 
tion by substitution is improved by conducting it simultaneously with an addition 
reaction.®^^ For example, a reaction between butane and chlorine carried out 
in the dark is accelerated by the presence of about 10 per cent of butylene. How¬ 
ever, if air or oxygen is introduced into a mixture of saturated and unsaturatcd 
hydrocarbons, the substitution is apparently suppressed and the. addition proceeds. 
Thus, in the above reaction most of the butane remains unchanged, dichloro- 
butane being mainly formed.®^^ 

Bromimtion. As in the case of the chlorination of n-butane the bromination 
of this hydrocarbon has been very inadequately studied. Frankland®- observed 
that bromination occurred under the influence of direct sunlight or at slightly 
elevated temperatures, and C arius and Lisenko obtained a colorless liquid 
boiling between 155° to 162° C (without decomposition), and having bromine 
content corresponding to that of butylene bromide (C 4 Hf)Br 2 ), by heating bromine 
and butane together for several hours in a sealed tube at 100° C. Butlerov 
obtained a heavy oil, consisting mainly of polybrominated products, by the influ¬ 
ence of daylight on an equiniolecular mixture of butane and bromine. 

Jacobson®^® prepared 1,2,3,4-tetrabroniobutane by passing 2,3-dibromobutane 
or crotyl chloride (4-chloro-2-butene) over soda-lime at 400° to 550° C. and 
subsequently absorbing the gaseous product in bromine. The compound, purified 
by two crystallizations from alcohol, melted at 116° to 117° C, the yields being 
about 13 to 20 per cent. The condensate which came over after the excess 
bromine was distilled off consisted of 2,3-dibromobutane (boiling point, 157.5° 
to 159° C.) and trans-2-bromo-2-butene (boiling point, 90.5° to 92.5° C). The 
by-products found in the liquid residues were 1,2-dibromobutane (boiling point, 
165° to 166° C), 2,3-dibromobutane (boiling point, 158° to 159° C.), 1,3-di- 
bromobutane (boiling point, 173° to 175° C.), 1,4-dibroniobutane (boiling point, 
197° to 198° C.), 1,1,4,4-tetrabromobutane (boiling point, 133° C. at 1 mm.), and 
isomeric 1,2,3,4-tetrabromobutane (melting point, 38° C.). 

IsOBUTANE 

Most of the work on this hydrocarbon has been carried out on petroleum frac¬ 
tions containing isobutane mixed with other homologous paraffins and also prob¬ 
ably with some n-butane. 

As previously mentioned Mabery and Hudson found that chlorination of 
a petroleum fraction, boiling point —^2° C. to -{-2° C., in the cold and in the 
presence of diffused sunlight resulted principally in monocJilorination. On frac¬ 
tionation of the products about 80 per cent boiled at 68° to 69° C., and this 
portion was thought to be isobutyl chloride. A dichlorobutane, boiling point 121° 
to 122° C., was obtained also after prolonged fractional distillation. Similarly 
Aschan chlorinated a petroleum fraction of boiling point 10° to 12° C. in the 
presence of water and obtained, as the main product, a monochloride with a 

“■ Hataafsche Petroleum Maatschappij, French Patent 745,543, 1933: Chem. Ahs., 1933 27, 

4240. 

“*» Bataafsche Petroleum Maatschappij,. French Patent 745,544, 1933: Chem, Abs., 1933, 27. 
4240. 

1849, 71, 202, 205. 

••Ann., 1863, 126. 214. 

••Ann., 1867. 144. 15; Z. fUr CAem.. 1867, 10, 363. 

^*^.A.C.S., 1932, 34, 1545. 

••Ovtrsikt Ftntka yetenskaps-Soc. Pdrh., 1915, $8, 122; Chem. Abe,, 1920, 14, 3654. 
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boiling range of 60®®to 70® C., and which was considered to be derived from 
the isobutane present in the petroleum fraction. 

Later work on the chlorination of the butanes by Hass and McBee indi¬ 
cated that the monochloride isolated by Mabery and Hudson was 2-chlorobutane, 
rather than isobutyl chloride, and also that the dichloride isolated by these same 
workers was probably either 1,2- or 2,3-dichlorobutane. Possibly the monochloride 
isolated by Aschan consisted largely of 2-chlorobutane rather than isobutyl chloride. 

On the other hand, Butlerov studied the photochemical reaction of ten vol¬ 
umes of isobutane and nine volumes of chlorine and obtained tertiary butyl 
chloride, together with a higher-boiling mixture of produces of slightly higher 
chlorine content than indicated by the formula C 4 H«Cl 2 . 

Heating isobutane with iodine monochloride®® at 250® C. caused disruption 
of the molecule with the production of hexachloroethane and carbon tetrachloride. 

Bromimtion. Only polybrominated products were obtained by Butlerov*® by 
the reaction of equimolecular proportions ot Isobutane and bromine. The bromi- 
nation, however, occurred more readily in this case than in the case of n-butane. 
The bromillation of isobutane in the presence of iron as a catalyst was found by 
Mereshkovski to give rise to tetra-, penta-, and hexa-brominated products. By 
the action of bromine on isobutyl bromide at 175® C. a hexabromoisobutane is 
produced, while at 300° to 340° C. hexabronioisobutylene was found among the 
products of reaction.*^ 

Normal Pentane 

Chlorination, The action of chlorine in diffused daylight at ordinary tem¬ 
perature on a hydrocarbon fraction (boiling point 32° to 35° C.), obtained by 
the distillation of crude fatty acids with superheated steam was found by Cahours 
and Demarcay to result in the production of a liquid boiling at about 100® C. 
and having the properties of an amyl chloride. Similarly Schorlemmer ob¬ 
tained, by the vapor phase chlorination of a petroleum fraction boiling at 37° 
to 39° C., a mixture of amyl chlorides of boiling range 95° to 110° C., the main 
fraction distilling at 100° to 102° C. 

Rather more definite information regarding the chlorination of pure n-pentane 
to amyl chlorides is furnished by the work of Lachowicz ®® and Aschan.** The 
former worker passed a slow stream of chlorine into the vapors of n-pentane at 
room temperature, the reaction being afterwards accelerated by heating at 
water-bath temperature. Two amyl chlorides were formed, one boiling at 106° C. 
(1-chloropentane?) being present in larger amount, and the other, possibly a sec¬ 
ondary chloride, boiling at 104° C. Aschan found that the best results were 
obtained by using dry gaseous mixtures and definitely identified 1-chloropentane 
(boiling point 107° C.) among the products as well as a secondary amyl chloride 
(boiling point 96° to 98° C.). Bauer*' passed chlorine into liquid pentane for 
several hours and obtained a* product boiling at 230° to 240° C. and of a compo¬ 
sition corresponding approximately with the formula C 5 H„Cl 4 . 

In connection with the chlorination of pentane as reported by Aschan it has 
been pointed out by Hass and Weber (unpublished) that 1-chloropentane boils 

Private communication from Professor H. B. Hass of Purdue University. 

1867, 144, 15. 

“ KrafTt and Merr. Bcr.. 1875, 8, 1296. 

^Ann., 1867, 144, 15; fiir Chetn., 1867, 10. 363. 

Bull. soc. cltim., 1925, 37 (4), 864; Chem. Soc. Abs., 1925, 128 (1), 1033. 

«Merz and Weith, Bcr., 1878. 11. 2235. 

^Compt. rend., 1875, 80, 1568. 

** Phil. Trans., 1872, 162, 114; .Inn., 1872. 161. 268. 

Ann., 188.1. 220. 173. 

*^Oversikt Pmska Vetenskaps-Soe. Fork., 1915, 58, 122; Chem. Abs., 1920, 14. 3654. 

« Compt. rend., 1860, 51. 572. 
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about 10® C higher than either 2-chloro- or 3-chloropenttne, and that the two 
latter chloro derivatives boil within about 0.3® C. of each other. Separation of 
2- and 3-chloropentane by distillation can hardly be expected, and this probably 
explains why Aschan reported only one secondary amyl chloride instead of two. 

Ayres and Clark have reported the results of the large-scale chlorina¬ 
tion of n- and isopentane by the Sharpies Solvents Corporation. A fuller de¬ 
scription of the technical development of this process is given in a later section 
of this chapter. 

Chlorination of the two pentanes at temperatures below 100® C. in either 
vapor or liquid phase was found to need the accelerating influence of light or 
catalysts. In the presence of the latter, however, the chlorination tends to pro¬ 
ceed beyond the monochloro stage and the yields of primary chlorides are low. 
On the other hand, chlorination above 200® C. in the vapor phase (liquid phase 
requires inconveniently high pressures) can be accomplished without the aid of 
catalysts and results in the highest yields of primary chlorides. The presence 
of anhydrous polyvalent metallic chlorides reduces the yield of primary chlorides 
while carbon or pumice have little influence either on yield of primary chloride 
or on reaction velocity. Catalysts, such as iodine, sulphur chloride, or red phos¬ 
phorus, which are volatile and soluble in liquid pentane, cause the excessive pro¬ 
duction of polychloro-derivatives. The use of insoluble and non-volatile catalytic 
metallic chlorides results in the production of high yields of monochlorides in 
either liquid or vapor phase operation but unfortunately causes the isomerization 
of the primary chlorides to secondary and tertiary chlorides which are of less 
industrial value in alcohol manufacture. Particularly at higher temperature, such 
catalysts appear also to accelerate the formation of amylenes and the polymeriza¬ 
tion of these amylenes. This effect has been frequently noted in the case of the 
propyl and butyl chlorides.^® 

In the case of n-pentane all three possible monochloro-compounds, namely, 
1-chloro-, 2-chloro- and 3-chloropentanes, are formed but in the presence of cat¬ 
alysts or under the prolonged influence of heat and pressure, both the 1-chloro- 
and the 2-chloro-derivatives are isomerized to the 3-chloro-derivative. This isom¬ 
erization process undoubtedly proceeds by splitting off and subsequent addition 
of the elements of hydrogen chloride with the intermediate production of 
amylenes, thus: 

CH,CH,CH,CH.CH,C1 

I 

CH,CH.CH,CH==CH, -f HCl 

i 

CH,CH.CH,CHaCH. 

1 

CH.CH,CH=CHCH, + HCl 

i 

CH.CH,CHC1CH,CH, 


Only the last of these reactions is a reversible process. 

“/«</. Eng. Chern,, 1929, 21, 899. 

** Ind. Eng. Chcm., 1930. 22. 439. 
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The optimum conditions for the formation of primary monochlorides from 
pentanes with minimum production of secondary and tertiary monochlorides or 
of higher chloro-conipoiinds, amylenes, or polymerized amylenes were found to 
be: Rapid passage of a gaseous mixture of chlorine and excess of pentanes 
through a hot reaction zone (at 315® to 371® C.) at such a rate that the period 
of reaction is shortened to about 2.5 seconds. Under these conditions, n-pentane 
yields the following proportions of isomeric monochlorides: 


1-Chloropentane, boiling point 107* C, approximately 48% 
2>Chloropentane, boiling point 97“ C., approximately 16% 
3-Chloropentane, boiling point 96* C., approximately 36% 

Besides the above monochlorides a number of dichloro-compounds are formed 
simultaneously though in small yields. Almost none of the dichlorides formed 
by progressive chlorination of pentane, such as the 1,1- or 1,5-conipounds, was 
found among the dichloro-products of this vapor phase thermal chlorination. 
1,2-Dichloropentane was present in minor proportions while 2,3-dichloropentane 
was the major constituent. The formation of these products may be summarized 
as follows: 


Vapor Phase Thermal Chlorination of N-Pentane. 


(36%)_ 

CH,CU,CHClCHaClI. 


X 


CH,CH,CH,CH.CH, 

(+ci,> 

_ ( 16 %) 

I 

CH,CH.CH,CHC1CH, 

/ 


(CH,CH,CH=CHCH,) 

CH,CH,CHC1CHC1CH, 
(main product) 


_W/o) 

CH,CH.cil.CH,CH,a 

I 

(CH.CH,CH,CH==CH,) 
I (+C1.) 

CH.CH,CH.CHaCH,CI 

(minor product) 


Bromination. By exposing a mixture of a fraction of Rumanian petroleum 
(boiling at 0° to lOJ C.) and bromine in the presence of water to dififused sunlight 
for 4 to 14 days, Poni obtained a number of bromopentanes which were all 
derivatives of isopentane and tetramethylmethane. 

Dow ^2 has suggested the* bromination of pentane in the presence of an iron 
catalyst to separate that hydrocarbon from carbon disulphide. Both the pentane 
and the carbon disulphide are among the recovered volatile products from the 
distillation of coal. 


Isopentane 


Chlorinatioiu The work on this hydrocarbon has been carried out using frac¬ 
tions of narrow boiling range and containing quantities of other hydrocarbons. 
Pelouze and Cahours ^ noted that a petroleum fraction of boiling point 30® to 
32 C. absorbed chlorine rapidly in diffused daylight even at ordinary temperature. 
By stopping the reaction while some hydrocarbon was still unchlorinated, and 
thus avoiding an excess of chlorine, an amyl chloride mixture of boiling point 


rend., 1862, 54, 1241; 1863, 56, SOS; 57, 62. 
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98® to 103® C. was obtained. Monochloroisopentanes boiling at 99.8® to 100.5® C. 
(probably mainly primary isoamyl chloride) were obtained by Lachowicz by 
chlorination of a fraction (boiling point 29® to 30® C.) of Galician petroleum. 
Mabery and Hudson subjected a distillate of the same boiling range, from 
Pennsylvania and Ohio petroleums, to chlorination in the presence of dif¬ 
fused daylight at ordinary temperatures and obtained a chlorinated product about 
85 per cent of wliich boiled at 96.5® C. This proved to be isoamyl chloride. 
Another constant boiling product, boiling point 144® to 145® C., was obtained 
after eighteen distillations and possessed the composition of^a dichloropentane. 
According to Mott and Bedford,"® the photochemical chlorination of isopentane 
at room temperature takes place twice as rapidly under the influence of a white 
flame arc as when exposed to a quartz mercury-vapor lamp. The active rays 
from the white flame arc were thought to be concentrated in the blue region of 
the visible spectrum. 

One of the most comprehensive investigations of the chlorination of isopen¬ 
tane from petroleum is that of Aschan.^* Dry chlorination of isopentane was 
found to yield a mixture of the four isopentyl chlorides: 



Some dichlorides were also obtained. 

On the other hand, chlorination of isopentane in the presence of water vapor 
led to the production of large proportions of secondary chloride but no tertiary 
isoamyl chloride. 

By the purely thermal vapor phase chlorination process described by Ayres 
for the production of maximum yields of primary monochlorides, isopentane is 
said to yield three monochlorides, of which two primary are present together 
with some tertiary but, in contradistinction to the results of Aschan, no secondary 
chloride.^® The boiling points and proportions of the products are as follows: ®® 

Ann., 1883. 220. 173. 

Proe. Atner, Acad. Arts Sci., 1897, 32. 101; Amer. Chem. 1897, 19, 243. 

’•/. Ind. Eng. Chem., 1916, 8, 1033. 

Oversikt Finska Vetenskap-Soc. Fork, 1915, S8, 122; Chem. Abs., 1920, 14, 3654. 

«/nrf. Eng. Chem., 1929, 21, 899. 

** The failure to obtain a secondary chloride in the i>rocesa described by Ayres may be due 
to the relatively long periods of heating and digestion which cause it to disappear (Hass, private 
communication). 

** Clark, Ind. Eng. Chem., 1930, 22, 439. 
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1 -Chloro-2-methylbutane, 


4"ChIoro-2-mcthylbutane, 


2"Chloro-2-methylbutane, 


CH. 

CHCHaCHj, boiling point 99® C, 60 per cent. 

acH,'^ 

CH, 

CHCHjCHiCI, boiling point 101® C, 30 per cent. 


CH, 

CClCHaCHa, boilhig point 86® C., 10 per cent 

/ 

CH, 


Besides nionoclilorinated products, this piethod of chlorination also yields 
quantities of isoamylenes and dichloroisopentanes. The latter substances are all 
dicliloro-compounds evidently derived from isoamylenes produced by the splitting 
off of hydrogen chloride from the monochlorides. The dichloride of isopropyl- 
ethylene (3,4-dichlorc)-2-methylbutane) docs not occur, but 2,3-dichloro-2-methyl- 
butanc and l,2-dichloro-2-methylbutane are present, though the first of these two 
is mostly destroyed by polymerization. 

The chlorination of isopentane in the vapor phase at high temperatures using 
an excess of hydrocarbon over chlorine may be briefly summarized as follows: 


Thcnital Chlorination of Isopentane, 
CH, 

CH,—CHCH,CH, 


(^) _ 

i ■“ 

CH, 

I 

C11,C1CHCH,CH, 

i 

CH, 

I 

(CH,- CCH,CH,) + HCl 

I (-f Cl.) 

CH, 

I 

CH,C1CC1CH,CH, 


I (30%) 

i 


CH, 

I 

CH,—CHCH,CH,C1 


i 

CH, 



(CH,C=CHCH, -f HCl) 
I (+C1,) 

CH, 


CH,CC1CHC1CH, 


(mostly decomposed 
by loss of HCl and 
by pol 3 rmerization). 


( 10 %) 

i 

CH, 

I 

CH,CC1CH.CH. 


Chlorimtion of Tetrafiiethylmethane, By allowing a mixture of this hydro¬ 
carbon and chlorine to remain in contact at room temperature in the presence of 
ordinary light, Tissier®^ obtained the only possible monochloro-derivative: 


CH, CH, aCH, CH, 

\ / + Cl \ / 

C —C 

enf chC \h. 

•Mnn. chtm. phys„ 1893, 29 (6), 344; Ckem, Soc. Abt., 1893, 64 (1), 542. 
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This nionochloro-compound has been prepared in considerable quantities by the 
thermal vapor phase chlorination method just described. 

Bromination of Isopentane and Tetramethylmethane. By the bromination of 
a fraction, boiling point 0° to 10° C., of Colibasi petroleum in diffused sunlight 
in the presence of water vapor, Poni obtained a number of bromo-compounds 
derived from isopentane and tetramethylmethane, and to these products the fol¬ 
lowing formulas were assigned: 


CH, 

2-broino-2-niethylbutane CBrCHiCHa, boiling point 108“ to 109* C. at 745 mm. 

ch{ 

CH, 

l-bromo-2,2-dimethylpropane, CHjBrCCH,, boiling point 89“ to 91® C. at 749 mm. 

CH, 

CH. 

l,l-dibronio-2,2-diniethylpropane, CHBr.CCH., boiling point 64“ to 65“ C. at 43 mm. 

CH, 

and 

CH, 

l,3-dibronio-2,2-diniethylpropane, CH.BrCCH.Br, boiling i>oint 82® to 83“ C. at 49 mm. 

' (Ih, 


Chlorination of Mixed Pentanes 

Since the industrial separation of individual pentanes in a pure condition from 
petroleum fractions is a tedious process, a considerable amount of research has 
been directed toward the chlorination of a mixture of isomeric pentanes largely 
with a view to the commercial production of mixtures of amyl alcohols. The 
results of these efforts are embodied in a number of processes which are discussed 
later. Interesting details of the photochemical chlorination of a pentane fraction, 
boiling point 24° to 25° C., have been supplied by Brooks, Smith and Essex.®® 
Chlorination in the vapor phase in diffused sunlight gave the best yields of amyl 
chlorides when a large excess of hydrocarbon was present, i.e., 2 to 4 times as 
much as that theoretically required. When employing 3 moles of hydrocarbon 
to 1 mole of chlorine, 88 per cent of the chlorinated products were monocliloro- 
derivatives. When chlorinating in the liquid phase, under the influence of illumi¬ 
nation and at temperatures below 10° C., 90 to 94 per cent of the chlorinated 
products consisted of monochloro-derivatives, and the chlorination was stopped 
before the concentration of chlorine derivatives in the liquid exceeded about 20 
per cent of the mixture. From the chlorinated products a monochloropentane 
fraction suitable for conversion into amyl acetate was obtained. Although il¬ 
lumination of the liquid reaction mixture was not absolutely necessary for reac¬ 
tion the process was usually initiated by exposure to light from a high-power 
tungsten bulb in the upper part of the reaction chamber. The presence of mois¬ 
ture appeared to aid the chlorination. 

Ann. Set. Umv. Jassy, J905, 3, 212; Chem, Zentr., 1906, 1, 442. 

Ind. Eng. Chem., 1918, 10. 511. 
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Gamer ** described a method in which natural-gas gasoline boiling between 
40® and;70® C. was chlorinated in the presence of ultraviolet light to furnish amyl 
chloride. Later Dobryanski and Gurevich investigated the chlorination of the 
pentane fraction (boiling point 31° to 38® C.) of Krasnodar aviation gasoline in 
artificial light. For the maximum production of monochloro-products, chlorina-* 
tion by means of dry chlorine in the vapor phase at 60® to 70® C. was found to 
be most suitable. 

Industrial Application of the Chlorination of the Pentanes 

The chlorination of the pentanes for the production of monochloro-derivatives 
capable of being converted into various amyl alcoliols or their esters has received 
much attention as a possible method for the large scale manufacture of these 
important solvents. While the development of such chlorination processes has 
taken place largely in the United States ti.ere has been considerable interest 
abroad in the possibilities of this type of synthesis. In many cases the method 
proposed is claimed to be applicable not only to mixtures of pentane and isopen¬ 
tane but also to hexanes, heptanes, and octanes. For convenience these are dis¬ 
cussed at this point rather than under each individual higher homologue. 

Photochemical Chlorimtion. The light fraction (b.p., 28° to 69° C.) of 
gasoline, consisting principally of pentane, isopentanes, hexanes, and iso¬ 
hexanes, can be chlorinated in the presence of light to yield principally mono- 
and dichloro-compounds.®® These compounds may then be treated with sodium 
acetate and acetic acid to yield the corresponding acetates, which are solvents for 
cellulose nitrate. In another process Sparre and Masland first saturated the 
liquid hydrocarbon with chlorine in the dark and then exposed the mixture to 
daylight or to the light from a mercury vapor lamp. By carrying out the chlo¬ 
rination in tubes in absence of any appreciable quantity of the gas^phase and 
by regulating the intensity of the light risk of explosion was greatly reduced. 

According to Graul,*” the vapors of a petroleum fraction consisting princi¬ 
pally of n-pentane and isopentane and boiling between 40° and 45® C. are chlorin¬ 
ated by mixing with chlorine and then exposing the mixture to chemically active 
illumination. The monochloro products thus formed are next treated with cal¬ 
cium oxide at 375® to 450° C. to effect the elimination of hydrogen chloride and 
the formation of the olefin. The olefin is then allowed to react with hydrogen 
chloride to obtain 2-chloroisopentane. 

The photochemical chlorination of liquid saturated hydrocarbons was carried 
out by Brooks, Essex and Smith.®® The liquid hydrocarbons are introduced into 
a container made of some suitable chlorine-resisting material and provided with 
a pair of windows through which the color of the liquid may be observed. Inside 
the container is placed a coil, through which cither a cooling or heating medium 
may be circulated. Near the top of this container is suspended a lamp which 
is the source of irradiation, while at the bottom is a perforated pipe through 
which the chlorine is fed. A stirrer is also provided so as to keep the hydrocar¬ 
bons well agitated while chlorine is being introduced. Furthermore the con- 

^ Nat, Cas and Gasoline J., 1918, 12, 328; Gas Age, 1918, 41, 559.* Amer. Gas. Engr, J., 1918, 
108, 491, 506; Proc. Nat. Gas Assoc., 1918, 10, 136. 

^^Neft. Khos.. 1928, 15. 532; Brit. Chem. Abs. B, 19,30. 131. 

•• SpaiTCi U; S. Patent 1.148.258, July 27, 1915; Chcm. Abs., 1915, 9, 2593; British Patent 
29,963, 1912; J.S.C.I., 1914, 33, 502; both assigned to £. I. duPont de Nemours & Co., Inc. 

« U’. S. Patent 1,148,259, July 27, 1915; Chem. Abs., 1915, 9, 2612; U. S. Patent 1,379,367. 
May 24, 1921; Chem. Abs., 1921, 15, 3392; both assigned to £. 1. duPont de Nemours & Co., Inc. 
Also French Patent 453,406, 1913; J.S.C.I., 1913, 32, 767. 

** U. S. Patent 1,202,282 Oct. 24, 1916; assigned to Badische Anilin* und Soda-Fabrik; Chem. 
Abs., 1917, 11, 224. 

•• U. S. Patent 1,191,916, July 18, 1916; assigned to Gulf Refining Co.; Chem. Abs., 1916, 10, 2297. 
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tainer is connected to a series of condensers and receivers for collecting any 
volatile products which may be formed. The intensity of illumination from the 
lamp is diminished as it travels downward through the liquid while the concen¬ 
tration of chlorine diminishes steadily from the bottom of the liquid upwards. 
This results in the illumination being the most intense in that portion of the 
liquid which contains the lower chlorine concentration. Therefore a smooth 
reaction is obtained which yields principally monochlorinated products. In addi¬ 
tion, formation of di- and polychlorinated products is prevented by stopping chlori¬ 
nation as soon as about 20 per cent of the hydrocarbons have been converted 
to monochlorides. 

The process of Graul and Hanschke®° refers to the photochemical chlorina¬ 
tion of saturated hydrocarbons (which are normally liquid) in the vapor phase 
under the influence of ultraviolet light. For example 1000 parts of a purified 
Galician petroleum fraction, of boiling point 88® to 92® C., consisting chiefly 
of isopentane, is placed in a lead-lined vessel provided with a fractionating col¬ 
umn, and raised to the boiling point at an absolute pressure of SO mm. The 
vapors are mixed with (700 parts) chlorine and the mixture then passed through 
a vessel containing a mercury vapor lamp where chlorination occurs. The chlo¬ 
rination product consists chiefly of a monochloro-isoheptane of boiling point about 
140® C. By treatment of a Galician petroleum fraction of boiling point 75® 
to 81° C. in a similar manner there is obtained a product boiling at 135° to 
145° C., the analysis of which agreed with that of a nionochlorocyclohexane. The 
chlorination products are condensed together with unchanged hydrocarbon and 
returned to the vaporizer, while the vapors of hydrogen chloride pass on and 
are condensed. 

In contrast fo the two previous processes Boyd proposed to employ a con¬ 
tinuous two-phase process of photochemical chlorination. 

According to Boyd, the use of a two stage process obviates the contamination 
of the resulting hydrochloric acid with unchanged chlorine, which is always 
obtained when employing a liquid phase process alone. Provided the produc¬ 
tion of monochloro-compounds is not allowed to exceed 25 per cent of the theo¬ 
retical in either the liquid or gaseous phase reactors, the formation of polychloro- 
compounds is claimed to be held at a minimum. The apparatus consists of a 
series of reaction tubes, each of which is provided with transparent windows, 
one window at the top of the tube and the other at the bottom. The tubes are 
separated so as to allow a source of ultraviolet light to be placed between them: 
also a source of ultraviolet light above the uppermost tube and beneath the 
lowest tube. The liquid hydrocarbons are introduced into the system at the mid¬ 
dle reaction tube and allowed to flow downwards through the reaction tubes 
countercurrent to the chlorine gas, which is introduced at the bottom of each 
reaction tube. From the bottom tube is withdrawn a mixture of unreacted hydro¬ 
carbons and chlorinated products. Any hydrocarbon gases pass upwards through 
this scries of tubes, during which time they are continually mixed with chlorine 
and exposed to the action of ultraviolet light. From the top reaction tube the 
gaseous products are led through a condenser into a receiver and the liquid prod¬ 
ucts so obtained added to those witlidrawn from the bottom reaction tube. Any 
hydrogen chloride which has been formed during the process is collected at this 
point by passing the uncondensed gases tlirough a scrubbing tank. The mixture of 
chlorinated products and hydrocarbons is pumped into a still which is heated to 

•• U. S. Patent 1,032,822, July 16, 1912; assigned to Dadische Anilin and Soda Fabrilc; Chem. Abt., 
1912, 0, 2686. 

•^U. S. Patent 1,293,012, Feb. 4, 1919; assigned to Ohio Fuel Supply Co.; Chem. Abs., 1919, 
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such a temperature as to effect distillation of the hydrocarbons but to leave the 
chlorinated products as a residue which is withdrawn. 

The hydrocarbon vapors from the still are then passed through a condenser, 
and any liquid products are returned to the first system of reaction tubes, while 
the gaseous hydrocarbons are passed through a second series of reaction tubes 
in which they are mixed with chlorine, and again exposed to ultraviolet light. 


Separation of chlorinated products and hydro¬ 
carbons is again accomplished in exactly the 
s«'inie manner as described for the first series 
of reaction tubes and the hydrogen chloride 
formed is again separated by passing the un¬ 
condensed gases through a scrubbing tank. 

Still another process for the chlorination 
of hydrocarbons is the one proposed by Lacy,** 
in which chlorine is dissolved in a liquid 
paraffin in contact with water, and the mix¬ 
ture subjected to the influence of chemically 
active light. The hydrogen chloride formed in 
this process is absorbed by the water layer. 

Catalytic and Photochcmical-Catalytic 
Processes. The photochemical-catalytic chlor¬ 
ination process developed by Koch and 
Stallkamp and later described by Koch and 
Burrell ** is applicable particularly to the con¬ 
version of pentane into amyl chlorides, which 
can then be hydrolyzed to alcohols. The* 
apparatus, which is employed in this process 
(Fig. 29), consists of a lead-free glass tube 
fitted at the ends with reducers and screens. 
Inside this large tube is a smaller tube, also 
of lead-free glass, which extends approxi- 
niately one-half of the vertical length of the 
large tube and is supported at a short distance 
above the bottom screen. A small nozzle pro¬ 
jects through the bottom screen and this is 
directed into the lower end of the small tube. 
The lower end of the smaller tube is spread 
out in the shape of a funnel. Activated car¬ 
bon, silica gel, or similar porous substances 
which possess large gas-absorption proper¬ 
ties are used as catalyst or chlorine carriers. 
Activated carbon of 12- to 15-minUte chloro- 



Courtesy Industrial and Engineering 
Chemistry 


picrin test was found to give the best results, p,,, 29.-Apparatus for the-Chlori- 
The catalyst is placed on the bottom screen nation of Pentane. (Koch and 

in the large tube to the depth of about 3 Burrell.) 


inches. 

The large tube is filled about three-fourths full of pentane, and chlorine gas 
is forced into the apparatus through the small nozzle which is placed concen- 


• ••U. S. Patent 1,308,760, July 8, 1919; assigned to Rocsslcr and Hasslacher Chemical Co.; 

May 3i^ \92\\ 'chem. Ahs., 1921, 15, 3393; Koch, U. S. Patent 1,432,761. 
Oct. 24, 1922; Chem. Ahs., 1923, 17, 289; both patents assigned to Ohio Fuel Supply Co. 

M/nd. Eng, Chem., 1927, 19, 442. 
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trically witli respect to the funnel-shaped mouth of the smaller tube or percolator. 
The chlorine gas emerging from the nozzle passes up through the catalyst and 
then through the percolator tube, carrying some of the catalyst along with it. 
While flowing up through the percolator, the catalyzing material and chlorine 
are in intimate contact in the presence of a small quantity of the liquid, and 
large amounts of the chlorine are adsorbed by the catalyst. The catalyst passes 
out through the top of the percolator and enters the reaction zone, which is ex¬ 
posed to actinic light emanating from a battery of mercury vapor lamps. At 
this point it comes in contact with a large quantity of pentane-;and the chlorine 
is dropped or displaced from the catalyst and enters into reaction with the pen¬ 
tane. The particles of catalyst, stripped of their chlorine, fall back to the bottom 
of the large tube, in the space between it and the percolator, and are again picked 
up by the chlorine jet and forced through the percolator, thus being used over 
and over. 

Any vapors given off while the reaction is in progress pass into a refrigerated 
condenser and are refluxed back into the reaction tube. Some of the hydrogen 
chloride vapors pass through the condenser into a washer, where they are ab¬ 
sorbed to form a dilute solution of hydrochloric acid. 

Chlorination is stopped when the chlorinated derivatives are about 20 to 25 
per cent of the total volume of hydrocarbons being treated. This is necessary 
in order to keep the formation of di- and trichloride derivatives at a minimum. 
Using the apparatus as described above, Koch and Burrell were able to carry 
the reaction to this point in about an hour to an hour and a quarter. In actual 
plant practice the recoveries of’ chloropentane were about 78 per cent, with an 
average conversion to amyl chl^'ride of about 19 per cent. 

The chlorinated hydrocarbons prepared in this manner contain a large pro¬ 
portion of hydrogen chloride and must be washed and neutralized before being 
fractionated to recover the amyl chloride. This is done by using a 10 to 20 
per cent caustic solution followed by two or three washes with pure water. The 
washed hydrocarbon is then run into the fractionating still. The first fraction 
consists of untreated pentane and is retained for further chlorination. The amyl 
chloride cut is the fraction distilling between 90® and 110® C. This fraction 
amounts to approximately 25 per cent of the original charge, depending upon the 
degree of conversion during chlorination, and is about 80 per cent pure amyl 
chloride. The residue amounting to about 5 per cent consists principally of the 
di- and trichloro derivatives. 

Several other processes of this same general type have been developed. For 
instance, Blanc®® proposed the chlorination of liquid paraffin hydrocarbons with 
moist chlorine in the presence of actinic light and also a halogen carrier such as 
ferric chloride. Gasoline can be chlorinated in the presence of a solid catalyst 
such as aluminum or molybdenum chloride and ammonium carbonate; ®® or, after 
the removal of the heavy ends, it can be treated with chlorine in the presence of 
carbon tetrachloride, about 1 per cent aqueous ammonia and a metallic chloride 
such as aluminum or ferric chloride.®^ In the latter case the product is princi¬ 
pally heptachlorohexane. 

**U. S. Patent 1,248,065, Nov. 27, 1917; assigned to Goodyear Tire and Rubber Co.; J.S.CJ., 
191^ 37, 74A. 

■■Vivas, U. S. Patent 1,733,842, Oct. 29, 1929; assigned to International Fireproof Products 
Coro.: Chem- Abs., 1930, 24, 512. 

Vivas, U. S. Patent 1,733,843, Oct. 29, 1929; Ch§m, Abs.^ 1930, 24, 512; also British Patent 
286,726, 1928; Bn'r. Chem. Abs. B, 1929, 349; both patents assigned to International Fireproof 
Products Corp. 
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In the process developed by Payne and Montgomery®* the catalyst is first 
prepared by mixing a paraffin distillate (initial boiling point of about 450" F.) 
with powdered coal and completely chlorinating the mixture. Moist hydrocar¬ 
bon gases, such as natural gas or pressure still gases, together with chlorine in 
the proportion of 3 volumes of gas to 1 volume of chlorine are passed over this 
catalyst at 300" F. The mixture is next passed through quartz tubes exposed 
to rays from a mercury vapor lamp in order to complete the chlorination. The 
liquid products are then condensed, and the remaining gases are cooled to obtain 
methyl chloride; Very little uncombined chlorine is found among the products. 

The direct chlorination of hydrocarbons by passing vapors mixed with chlorine 
over a heated graphite catalyst has also been proposed.®® 

Thermal Chlorination, An interesting process for the thermal vapor phase 
chlorination of n- and iso-pentanes to amyl chlorides is the one described 
by Ayres.^®® The chemistry of this process has been previously discussed so 
that only the technical aspects of the operation need be considered here. The 
pentanes which were used were obtained as a narrow cut fraction (95 per cent 
boiling between 28° and 39" C.) of natural gasoline containing approximately 
equal proportions of normal and isopentanes. The scale of operations to which 
this process has been developed may be gaged by the following details which have 
been supplied by Ayres. Twenty-two tons of chlorine per day are fed into a 
flowing stream of hot pentane vapor. The daily throughput of pentane is of the 
order of 100,000 gallons though owing to the very short time of reaction (2.5 
seconds) only about 3 gallons of pentane and 8 ounces of chlorine are present in 
tile reaction zone at any given moment. 

A general outline of plant operation has been supplied by Clark.^®^ As indi¬ 
cated in the flow sheet in Figure 30, the pentane cut is pumped from storage 
to a mixing tank, where pentanes recovered from the system are added and the 
mixture is thoroughly dehydrated. From the mixing tank the pentanes are passed 
through a vaporizer. Chlorine is passed through another vaporizer and the two 
gas streams are combined in a mixing throat. From this they pass immediately 
into a gas-fired pipe still. , 

The exit gases from the pipe still pass through pipe banks cooled with a 
water spray and enter the first of four continuous fractionating columns. The 
first column is operated to take off an overhead product containing only pentanes 
and the hydrogen chloride produced in the chlorination. This product is re¬ 
turned to the mixing tank at the start of the system, while the bottom product, 
a mixture of amyl chlorides and unchlorinated pentanes, is pumped to the second 
continuous column. The pentane-rich overhead product from this column is re¬ 
turned to the feed of the first column, while the bottom product, low in pentanes 
and high in chlorides, passes to the third column. In the latter column the amyl 
dichlorides and more highly chlorinated substances are removed in the still liquor 
and sent to a separate discontinuous still, and the amyl chlorides are sent to 
the fourth column. Here a practically pure mixture of amyl chlorides is obtained 
as a bottom product, while the residual pentanes are taken off overhead together 
with some amyl chlorides and are returned to the feed of the first still. , 

The dichlorides and polychlorides in the still liquor from the third column 
are worked up in batches in a caustic still, only the dichlorides being recovered. 
The more highly chlorinated compounds are discarded. 

U. S. Patent 1,453,766, May 1, 1923; assigned to Standard Oil Co. of Indiana; 1923, 

42. 800A. 

••French Patent 605,950, 1925; Brit, Ckem. Abs. B, 1928, 921. 

Eng. Chcm., 1929, 21. 899. 

Jnd, Eng. Chtm., 1930, 22. 439. 
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f^eCO^t/KY HYOHOCHLORIC ACtD^PZNTAMi 
'ourtesy Industrial and Engineering Chemistry 

Fig. 30. —Flowsheet for Industrial Chlorination of Pentane and Recovery of Hydrochloric Acid. (Clark.) 
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The recovery of the hydrogen chloride produced during the chlorination proc¬ 
ess is carried out as follows: This substance^ together with unchlorinated pen¬ 
tanes, constitutes the overhead product from the first continuous still and is 
returned to the mixing tank at the start of the chlorination system, as shown in 
Figure 30. Here it is introduced at the bottom, and the dry hydrogen chloride, 
bubbling up through the liquid pentanes, combines with any water present to 
form hydrochloric acid, which settles out at the bottom of the tank and is drawn 
off from time to time. Only a fraction of the hydrogen chloride is removed in 
this way, the rest being recovered in a continuous system which withdraws gas 
from the top of the mixing tank, passes it through a condenser to remove most 
of the pentanes, and then through a double countercurrent absorption system of 
fused silica, where the hydrogen chloride is taken up in water. The exit gases 
from the absorption system are scrubbed with dilute caustic brine liquor from the 
subsequent hydrolysis operations and, after passing through a condenser, are 
compressed and condensed. The liquid pentanes are returned to the mixing tank. 

An alternative procedure for the recovery of hydrogen chloride is as fol¬ 
lows: The gases leaving the reaction chamber, which are at a temperature of 
275® C. or higher and under a pressure of 15 to 25 pounds, are led through a 
rectifier which is kept at a temperature just low enough to condense the chlorin¬ 
ated hydrocarbons and yet to allow the unreacted hydrocarbons and the hydrogen 
chloride to pass on. These latter gases are then passed through a condenser, 
which partially separates the hydrocarbons, and finally through an absorber. 
The temperature of the absorber is high enough, regulated by the rate at which 
water is fed to it, to prevent th€ condensation of the hydrocarbon gases and at 
the same time secure practically complete extraction of the hydrogen chloride. 

Other processes for the thermal chlorination of hydrocarbons are those devel¬ 
oped by Ayres and by the Bataafsche Petroleum Maatschappij.^®* In the 
former process the hydrocarbon vapors together with small volumes of chlorine 
are heated to 315® to 370® C. for very short periods of time in the absence of 
any catalyst or illumination. In the latter process pentanes can be either bromi- 
nated or chlorinated by heating the vapors mixed with bromine or chlorine in 
the dark to 250° to 330® C. To control chlorination of hydrocarbons such as 
pentane and avoid explosion, Lunt proposed to bring together chlorine under 
a pressure of 4 to 5 atmospheres and pentane vapor under about the same pres¬ 
sure in a mixing chamber at a lower pressure (about 2.6 atmospheres). 

Chlorination of Higher Paraffin Hydrocarbons 

The chlorination of paraffin hydrocarbons of six or more carbon atoms 
has been carried out either on mixtures of isomeric hydrocarbons or on petroleum 
fractions of narrow boiling range. Since usually very little information has 
been obtained regarding the constitution of even the monochlorinated products, 

hydrogen chloride can ' also be extracted from such a mixture by contacting the mixture 
in the vapor phase under pressure with water. The formation of a film of chlorinated hydrocarbons 
on the surface of the water is thus prevented, according to Ayres (U. S. Patent 1,831,474, Nov. 10, 
1931: assigned to B. A. S. Co.), and the efficiency of the extraction is increased. 

»«U. S. Patent 1,717,136, June 11, 1929; Chem. Abs., 1929. 23, 3713; British Patent 320.406, 

1928; Chem. Abs., 1930, 24. 2468; U. S. Patent 1.741.393, Dec. 31, 1929; Chem. Abs., 1930, 24, 

1119; French Patent 657,518, June 16, 1928; CArw. Abs., 1929, 23, 4228; Canadian Patent 278,537, 

1928; all patents assigned to B. A. S. Co. Ayres (U. S. Patent 1.835.202, Dec. 8, 1931; assigned 

to B. A. S. Co.; Brit. Chem. Abs. B, 1932, 878) suggests dehydrating the hydrocarbons before 
chlorination by treating them with dry hydrogen chloride. Amylene dichloride can be used in a 
paint-removing composition (Wilson. U. S. Patent 1,918.224, Julv 11, 1933; assigned to Sharpies 
Solvents Corp.; Chem. Abs., 1933, 27, 4642) or for removing road tar from vehicles (Valee, U. S. 
Patent 1.913,647, June 13. 1933; assigned to Shan>les ^Ivents Corp.; Chem. Abs., 1933, 27, 4364). 

British Patent 3.18.742, 1929; Brit. Chem. Abs. B. 1931. 237. 

IMS U. S. Patent 1,824,558, Sept. 22, 1931; assigned to £. B. Badger and S<M>s Co.; Chim. Abs., 
1932, 26. 150. 
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on the whole our exact knowledge of the chlorination of the higher paraffins is 
extremely limited, and much work needs to be performed before any generaliza¬ 
tions can be formulated. It appears, however, that the higher paraffins can be 
readily chlorinated either in the liquid or gaseous phases in the presence of 
diffused daylight or of catalysts, such as iodine. Chlorination in bright sun¬ 
light usually leads to intensive action resulting in carbon deposition. Most of 
the workers in this field have endeavored to restrict the chlorination process to 
the nionochloro-derivatives, e.g., by carrying out the process in the absence of 
catalysts and stopping it as soon as somewhat less than the theoretical amount 
of chlorine required for monochlorination had been absorbed. As a rule 
catalysts tend to favor the production of polychlorinated products. Though the 
monochloro-compounds have been hiost generally produced, there is no difficulty 
in carrying the chlorination much further. 

The methods employed for chlorinating the higher paraffins are largely modi¬ 
fications of Schorlemmer’s classical series of experiments on the chlorination of 
hexane. Schorlemmer employed the following four methods of chlorination: 
(1) chlorination of the cooled liquid hydrocarbon in diffused daylight; (2) 
chlorination in the liquid phase in the presence of iodine; (3) chlorine alone 
passed into the vapors of the boiling hydrocarbon; and (4) chlorination in the 
vapor phase in the presence of iodine vapor. In all four cases the bulk of the 
products consisted of a mixture of primary and secondary monochlorohexanes but 
it was noted that liquid phase chlorination tended to result in the production of 
large quantities of polychloro-derivatives. Thus Schorlemmer obtained a hexa- 
chlorohexane by passing chlorine into hexane *from petroleum as long as any 
action could be observed, first in diffused daylight and afterwards in direct sun¬ 
light. 

Morgan reported that on the vapor phase chlorination of hexane, obtained 
from petroleum naphtha, about nine-tenths was converted into a mixture of 
monochlorides boiling from 124® to 130® C., the remainder consisting of more 
highly chlorinated products. Passage of chlorine into boiling hexane, according 
to Michael and Turner,yielded a mixture of chlorohexanes, of which about 
10 per cent was 1-chlorohexane. A small amount of 2-chlorohexane, and less of 
3-chlorohexane, was formed at the same time. 

The vapor phase chlorination of both n-hexane and isohexane (obtained from 
Pennsylvania straight run gasoline) in the presence of diffused light was investi¬ 
gated by Faragher and Garner.^®® In both instances the products consisted prin¬ 
cipally of a mixture of monochlorinated hydrocarbons, together with small 
quantities of dichloro and higher chlorinated compounds. From the chlorinated 
n-hexane a fraction (boiling point 120® to 124® C.) was obtained which corre¬ 
sponded in properties to 2-chlorohexane. 

On subjecting boiling diisopropyl to chlorination the chief product formed, 
according to Schorlemmer,'®® was a monochloride boiling at 127® C. In the 
presence of iodine a dichloride melting at 160° C. was the main product. Silva 
observed, however, that when diisopropyl was chlorinated in the presence of sun¬ 
light two monochlorides were formed; one boiling at 122® C. and the other at 
118® C. Aschan'" obtained two monochlorides from the diisopropyl fraction of 

1870. 3. 615; PhU. Trans., 1872. 162, 112; Proc. Ray. Soc. (London), 1871, 19, 20; 
Phil. Trans., 1872, 162, 116, 118; Ann., 1872, 161, 265, 272, 275. 

»«CAcm. News, 1874, 30, 292; Chetn. Soc. Abs., 1875, 28, 301; Ann., 1875, 177, 304. 

1906, 39. 2153. 

/./I.C.S*., 1921. 43. 1717. 

Roy. Soc. (London), 1867, 16, 35: 1867, 144, 186; Z. fur Chemie, 1867, 10. 1. 75. 

^^•Bet., 1872, 5, 984; ibid.. 1873. 6, 36: «e^.. 1874, 7, 953. 

^^Ber., 1898, 31, 1802; Oversikt. Finska Vetenskaps-Soc. F8rh., 1915, 58, 122; Chetn. Abs., 
1920. 14. 3654. 
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Baku petroleum (boiling range 57® to 59° C.), one boiling at 117° to 119° C. 
and considered to be a tertiary chloride, and the other boiling at 123° to 125° C. 
was unidentified. 

Heptanes, Chlorination of heptane in the liquid phase and in the presence 
of diffused daylight yielded a monochloro-product boiling at 150° C., and a di- 
chloro-product boiling at 190° C. The vapor phase chlorination of heptane from 
Finns sabiniam, however, resulted in the formation of 1-chloro- and 2-chloro- 
pentane. Principally mixtures of monochloro-derivatives of heptane have been 
obtained on the chlorination of the appropriate petroleum fraction by Pelouze 
and Cahours,^^® Morgan,and Faragher and Garner.'^* The last-named inves¬ 
tigators were also able to isolate a dichloroheptane fraction boiling at 90° to 
100° C. at 15 mm. pressure from their products. 

Isoheptane, prepared from ethyl and isoamyl bromides, was chlorinated by 
Grimshaw.“® This was done in the vapor phase and in diffused illumination. 
The latter condition was necessary in order to control the reaction. The products 
consisted of monochlorides, together with small quantities of higher chlorinated 
products. 

Octanes, Very little work has been done with pure octane, the initial mate¬ 
rial in most instances being a petroleum fraction with a very narrow boiling 
range. Only in rare instances have the structures of the chlorinated products 
been determined. 

From a petroleum fraction boiling at 122° to 125° C. Schorlemmer pre¬ 
pared an octyl chloride boiling at 173° to 176° C. By conversion to the corre¬ 
sponding alcohol it was.shown to be principally 2-chlorooctane. Previously he 
had noted the formation of monoqhlorooctane, boiling point 170° to 172° C, by 
the action of chlorine on octane. Monochlorooctanes of about this same boiling 
range, 172° to 176° C,, have been made from petroleum fractions by Pelouze and 
Cahours and by Mabery and Hudson.^^® n-Octyl chloride, boiling at 182° C., 
was obtained by Cahours and Demarcay^®® by the chlorination of an octane 
formed during the distillation of crude fatty acids with superheated steam. 

Schorlemmer^®^ observed the formation of a monochloro-compound boiling 
at 165° C. on the chlorination of diisobutyl. Carleton-Williams noted the 
formation of a mixture of primary and secondary chlorides when diisobutyl was 
chlorinated in the vapor phase in the presence of sunlight, but was unable to 
effect separation of the products by fractional distillation. 

Rather energetic chlorination o-f diisoamyl has been reported by Hartmann.^®® 
The treatment consists first in chlorinating in the cold with chlorine, then with 
antimony pentachloride in sealed tubes at 190° to 200° C., and finally a second 
treatment with antimony pentachloride at 450° C. Under such conditions the prod¬ 
ucts were tetrachloromethane and hexachlorobenzene, together with a small quan¬ 
tity of hexachlorobutadiene. 


“■Schorlemmer, Proc. Roy. Sac. {London)^ 1865, 14, 169, 466, 468; Ann., 1865, 136, 259, 266. 

rtnd., 1862, 54, 1241; ibid., 1863. 56, 505; ibid., 1863, 57, 62; Ann. chim. pkys., 
1864. (4) 1, 1; /. prakt. Chetn., 1863, 88, 314; ibid., 1863, 80, 359; ibid., 1864, 91, 98. 

Loc, cit. 

““ Loe. cit. 

^^•Ber., 1877, 10, 1602; J.C.S., 1877, 32, 260. 

Proc. Roy. Soc. {London), 1869, 18, 25; Ann., 1869, 152, 153. 

Loc. cit. 


Amor, Chem. J., 1897, 19, 243. 

^Compt. rend.. 1875, 80, 1568. 

Proc. Roy. Soc. {Loudon), 1867, 16, 35; Ann., 


1867, 144, 186. 
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Nonanes, Monochloro-derivatives of this hydrocarbon were prepared by 
Pclouze and Cahours ^*^ and by Lemoine^^* from nonane isolated from petroleum 
fractions. Chlorination was effected by passing chlorine into the gently heated 
hydrocarbon. 

Thorpe and Young passed chlorine into purified nonane in the presence of 
direct sunlight. Vigorous reaction took place, and occasionally the passage of 
chlorine was stopped and the mixture distilled. The portion distilling below 200° C. 


Table 121 .—Products of Chlorination of the Higher Paraffins. 


Source of Conditions of 

Hydrocarbon Hydrocarbon Chlorination Products 



Synthetic 

petroleum 

Vapor phase 

Primary and secondary mono- 
chlorides, b.p. 12.S"-130" C.“ 


Petroleum 

Chlorination in dif¬ 
fused daylight 

Monochlorohexanes, b.p. 125®- 
128“ C." 


Petroleum 

Vapor phase 

90% of monochloro-compounds, 
b.p. 120“-134® CV 

n-Hexane 

— 

Liquid phase at b.p. 
in diffused daylight 

l-,2-, and 3-chlorohexanes.‘' 


Petroleum 

Vapor phase 

Monochloride, b.p. 120“-I24® 
C. (2-chloro-conipound?)* 



Further chlorination 
of monochlorides in 
diffused daylight 

Dichlorohexane, b.p. 180“--184® 
C. Trichlorohexane, b.p. 215®- 
218® C. Tctra- and he.\achloro- 
hexanes.® 

Isohexane 

Petroleum 
(b.p. 6r-^34‘’ 

C.) 

Vapor phase 

Mixture of monochlorides, b.p. 
119®-123® C.* 

Diisopropyl 
(2,3-Dimethyl-’ 
butane) 

^ Synthetic 

i 

From Baku 
petroleum (b.p. 

^ S7®-S9" C.) 

Liquid phase in cold 

Liquid phase at 0" C. 

Two monochlorides, b.p. 122'® 
and 118® C., also a dichloride 
of b.p. 160® C.‘' 

Three monochlorides, the one 
of b.p. 117®-! 19® C. being the 
tertiary compound.* 


Synthetic 

Liquid phase in dif¬ 
fused daylight 

A monochloride, b.p. 150® C. 
and a dichloride, b.p. 190® C.® 


From Pinus 
sabiniana 

Vapor phase 

Mixture of 1-chloro- and 2- 
chloro-heptanes, boiling at 
143®-157® C.‘ 

n-Heptane 

Petroleum 
(b.p. 92"-94'’ 

C.) 

Chlorine passed into 
warm liquid hydro¬ 
carbon 

Monochlorides, b.p. 148®--152* 
C.' 


Petroleum 
(b.p. 96'’~99* 

C.) 


Monochlorides, b.p. 144®-156® 
C.'^ 


Petroleum 
(b.p. 97‘*-100“ 

Ic.) 

Lj^uid phase at 20**- 

Monochloride, b.p. 150®-160* 
C., and a dichloride, b.p. 90®- 
100® at 15 mm.' 

Isoheptane 

(2-methyl- 

hexane) 

Synthetic 

Vapor phase in weak 
illumination 

Almost entirely monochlorides, 
b.p. 140®-150® C, with small 
amounts of higher chlorinated 
products.™ 

hoc. ext. 

Bull. soc. chim., 1884, (1) 41, 
Proe. Roy. Soc. (London), 1873 

163. 

, 21, 196; Ann., 1873, 16S, 20; Chem. Soc. Abs., 1873, 26, 260. 
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Table 121 .—Products of Chlorination of the Higher Paraffins (continued). 


Hydrocarbon 

Source of 
Hydrocarbon 
Petroleum 
(b.p. 122“- 
125“ C.) 

Conditions of 
Chlorination 

Products 

Monochloride, b.p. 173“-176* 
(2-chloro-?).“ 


Synthetic 


Monochlorides, b.p. 174*-176“ 
C., consisting of primary with 
small amount of secondary.*^ 

n-Octane 

Synthetic 


1-chloro-octane, b.p. 182“ C.® 


Petroleum 
(b.p. 119.5“- 
120“ C.) 

Vapor phase 

Monochlorides, b.p. 164*-166* 
C.® 


Petroleum 
(b.p. 124“- 
, 125“ C.) 

Vapor phase 

Monochlorides, b.p. 173“-176* 
C.** 

Diisobutyl 
( 2,5-Dimethyl-- 
hexane) 

j' Synthetic 
Synthetic 

Vapor phase in dif¬ 
fused sunlight 

Vapor phase in dif¬ 
fused sunlight 

ChlorO'Octane, b.p. 165“ C. 
d”‘0.8834® 

Mixture of primary and sec¬ 
ondary monochlorides.' 

1 

Synthetic 

Liquid phase in sun¬ 
light 

A mixture of primary and sec¬ 
ondary monochlorides, b.p. 
190“~198“ C, together with 
higher chlorinated products.® 

Nonanes -j 

i 

Petroleum 
(b.p. 136“- 
138“ C.) 

Liquid phase, warm 

Monochloride, b.p. 196“ C.* 


Synthetic 
(b.p. 132“ C. 
at 759 mm). 

Liquid phase, below 
65“ C. 

Monochloride, b.p. 180“-184* 
C.® 

Decanes 

Both synthetic 
and decanes 
from petroleum 
fractions 

Liquid and gaseous 
phases in diffused 
sunlight, etc. 

Monochlorodecanes and dichlo- 
rodecane of unknown structure; 
chlorination vigorous even in 
diffused light.' 

Undecanes 

Petroleum 

Liquid phase in dif¬ 
fused sunlight 

Monochlorundecane, b.p. 225“- 
230“ C. at 747 m., and (pos¬ 
sibly) dichlorundecane.'' 

Dodecane 

Petroleum 

Liquid phase 

Monochlorododecanes and di- 


chlorododecanes.'' 


■ Schoriemmer, previous citations. 

^ Pelouze and Cahours, loc. cit. 

« MorKan. J.C.S., 1875, 28, .302; Ann., 1875, 177, 304. 

« Michael and Turner. Ber., 1906, 39. 215.3. 

* Faragher and Garner, J.A.C.S., 1921, 43, 1717. 

* Silva, he. cit. 

sAschan, Ber.. 1898, 31, 1802; Chem. Abs.. 1920. 14. .3654. 

^ Schorlemroer, Proe. Roy. Soc. {London), 1865, 14, 169, 466, 468; Ann., 1865, 136, 259, 266. 
‘ Schorlemmer and Thorpe, Phil. Trane., 1884, 174, 269; Ann., 1883, 217, 149; Amer. Chem. J , 
1884, 6. 28. 

1 Pelouze and rahourn. he. cit. 

It Morgan, J.C.S.. 1875, 28, 301; Ann., 187.S. 177, 304. 

I Faragher and Garner, J.A.C.S., 1931, 43, 1717. 

»Grimshaw. J.C.S., 1873. 26. 312, 318; Ann., 1873, 166. 163. 

■ Schorlemmer, Proe. Roy. Soc. {London), 1869-70, 18, 25; Ann., 1869, 132, 153. 

Cahours and Demarcay, Compt. rend., 1875, 80, 1568. 

P Mabery, Amer. Chem. J., 1897. 19, 419; Chem. Soc. Abs., 1897, 72 (1), 449. 

<1 Schorlemmer. Proe. Roy. Soc. {London), 1867, 16, 35; Ann., 1867, 144, 186. 
r Carleton-Williams. J.C.S., 1877, 31, 542; ibid., 1879, 35, 126. 

■ Thorpe and Young, Proe. Roy. Soc. {London), 1873, 21, 196; Ann., 1873, 165, 20. 

* Pelouze and Cahours. he. cit. 

" Lemoine, he. cit. 

^Mabery, he. cit.; Pelouze and Cahours, he. cit.; Lemoine, loc. cit.; Grtmshaw, loc. cit,; 
Schorlemmer, he. cit.; Schiitz and Hartogh, Ber., 1909, 42, 3611; Cloez, Compt. rend., 1877, 85, lOM: 
WurU, Compt. rend., 1863, 56, 1167, 1246; Ann., 1863, 188, 231. 

V Mabery, he. eit.; Pelouze and Cahours, he. eit. 
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was again subjected to chlorination. This procedure was adopted to avoid as 
far as possible the formation of higher chlorinated products. Upon completion 
of chlorination the product "was distilled and a nonyl chloride fraction boiling 
at 190® to 198° C. obtained. This fraction, however, was thought to be a mix¬ 
ture of primary and secondary monochlorononanes. 

Dccancs, Undecanes and Dodecanese Decyl chlorides have been prepared by 
Mabery from petroleum fractions boiling at 173° to 174° C. and from different 
crude petroleums. Chlorination was effected in diffused light, and the products 
were separated by fractionation. The nionochloro-derivatives generally boiled 
around 130® to 140° C. at 80 mm., and the dichloro-derivatives at 160® to 170® C. 
at 80 mm. The monochloro-derivatives of undecane, boiling at 225® to 230® C. 
in 747 mm., were obtained in a similar manner. Indications were also obtained 
that some dichloro-derivatives were formed at the same time. Monochlorododecane 
boiled at 142® to 153° C. at 80 mm., while a possible dichloro-derivative boiled 
at 150° to 160° C. at 80 mm. 

A resume of the most important contributions on the chlorination of paraffin 
hydrocarbons from hexane to dodecane, as compiled by Egloff, Schaad and 
Lowryis given in Table 121. 

The chlorination of kerosene, from Pennsylvania petroleum, by means of anti¬ 
mony pentachloride in the presence of iodine and at 350® to 360® C. has been 
reported by Hartmann.^** The products of such chlorination were stated to be 
principally hexachloroethane and hexachlorobenzene, together with small quantities 
of tetrachloromethane and perchloromesole (hexachlorobutadiene, C 4 CI 0 ). Using 
another fraction (boiling at 300® to 350° C.) of this same petroleum and chlori¬ 
nating at 450° C. with antimony pentachloride the products were almost entirely 
tetrachloromethane and hexachlorobenzene. 

The chlorination of various petroleum fractions corresponding with tridecane, 
tetradecane, pentadecane, hexadecane, heptadecane and octadecane has been de¬ 
scribed by Mabery and also by Pelouze and Cahours but the data available are 
fragmentary. These higher paraffins appear to chlorinate very readily in 
diffused daylight at room temperatures and monochloro-derivatives (which are 
probably mixtures of isomers) have been obtained. In the case of paraffins with 
more than 17 carbon atoms, it is stated that chlorination proceeds readily without 
catalysts.^^***^ The chlorination of the higher paraffins has been mainly investigated 
from the viewpoint of the subsequent dechlorination of the monochlorides so 
obtained, to yield drying oils of unsaturated character. The olefins produced 
by the removal of hydrogen chloride from monochlorinated products of paraffin 
wax may be oxidized to fatty acids which are of value in the manufacture of 
soaps. The chlorination of paraffin wax for the ultimate production of fatty 
acids by the latter series of processes has been described by Schaarschmidt and 
Thiele.^®® These workers fotmd that when chlorine is passed into liquid paraffin 
at 160° C. the gas is completely utilized and the operation proceeds without ex¬ 
ternal heating. The process is interrupted when the requisite gain in weight has 
been attained. Chlorination does not occur quite uniformly and, in addition to 
isomeric monochloro-derivatives, dichloro-products are also formed before all the 
paraffin is attacked. 

Amer. Chetn. 1897, 19. 419; Mabery and Hudson, Amer. Chem, 1897, 19, 482. 

**• Ckem. Reviews, 1931, 8. 1. 

1891. 24. 1019. 

***• Gardner and Bielouss, Jnd. Eng. Ckem., 1922, 14. 619. 

^Ber., 1920, 53B. 2128. 
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A series of chloriniated paraffins varying in chlorine content from 20 to 48.5 
per cent was prepared by Gardner by bubbling dry chlorine through paraffin 
wax at a temperature of about 70® C. Introduction of more than 40 per cent 
of chlorine is accomplished with difficulty. The relationship between chlorine 
content and density, congealing point, vi.scosity, and surface tension was ex¬ 
amined. Viscosity increases sharply after more than 40 per cent chlorine has 
combined. As the chlorine content increases the congealing point drops to a 
minimum (at about 37 per cent chlorine in these experiments) and then in¬ 
creases sharply. 


Utilization of Ch loro-derivatives of Higher Paraffins 

A number of industrial methods dealing with the chlorination of the immediate 
homologues of the pentanes have been dealt with previously. Most of the methods 
for the chlorination of higher paraffins have for their object the utilization of 
the monochlorinated products as raw materials in the manufacture of fatty acids, 
drying oils, and similar materials. 

According to Perkin, Weizmann and Davies/®' n-heptane may be chlorinated 
in the liquid phase at 90® C. under the influence of ultraviolet radiations. The 
chlorination process may also be accelerated by catalysts such as phosphorus com¬ 
pounds or iodine. Thus, when chlorine was passed into 300 grams of heptane 
until the increase in weight was 50 grams the products consisted of 225 grams 
of monochloroheptanes and 10 grams of dichloroheptanes. 

. Strauss stated that the higher paraffin hydrocarbons, such as undecane 
and dodecane, or petroleum fractions corresponding with these hydrocarbons or 
their mixtures, could be converted mainly into monochloro-derivatives by vapor 
phase chlorination under diminished pressure at a temperature approximately 
double that of the boiling point of the hydrocarbon. A controlled quantity of 
chlorine was employed and the reaction was catalyzed by the addition of a small 
amount of iodine vapor. 

The chlorination of the higher paraffins to yield highly chlorinated substances 
(useful as coating or impregnating materials or for varnishing) is described by 
Buchner,'®® who proposed to pass chlorine into a solution of the hydrocarbon in 
carbon tetrachloride at ordinary or elevated temperatures and under the influence 
of chemically active radiation. The carbon tetrachloride is said to exert a definite 
accelerating action. Many of the products are solid non-plastic substances melt¬ 
ing at 100® to 115® C. Introduction of chlorine into a solution of paraffin in 
carbon tetrachloride at 70® to 75® C. yielded a material containing 77 per cent 
of chlorine. 

The use of chlorinated hydrocarbons in the preparation of flame-proof insu¬ 
lation has been described by Ellis. One method'®* consists in chlorinating sol¬ 
vent naphtha until about 40 to 50 per cent of chlorine by weight has been absorbed, 
and a crystalline product separates from the mother-liquor. This crystalline 
chlorinated product is then incorporated with wax, asphalt or similar combustible 
organic insulating material and imparts to the latter flame-proof qualities. Such 

^Ind. Eng. Chem., 1933, 25. 1211. 

British Patent 22,653, 1912; 1913, 32, 1029. 

‘"German Patent 267,204, 1912; Chem. Zentr., 1913, 2, 2013. 

*"U. S. Patent 1,129,165. Feb. 23, 1916; Chem. Abs., 1915, 9, 1128. 

‘"Ellis, U. S. Patent 1,248,638, Dec. 4, 1917; Chem. Abs., 1918, 12, 412. 
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a composition is suitable, for example, for use on copper wire. Another method 
of preparing such compositions is by chlorination of heavy petroleum, for ex¬ 
ample an “asphaltic oir' such as Mexican petroleum, and incorporating a suffi¬ 
cient quantity of the chlorinated product with a plastic insulating material so 
as to render the composition flame-proof. Waxes, such as paraffin wax, ceresin 
wax or Japan wax, can be chlorinated until the quantity of chlorine absorbed is 
10 per cent or more. Such chlorinated substances, either alone, admixed with 
the chlorinated compounds described in the two previous examples, or incorporated 
with asphalts, pitches, malthas or similar substances, furnish flame-proof insu¬ 
lating materials.^®® 

Thiele described a method of making drying oils, to be used as linseed 
oil substitutes, from kerosenes containing large proportions of cyclic hydrocar¬ 
bons. The first stage in the process is chlorination with moist chlorine. 

Deschauer has reported the chlorination of montan wax to yield highly 
chlorinated products, which may resemble fossil resins, such as copals, when 
their chlorine content is sufficiently high. He introduced chlorine into a warm 
mixture of the liquid wax and dilute alkali (10 per cent caustic soda). Chlorin¬ 
ated products of montan wax are claimed to be excellent substitutes for beeswax, 
i.e., for insulation purposes or floor polish. By changing the chlorine content of 
the products, their properties may be varied. 

In the preservation of fruit while in transit, to the market the fruit is first 
treated with a mold-inhibiting agent, such as a solution of sodium hypochlorite 
containing sodium bicarbonate, and then, while still wet, with a shrinkage-retard¬ 
ing film of a coating material which includes “chlorocosane.” Chlorocosane, which 
is made by completely chlorinating paraffin wax, melting point 145® F., contains 
about 40 to 50 per cent chlorine, and has the consistency of a heavy oil.^®® 

The use of chloroparaffin resin as a chewing-gum base has been described by 
Geller.^*® Examples are: (1) a mixture of soft chloroparaffin resin, hard chloro¬ 
paraffin resin, and a small proportion of depolymerized rubber; (2) a mixture 
of fat, fatty acids, chloroparaffin resin and rubber. 

Schrauth described the preparation of dry, odorless soaps, soluble in hot 
water and forming an abundant lather, by alkali fusion of the chlorination prod¬ 
ucts of petroleum fractions. The chlorination is carried only to the monochloro- 
stage and the monochloro-derivatives are then subjected to alkali fusion at 200® 
to 300® C. for 6 to 8 hours. Hydrogen is evolved during the process. Under 
these conditions cetyl chloride yields palmitic acid. 

Bosshard and Strauss^*® described the production of certain derivatives (e.g., 
arylalkyl ethers) from the halogenated aliphatic saturated hydrocarbons contain¬ 
ing at least 16 carbon atoms. Thus a motwchloroparaffin of melting point 35® 
to 40® C., produced by chlorination of paraffin wax, may readily be condensed 
with phenol and alkali carbonate to yield phenoxyparaffin, a soap-like mass of 
melting point 60® C., the sulphonic acid of which may be used in tanning. Sim- 


Ellis, U. S. Patent 1,246,809, Nov, 13, 1917; assigned to New Jersey Testing Laboratories; 
Chem. Abs., 1918, 12, 298. 

Ellis, U. S. Patent 1,246,810, Nov. 13, 1917; assigned to New Jersey Testing Laboratories: 
Chem. Abs., 1918. 12. 298. 

U. S. Patent 1,254,866, Jan. 29. 1918; Chem. Abs., 1918, 12, 769. 

»»• U. S. Patent 1,429,932, Sept. 26. 1922; Chem. Abs., 1922, 16, 4084. 

m McDill, U. S. Patwt 1.836,267, Dec. 15. 1931; assigned to Food Machinery Corp.; Brit. Chem. 

German Patent .127.048, 1914; J.S.C.I., 1921. 40, 227A. 

17 ^243*^*”*” Patent 344,878, 19J8; assigned to Elektrochem. Werke G.m.b.H.; Chem. Abs., 1923, 
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ilarly a dichloroparaffin (melting point 40® to 60® C.) may be condensed with 
phenol to furnish a phcnoxychloroparaMn. 

The preparation and properties of a synthetic hydrocarbon oil formed by the 
condensation of a monochlorinated wax and an aromatic hydrocarbon has been 
described by Davis.* The paraffin wax is chlorinated by passing chlorine 
through it until the chlorine content of the wax ijs about 10 to 12 per cent. Dur¬ 
ing chlorination the temperature should be above 140® F., but should not exceed 
300® F. The chlorinated product is then slowly added to a mixture of equal 
weights of an aromatic hydrocarbon (e.g., benzene, naphthalene or anthracene) 
and aluminum chloride. To keep the mixture well stirred during the addition of 
the chlorinated wax it is necessary that some inert solvent, such as kerosene, 
should be present and during this operation the temperature is maintained at 140" 
to 160® F. After the reaction is completed the aluminum chloride sludge is 
withdrawn and the kerosene and unreacted wax are removed by distillation, using 
reduced pressures for the latter. The addition of small proportions of the hydro¬ 
carbon oil so prepared to wax-bearing lubricating oils greatly reduces the pour 
point of the latter, thereby eliminating the necessity for severe dewaxing opera¬ 
tions. As an example, the addition of 1 per cent of the synthetic hydrocarbon 
oil to a lubricating oil (from a Pennsylvania crude petroleum) lowered its pour 
point from 30® F. to below —5® F. 

The work of Gardner and Bielouss on the production of drying oils from 
chlorinated products of higher petroleum fractions is of interest. The chlorina¬ 
tion of the high boiling liquid paraffin hydrocarbons was found to proceed 
smoothly in the absence of catalysts. The chlorinated products may then be 
dcchlorinated by heating to 250® C. without the addition of any catalysts, under 
which conditions complete removal of chlorine, as hydrogen chloride, can be 
eflfected. The products consist of olefins mixed with cyclic hydrocarbons pro¬ 
duced by ring closure during the dechlorination. According to Gardner,ex¬ 
cellent drying oils are produced by heating chlorinated hydrocarbons, containing 
30 to 54 per cent of chlorine, to 240® to 320® C. for periods of 0.5 to 8 hours 
with small amounts of rosin and fatty acids from linseed oil. During the heat¬ 
ing, the chlorine is removed as hydrogen chloride, some water passes off, and 
the acid number of the reaction mixture decreases continuously. Bielouss 
stated that a satisfactory drying oil can be made by dechlorinating at 240® C. 
or lower without a catalyst. Also by successive chlorination and nitration of a 
mineral oil distillate, of specific gravity not less than 0.882, products are obtained 
of use in varnishes or pyroxylin compositions.^**^ 

The chlorination of higher petroleum fractions immediately after these hydro¬ 
carbons have been subjected to thermal decomposition has been reported by 
Messenger to yield chlorohydrocarbons suitable as solvents and raw materials 
for synthesis. This process, however, is not strictly a substitutive chlorination 
of saturated hydrocarbons but rather an addition of chlorine to unsaturated hydro¬ 
carbons produced by the preliminary pyrolytic treatment. 

Lilienfeld treated cellulose xanthate with di- or poly-halogenated paraffins 

U. S. Patent 1,815,022, July 14, 1931; assi^ed to Standard Oil Development Co. For a dis¬ 
cussion of effects of this synthetic hydrocarbon oil, or “Paraflow,*’ on lubricating oils, see Davis and 
Blackwood. Ind. Eng. Chem.. 1931, 23, 1452; Davis, National Petroleum Ncuts, 1932, 24 (52), 32. 34; 
Chem. Abs., 1933, 27, 1494; cf, Suida and Pdll, Petroleum Z., 1933, 29 (23), 23; Motorenbetr.^ 
1933^ 6, 2; Brit. Chem. Abs. B, 1933, 691. 

Eng. Chem., 1922, 14, 619; U. S. Patent 1,384,447, July 12, 1921; J.S.C.J., 1921, 40, 667.\. 

S. Patent 1.412.399, Apr. 11. 1922; Chem. Abs., 1922, 16, 2233. 

U. S. Patent 1,384,423. June 12.. 1921; J.S.C.I.. 1921, 40. 66A. 

Bielouss, U. S. Patent 1,519,017, Dec. 9. 1924; Chem. Abs., 1925, 19, 575. 

U. S. Patent 1,623,061, Apr. 5, 1927; assigned to Standard Oil Development Co.; Chem. Abs.. 
1927. 21. 1660. 

British Patent 357,121, 1930; Brit. Chem. Abs. B, 1932, 141. 



742 CHEMISTRY OF PETROLEUM DERIYATIVES 

in which at least 2 halogens are attached to a carbon atom (for example, 1,1-di- 
chloroethane, 1,1-dichlorodimethylmethane) to produce artificial threads. The 
cellulose xanthate is prepared by xanthating alkali-cellulose which has been 
treated with a hydroxyalkylating agent such as ethylene chlorphydriii.^*®** 

Cone, Davidson and Laucks suggested a mixture of a halogenated paraffin 
hydrocarbon and a dispersed vegetable protein, such as soya-bean protein, as a 
suitable water-resistant adhesive, while the I. G. Farbenindustrie A.-G.“® pro¬ 
posed the manufacture of materials capable of being used as lubricant and greas¬ 
ing agents in the textile and leather industries, by treating halogenated mixtures 
of paraffin hydrocarbons, containing more than 8 carbon atoms and at least 2 
halogen atoms, with caustic alkalies, alkali carbonates or alkaline earths. 

Insecticides have been prepared by Goulenko by mixing chlorinated petro¬ 
leum compounds with terpenes. Pirard used a stain-removing composition 
prepared from crude chlorinated petroleum hydrocarbons, aromatic hydrocarbons, 
and ether. 

Bromination of Higher Paraffins 

From an industrial standpoint, the bromination of paraffin hydrocarbons 
of 6 or more carbon atoms is of little interest. The available data on this sub¬ 
ject are very incomplete and only in a few cases have definite chemical individuals 
been isolated among the products. Bromine reacts with these hydrocarbons either 
very slowly or not at all in the cold, but in sunlight, at higher temperatures, and 
in the presence of catalysts, reaction is more rapid. In all cases bromination is 
much slower than chlorination. 

Hexanes. Monobromides, and dibromo-compounds as well, have been pro¬ 
duced from n-hexane. Michael and Garner,^®' using Schorlcmmer’s method, 
dropped bromine slowly into the upper part of a reflux condenser while hexane 
was kept boiling in an attached flask. Reaction took place immediately in 
sunlight and the main product, boiling at 143® to 146® C, consisted of 2-bromo- 
hexane and 3-bromohexane together with some higher boiling products. Herz- 
felder^®® obtained hexabromohexane by bromination of n-hexane at its boiling 
point in the presence of iron wire, while Pelouze and Cahours prepared a 
dibromohexane, boiling point 210® to 212® C, by bromination of liquid li-hexane. 

By the bromination of 2,3-dimethylbutane (diisopropyl) at a mild tempera¬ 
ture and in sunlight, Silva ^®* obtained a crystalline dibromo-compound but no 
monobromide was isolated. 

Heptanes. The bromination of heptane appears to proceed more readily 
than in the case of the lower paraffins, and the main initial product appears to 
be a 2-bromoheptane, though more highly brominated products are also obtained. 
Bromination does not occur in the dark even in the presence of catalysts but the 
process is rapid at 100® C. or in sunlight. The most complete investigation of 
this reaction is due to Venable,'®® who used n-heptane from Pinus sabiniana. 
For the production of optimum yields of monobromo-compounds, less than the 
theoretical amopnt of bromine was added, as rapidly as it was absorbed, to the 
gently boiling hydrocarbon. Distillation of the products yielded unchanged hep- 

Lilienfeld, British Patent 335,906, 1929; Brit. Chem. Abs. B, 1931, 153. 

U. S. Patent 1,726,510, Aug. 27, 1929; assigned to Laucks, Inc.; Chem. Abs., 1929, 23, 5018. 
**• British Patent 343,948, 1929; Brit. Chem. Abs. B, 1931, 578. 

French Patent 662,256, 1928; Chem. Abs., 1930, 24, 458. 
iMb Belgian Patent 377.27S, 1931; Chem. Abs., 1932, 26, 1406. 

1901, 34, 4036. 

1893, 26. 2432. 

pr. Chem., 1863, 88. 314; 89. 359. 

^^Ber., 1872, 5, 984; 1873, 6. 36. 

“•Ber., 1880, 13, 1650; Amer. Chem. 1888, 10, 237. 
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tane, a main fraction of heptyl bromide (25 to 30 per cent of tlie theoretical), 
and highei* boiling products of polybromo-compounds and their decomposition 
products. This fraction was difficult to examine on account of its instability. 
The monobromo-compound fraction, boiling at 165® to 167® C., appeared to be 
identical with the 2-bromoheptane previously isolated by Schorlemmer. Later 
attempts to increase the yield of secondary monobroniide were unsuccessful.^®® 

‘“Wheeler, J,A.C.S., 1903, 25, 532. 



Chapter 31 

Halogenation of Cycloparaffins 

The reactions of the cycloparaffin hydrocarbons, containing five- and six- 
nienibered carbon rings, with halogens are markedly similar to those of the 
straight chain paraffins and lead to the production of substitution products con¬ 
taining one or more halogen atoms. Not only are these reactions of the cyclo¬ 
paraffins and paraffins similar in kind but they are also often strikingly alike 
in degree. Thus, for example, cyclohexane exhibits a degree of reactivity to 
chlorine and bromine similar to that of n-hexane. In the case of cyclopropane 
and cyclobutane and their homologues, the substitutive halogenation reaction has 
also been observed but it is frequently associated with an addition reaction lead¬ 
ing to the formation of halogenated derivatives of straight chain hydrocarbons 
and thus involving the rupture of the somewhat unstable three- and four-membered 
carbon rings. Since however the predominating cycloparaffinic hydrocarbons 
occurring in crude petroleum, at least in so far as their chemical constitution has 
been determined, appear to be those possessing cyclopentane or cyclohexane rings, 
attention is specially directed to the halogenation reactions of these types in the 
following account. 

Perhaps the most striking aspect of the subject of halogenation of these hydro¬ 
carbons is the extremely limited character of the information available. Much 
work on the halogenation of five- and six-membered cycloparaffin hydrocarbons 
has been carried out with petroleum fractions of doubtful homogeneity while 
the conditions of halogenation are often incompletely specified. Moreover in 
relatively few instances have even the primary products of halogenation 
been definitely identified. Though more work has been carried out on 
cyclohexane and its immediate homologues, the halogenation reactions of the 
cyclopentane hydrocarbons, and even of cyclopentane itself, have never been 
subjected to more than a superficial examination. Under such circumstances, 
therefore, any account of the halogenation reactions of these hydrocarbons must, 
of necessity, be quite inadequate. Nevertheless, it has been deemed advisable 
to collect the available information on this subject in the hope that this long- 
neglected field of research will be subjected to further investigation. Not only 
would a more complete investigation of the halogenation reactions of the simple 
cyclopentane.and cyclohexane hydrocarbons be of considerable scientific interest, 
but it might also open up avenues of technical exploitation of such hydrocarbons, 
for example, in the production of cyclic secondary alcohols and their derivatives. 

Despite the extreme meagerness and oftentimes lack of specificity of much 
of the work on the halogenation of the cyclopentane and cyclohexane hydro¬ 
carbons, the available information permits of a few generalizations. Chlorina¬ 
tion appears to take place much more readily than bromination especially in the 
presence of sunlight or other actinic light. As in the case of the paraffin hydro¬ 
carbons, the reaction appears to be of a cumulative nature, prolonged treatment 
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fa verity the formation of polychlorinated products. The presence of catalysts 
also favors multiple substitution. By operating in the presence of actinic light 
either in the liquid or gaseous phases it appears possible to obtain considerable 
proportions of monochlorinated products. Mixtures of monochlorinated prod¬ 
ucts of the homologues of cyclohexane have been obtained but the composition 
of such mixtures has been investigated only in the case of methylcyclohexane. 
According to the work of Sabatier and Mailhe on the chlorination of this hydro¬ 
carbon, monochlorination results in the introduction of chlorine atoms into the 
ring with the production of both 3- and 2-chloro compounds as well as a trace 
of the 4-chloro compound. Dichloro and higher chlorinated compounds have 
also been produced by the direct chlorination of cyclohexane and a number of its 
homologues but the constitutions of these products have not been determined. 

The cyclopentane and cyclohexane hydrocarbons appear to be relatively re¬ 
sistant to the action of bromine. At temperatures above 100® C, however, 
bromine attacks many of these hydrocarbons with the formation of bromo-deriva- 
tives but no monobromides have been definitely obtained. In the presence of 
catalysts, such as aluminum bromide or iron wire, bromination takes place more 
readily and, in the presence of excess of bromine, frequently converts cyclohex¬ 
ane hydrocarbons into polybrominated derivatives of the corresponding benzenoid 
hydrocarbon. 

Cyclopropane and its Homolocues 

The photochemical chlorination of cyclopropane has been studied by Gustav- 
son,‘ who found that, though no chlorination occurred in the dark, in direct 
sunlight the reaction is explosive. Accordingly Gustavson effected the chlorina¬ 
tion of cyclopropane in diffused daylight over water in a cooled container. The 
compounds produced under these conditions included not only mono- and di-chlo- 
rinated cyclopropane derivatives but also chlorinated derivatives of propane, 
showing that there is a tendency for the cyclopropane ring to be ruptured. The 
straight chain chlorinated products actually found were 1,3-dichloropropane, 1,1.3- 
trichloropropane, and a relatively small amount of 1,2,3-trichloropropane.* Mono-- 
chlorocyclo pro pane produced by the photochemical chlorination process, was 
obtained as a liquid of pleasant odor, boiling point 43® C. at 744 mm.^ On heat¬ 
ing the compound with potassium acetate and glacial acetic acid, ({uantities of 
allyl acetate were obtained,^ while it was more readily brominated by bromine in 
a sealed tube at 16® to 18® C. than dichlorocyclopropane. The dichlorocyclopropane 
obtained in the photochemical chlorination of cyclopropane® was considered by 
Gustavson to be 1,1-dichlorocyclopropane since it could be brominated in sunlight 
to furnish 2,2-dichloro-l,3-dibromopropane. This bromination reaction is another 
example of the relative ease with which the cyclopropane ring is ruptured under 
the influence of chemical reagents. 1,1-Dichlorocyclopropane is a colorless liquid 
of boiling point 75® C. at 746 mm. and d^J 1.206. It exhibits a much greater 
stability than monochlorocyclopropane and is not decomposed by metallic sodium 
at 140® C. 

The halogenation of cyclopropane in diffused daylight may be summarized in 
the following scheme: 

‘ Pr. Chem.j 1890, (2) 42, 495; Chem. Soc. Abs., 1891, 60, 159. 

* (lustavson, /. pr. Chem., 1894, (2) 50, 380. 

'Gustavson, /. pr. Chem., 1891, (2) 43, 396. 

'Gustavson. /. pr. Chem., 1892, (2) 46. 159. . 

•Gustavson, /. pr. Chem.. 1890. (2) 42. 495. 
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The bromination of cyclopropane has been the object of much study, par¬ 
ticularly by Gustavson. In the presence of sunlight, combination of bromine with 
cyclopropane, either in the dry or moist condition, takes place very rapidly with 
the production of 1,3-dibromopropane as the sole product.® In the dark the 
bromination of perfectly dry cyclopropane at room temperature proceeds very 
slowly but the reaction is markedly accelerated by the, presence of moisture^ or 
of certain bromine carriers, including aluminum halides, ferric chloride, zinc 
chloride, and elemental iodine. In the presence of hydrogen bromide, which may 
also act as a catalyst for bromination, the reaction products consist of 1,3- 
and 1,2-dibroniopropanes and their bromination products, as well as some 
propyl bromide; ® but when aluminum bromide or ferric chloride is used as 
catalyst, 1.2-dibromopropane is the predominating material.® It is evident, there¬ 
fore, that the main reaction involved in the action of bromine on cyclopropane is 
the rupture of the three-carbon ring system with subsequent bromination of the 
unsaturated system momentarily formed. ' 

Und^r the influence of halogens, and particularly of bromine, a number of 
the hpmologues of cyclopropane undergo simultaneous ring rupture and halogena- 
tion with the formation of straight chain derivatives. Thus, bromination of 
methylcyclo pro pane in the absence of light leads mainly to 1,3-dibromobutane 
besides, possibly, 1-bromo-l-methylcyclopropane and 1,3,3-tribromohutrine.^® Sim¬ 
ilarly, the action of bromine on 1,1-dimethylcydopropane yields trimethylethylene 
dibromide.^^ 

Cyclobutane. Apparently very little is known about the halogenation of the 
cyqlobutane series of hydrocarbons, though cyclobutane is stated to be stable to' 
bromine in chloroform in the cold.^^ In the bromination of the dihalogen deriva¬ 
tives of cyclobutane, the marked tendency for the occurrence of rupture of the 
carbon ring system, previously noticed in the case of cyclopropane derivatives, 
is also observable. Thus, 1,2-dkhIoro-cyclobutane is converted by heating with 
bromine at 60° C., and later at 100° to 110° C. in the presence of iron powder, 
into a mixture of dichlorodibromo-butane, dichlorotribromo-butane, and dichloro- 
tetrabromo-butane. Similarly, 1,2-dibromo-cyclobutane may be broniinated by 


• (lustavson, J. pr. Chem., 1900, (2) 62, 294. 

^Gustavson, J. pr. Ckem., 1900, (2) 62, 273, 287. 

* (iustavson. J. pr. Chem., 1900, (2) 62, 273. Freund, Monatsh., 1882, 3, 628; J, pr. Chem., 

1882, (2) 26, 370. 

^ Gu.Ht.iv.son, J. pr. Chem.. 1900, (2) 62, 290. 

Demjanow, J. Russ. Phys.^Chem. Soc., 1902, 34, 217; Chem. Zentr., 1902, 1, 1277. 

** Gustavson and Popper, J. pr. Chem,, 1898, (2) 98, 458; Chem. Soc. Ahs., 1899, 76 (1), 263; 
Gustavson, J. pr. Chem,, 1900, (2) 62. 270; Chem. Soc. Abs., 1901, 80 (1), 61. 

» Willstatter and Bruce, Ber., 1907, 40, 3989. 
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heating with bromine in the presence of iron powder, or of iodine, to furnish a 
mixture of polybrominated butanes. 

Cyclopentane 

There is apparently no published record of an experimental investigation of 
the chlorination of cyclopentane. In view of the undoubted presence of this 
hydrocarbon in many crude petroleums, a careful study of its halogenation reac* 
tions may prove of interest. A number of chlorinated cyclopentanes have been 
obtained indirectly, e.g., monochlorocyclopentane from cyclopentanol and hydrogen 
chloride; a trichloro-compound from chlorodyclopentene; and a tetrachloride by 
chlorination of cyclopentadiene in chloroform solution at —15® 

Although cyclopentane is inert to bromine in the dark, exposure of a mixture 
of bromine and this hydrocarbon to sunlight results in substitution, with evolution 
of hydrogen bromide, at about the same rate as in the case of n-pentane. Even 
at 100® C. the dark reaction with bromine in a sealed tube is very slow but at 
128® to 130® C. the reaction is more rapid and leads to the production of bromina- 
tion products together with some carbon deposition.*® 


M ET H YLCYCLOPE NT A N E 


Very little is known of the halogenation reaction of the homologues of cyclo¬ 
pentane. Markownikow observed that methylcyclopentane was energetically 
chlorinated on introducing chlorine into the hydrocarbon at ordinary temperature 
and in diffused daylight. A mixture of chlorides was obtained but no definite 
individual compound could be isolated. Markownikow synthesized the tertiary 
monochloride, i.e., 1-chloro-1-methylcyclopentane, by means of the following series 
of reactions, starting with the tertiary nitro-compound. 
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The tertiary monochloride was obtained as a liquid (boiling point 97® C. at 
349 mm., or 122® to 123® C. at 757 mm.) which was partly decomposed at 
higher temperatures with the evolution of hydrogen chloride and the production 
of an unsaturated hydrocarbon of the formula C^Hio. 

Another monochloride was also synthesized by Markownikow by the following 
series of steps, starting with the tertiary alcohol: 


» Zelinsky. Ber.. 1908. 41, 2627. 

Kraemer and Spilker, Ber., 1896, 29, 555. 

** Wislicenus and Hentaschel, Ann., 1893, 27S, 322. 
^Ann., 1899, 307, 335. 
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The resulting monochloride, namely 2-chloro-l-methylcyclopentane, boiled at 
126^S. and had d? 0.9281. 


Cyclohexane 


Chlorination. The chlorination of cyclohexane has been th^ subject of a num¬ 
ber of important researches. Markownikow obtained monochlorocyclohexane, 
a liquid boiling at 142® C. at 750 mm., by the action, of moist chlorine on the* 
cold hydrocarbon in diflfused sunlight. When dry chlorine gas was employed it 
became necessary to heat the hydrocarbon to near its boiling point in order to 
obtain a reaction but this procedure also resulted in the formation of polychloro- 
derivatives. On fractionating the less volatile products from the chlorination of 
cyclohexane Markownikow was able to isolate what he considered to be two iso¬ 
meric dichlorocyclohexanes, one boiling at 192® to 194® C. and having d\^ 1.167, 
and the other of boiling point 196® to 198® C. and dj® 1.172. 

A careful examination of the chlorination of cyclohexane has been recorded 
by Fortey.^* The hydrocarbon was placed in a reflux apparatus together with 
a small quantity of iron filings and exposed to direct sunlight while a current 
of dry chlorine was passed through the liquid at room temperature. The reaction 
commenced in about one-quarter hour, the liquid became warm, and hydrogen 
chloride was evolved. After several hours the product was washed and yielded 
on distillation under reduced pressure a riiixture of dichloro-derivatives, boiling 
point 110® to 115® C. ,* trichloro-compounds, boiling point 135® to 140® C.; and 
tctrachloro-derivatives, boiling point 160° to 165® C.; all under 30 mm. pressure. 
No monochlorinated cyclohexane was produced by Fortey on chlorination in the 
presence of the iron catalyst. The monochloride, however, was prepared, together 
with dichloro-cyclohexanes, by passing dry chlorine into cyclohexane in the cold 
in diffused daylight. Chlorination in the dark could not be effected while the ap¬ 
plication of heat or the employment of chlorine carriers (catalysts) gave rise 
to the formation of higher substitution products such as di-, tri-, and tetra-chloro- 
cyclohexanes. Fortey observed that when chlorine was passed into cyclohexane 
in diffused daylight in the cold, it dissolved, forming initially a yellow solution; 
at a certain stage, combination began, heat was developed, and hydrogen chloride 
evolved. If from this point, chlorine was passed slowly for about 3 hours, a 
good yield of the monochloride was obtained.^® The pfoduct was washed with 
sodium carbonate solution, then with water, and dried over calcium chloride and 
finally distilled. Monochlorocyclohexane was the fraction boiling at 141.3® to 
141.6® C. at 768 mm., and having dj 0.991. A purified dichlorocyclohexane frac¬ 
tion boiled at 193® to 194® C. while a third fraction boiling very constantly at 
201® to 202® C. also gave analytical figures in agreement with those required by 

Ann., 1898, 302. 1. 

1898, 73. 932. 

Similar observations were made by Schorlemmer (Ann., 1877, 188. 250) in the case of the 
chlorination of isoheptane. The results obtained by Fortey may be explained on the basis of the 
chain mechanism theory of the chlorination of saturated hydrocarbons and the known inhibiting 
effects of traces of oxygen. After the oxygen has been used up in breaking reaction chain.H the 
inhibitory effect disappears. (Hass, private communication.) 
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a dichloride. It appears very probable that the direct chlorination of cyclohex¬ 
ane furnishes more than one dichlorocydohexane. 

Sabatier and Mailhe carried out the chlorination of cyclohexane (prepared* 
by the catalytic hydrogenation of benzene) by the passage of chlorine into the 
hydrocarbon cooled to O’’ C. in diffused sunlight. Energetic substitution was 
found to take place under these conditions with the production of mono-, di-, 
tri-, and tetrachlorinated products. The presence of iodine monochloride or anti¬ 
mony chloride exerted no influence on the reaction but aluminum chloride caused 
the formation of condensed products. Fractionation of the products of the chlo¬ 
rination of cyclohexane in diffused light at 0® C. yielded the following: (a) A 
monochlorocyclohexane, boiling point 141.6® to 142.6® C. at 749 mm. and having 
dj 1.0161. (b) Two isomeric dichlorocyclohexanes; one boiling in two equal 

fractions at 105.4® to 106.4*^ C. (dj 1.2056) and 106.4° to 107.4° C. at 50 mm. 
(dj 1.2060), and the other boiling at 112.4° to 113.4° C. at 50 mm. (dj 1.2222). 
The latter is probably a 1,2-dichloride, (c) Two liquid trichlorocyclohexanes, 
boiling at 139.5® to 141.5® C. at 50 mm. (dJ 1.3535) and 143.5® to 145.5® C. at 
50 mni. (dg 1.3611), as well as a solid trichlorocyclohexane of melting point 
66° C., boiling point 150.4° to 151.4° C. at 50 mm., and dJ 1.5103. The latter 
compound is probably a symmetrical, or 1,3,5-trichloro-derivative, since it yielded 
benzene on heating with alcoholic potash at 100° C. 

The continued action of chlorine on cyclohexane in sunlight led to the forma¬ 
tion of a liquid and a solid tetrachloro-compound. The solid tetrachloride was 
crystalline and melted at 173° C. 

Using Sabatier and Mailhe^s method of chlorination, Faragher and Garner 
converted cyclohexane into a mixture of the mono- (boiling point 139® to 144® C. 
and djl'^ 1.002), di- (boiling point 75® to 85® C. at 15 mm., and dj° 1.179), and 
tri-chlorides (boiling point 96® to 105® C. at 15 mm. and dJ® 1.266). 

The properties of the mono- and di-chlorides are of considerable interest. 
Monochlorocyclohexjine may he readily converted into cyclohexene, with elimina¬ 
tion of hydrogen chloride, by heating that chlorohydrocarbon with quinoline or 
alcoholic potash, and, to lesser exteilt, with silver oxide or silver acetate. The 
best yield of cyclohexene was obtained by Fortey by refluxing it with quinoline for 
7 to 8 hours. The elimination of hydrogen chloride can also be accomplished by 
vapor phase decomposition with or without catalysts. With metallic magnesium 
in dry ethereal solution monochlorocyclohexane yields, besides dicyclohexyl, a 
(^rignard compound which can be converted into a carboxylic acid or a 
sulphonic acid by decomposition with carbon dioxide or sulphur dioxide, re¬ 
spectively. 

The higher chlorinated cyclohexanes are also decomposed by hot alkalies with 
the production of unsaturated or benzenoid substances. Cyclohexadiene was ob¬ 
tained by Fortey by distilling dichlorocydohexane with quinoline. The solid tri¬ 
chlorocyclohexane yielded benzene on being heated with alcoholic potash under 
pressure at 100° C. while under similar conditions solid tetrachlorocyclohexane 
was converted into chlorobenzene. 

Bromination of Cyclohexane. According to Markownikow,-* bromine reacts 
with cyclohexane in sealed tubes at 110° C., but the monobromo-compound is not 
produced. When the halogen and hydrocarbon are employed in molecular pro¬ 
portions about 50 per cent of the hydrocarbon remains unchanged, the remainder 

•*Compt. rend., 1903, 137, 240; BnU. soe. chim., 1903, (3) 29, 976; Ann. chim., 1907, (8) 10, 531. 

** J.A.C.S. 1921 43, 1715. 

” Sabatier and Mailhe, Ann. chim., 1907, (8) 10, 535; Chem. Abs., 1908, 2, 793, 

Borsche and Lanxe. Bet., 1905, 38. 2766. 

**Antt., 1898, 302, 1; Chem. Soc. Abs., 1899, 76 (1), 22. 
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being converted into polybrominated products. Jn the presence of aluminum bro¬ 
mide a product is formed which melts at 120° to 121° C. and is apparently a 
mixture, of the compounds CeHgBrg and CgHaBr^. This product was identical 
with that previously obtained by Kistner from methylpentamethylene, bromine 
and aluminum bromide, and probably represents a conversion of the hexamethyl- 
ene into the pentamethylene ring. Fortey was unable to isolate any definite 
bromination products from the action of bromine on cyclohexane but produced 
pure monobromocyclohexane by the combination of cyclohexane and hydrogen 
bromide. 

At higher temperatures and on prolonged treatment, cyclohexane is converted 
by bromine into brominated derivatives of benzene. Zelinsky obtained sym¬ 
metrical l,2;4,5-tetrabromoben2ene by heating 2 grams of cyclohexane and 36 
grams of dry bromine in a sealed tube at 150° C. and finally at 200° C. for sev¬ 
eral days. 


MeTH YLCYCLOH EX A NE 

Chlorination.. The Chlorination of methylcyclohexane was examined by Mar- 
kownikow and was considered by him to give rise to a mixture of the tertiary 
monochloride, 1-chloro-l-methylcyclohexane, boiling point 148° to 151° at 752 
mm. (with decomposition), together with another chloride boiling at 155.5° to 
157.7° C. under 740 mm. pressure. Almost simultaneously, Sabatier and Maiihe 
made a careful examination of the mixed monochlorides, boiling point 157° to 
159° C., produced by the chlorination of methylcyclohexane at ordinary tempera¬ 
tures. To ascertain the nature of the products formed in this chlorination, 
Sabatier and Maiihe prepared all of the five possible monochloro-derivatives and, 
from the data obtained, concluded that neither 1-chloro-l-methylcyclohexane nor 
hexahydrobenzyl chloride was present in the chlorinated product. The mixture 
of monochlorides prepared by the direct chlorination of methylcyclohexane was 
converted by Grignard’s method into the magnesium methylcyclohexyl chlorides, 
which, on prolonged oxidation in a current of pure dry oxygen followed by treat¬ 
ment with cold water, gave the alcohols corresponding with the chloro-derivativcs. 
From the results of the examination of these alcohols, it was concluded that the 
monochlorides formed in the direct chlorination of methylcyclohexane consist of 
about 40 per cent 2-chloro-l-methylcyclohexane, and about 60 per cent 3-chloro- 
1-methylcyclohexane, together with a small proportion of 4-chloro-l-methyl- 


cyclohexane. 
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Like other monohalides of the cycloparaffins, the monochloro methylcyclohex- 
anes may be readily decomposed to yield hydrogen chloride and the corresponding 


1901, 34. 2799. 

*«v4nn., 1905, 341. 118; /. Russ. Phys.-Chem, Soc., 1903, 35. 1042. See also Spindler, J. Russ. 
Pkys.-Chem. Soc., 1891, 23, 41; Ber., 1891, 24, Ref. 561. 

” Compt. rend., 1905, 140, 840; Chem. Soc. Ahs., 1905. 88 (1), 334. 
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niethylcyclohexene. The tertiary chloride is particularly readily decomposable 
and cannot be distilled at ordinary pressure without profound decomposition into 
an olefin and hydrogen chloride. These monochlorides readily yield Grignard 
compounds which on treatment with carbon dioxide are converted into carboxylic 
acids.®® 

Bromination. According to Markownikow,®® methylcyclohexane is resistant 
to the action of bromine in diffused light. Even in direct sunlight at tempera¬ 
tures of about 100° C., bromine exerts only a slow reaction on the hydrocarbon 
but bromination occurs readily at 115° C. In the presence of aluminum bromide, dry 
bromine reacts readily with methylcyclohexane forming pentabromotoluene.®®' ®® 

Chlorination of the Higher Homologues of Cyclohexane 

From a fraction of Balachany (Caucasian > gasoline with a boiling range from 
116° to 120° C,, Markownikow and Oglobin®®* isolated l^-dimethylcyclohexane, 
the constitution of which was proved by its nitration to trinitro-m-xylene and by 
its conversion to m-xylenc on heating with sulphur at 220° C. The chlorination of 
this hydrocarbon was studied by employing Schorlemmer's method.®^ Besides a 
dichloride fraction boiling at 225° to 235° C. a mixture of monochlorides of the 
formula CgHijCl was also produced. Fractionation of the monochloride mixture 
resulted in the separation of the following fractions, which were thought to be 
isomeric substances but were of doubtful homogeneity: ®® 

Monochloride, boiling point 174° to 176° C., djJ 0.9374. 

Monochloride, boiling point 169° to 171° C., djJ 0.9247. 

None of the other isomeric dimethylcyclohexanes seems to have been chlori¬ 
nated but an isooctanaphthmc, CkH,<,, of unknpwn structure was isolated by 
Putochin®® from Caucasian light petroleum. Chlorination of this hydrocarbon 
was found by Pautinsky to result in the production of a mixture of monochlo¬ 
rides, which was fractionated to give two fractions, one of boiling point 176° 
to 179° C. and d° 0.9680, and the other of boiling point 179° to 182° C. and 
d® 0.9734. Here again the chemical homogeneity of these preparations is very 
doubtful. 

Of the cyclohexane homologues with nine carbon atoms (nonanaphthenes), 
1,2,4-trimcthyl-cyclohcxane was isolated by Markownikow and Oglobin and also 
by Konowalow from Caucasian petroleum. The same hydrocarbon was also 
found by Ahrens and von Mozdzenski®® in the xylene fraction of high tempera¬ 
ture coal tar. Konowalow chlorinated his specimen of this hydrocarbon (boiling 
point 135° to 137° C.) in the vapor phase, employing dry reagents and obtained 
a mixture of monochlorides which was resolved into two fractions by distillation, 
together with a dichloride fraction, boiling at 230° to 235° C. One fraction of 
the monochloride boiled at 185° to 187° C. and the other at 182° to 184° C. 
The dichloride, dft 1.1035, on heating with sodium acetate and acetic acid for five 

»Gutt, Ber., 1907, 40, 2065. 

Markownikow. J. Russ. Phys.-Chcm. Soc., 1903, 35, 1033; /!««., 1905, 341, 130. 

3® Kursanow. Her., 1899, 32, 2972. 

M*/. Russ. Phys. Chcm. Soc., 1883, IS, 332; Ber., 1883, 16, 1877; see Chapter 1. 

“ Markownikow, J. Russ. Pkys.-Chem. Soc., 1884, 16, 294; Ber., 1885, 18. Ref. 186. 

M Shukowski, J. Russ. Phys.-Chem. Soc., 1897, 27, 303. 

** See Markownikow, Ber., 1884, 18, Ref. 186. 

•^Dissertation Moscow, 1886, mentioned by Aschan, “Chemie der alicyclischen Verbinduneen" 
1005, 0. 606. 

«/. Russ. Phys. Chcm. Soc., 1890, 22, 118. 

•*Z. angew. Chem., 1908. 2), 1411. 
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hours at 200® C. yielded considerable amounts of an unsaturated hydrocarbon®^ 
of the formula C 9 H 14 . 

Ahrens and von Mozdzenski also submitted a specimen of 1,2,4-trimethyl^ 
cyclohexane (isolated from the xylene fraction of coal tar) to chlorination in 
diffused daylight at 30° C. and obtained a mixture of monochlorides of the formula 
C 0 H 17 CI, as a liquid of pungent odor boiling at 103° to 104° C under 40 mm. 
and having 0.9229. The constitution of these chlorinated products is quite 
unknown. 

The chlorination of decanaphthencs (C 10 H 20 ) of established constitution has 
been studied in one case, namely in that of p-menthane, or l-methyl-4-iso~, 
propylcyclohexanc. Berkenheim*® chlorinated this hydrocarbon in the vapor 
phase and obtained a liquid monochloride boiling at 208° to 210° C. and of 
dj 0.9553. The constitution of this monochloride is unknown, and its homogeneity 
doubtful. A decanaphthene fraction of Caucasian petroleum boiling at 160° to 
162° C. and designated a-dccanaphthenc by Zubkoff was chlorinated in the 
presence of water. The products consisted of monochlorides (boiling point 206° 
to 209° C.), dichlorides (boiling point 160° to 165° C. at 60 mm.), as well as 
trichlorinated and higher chlorinated products. When heated with sodium ace¬ 
tate and acetic acid at 200° C. the monochloride fraction yielded an unsaturated 
hydrocarbon, C^oHh, and also the acetate of a decanaphthenol, which could be 
hydrolyzed to the alcohol. The dichloride fraction was decomposed by heating 
with quinoline to furnish an unsaturated hydrocarbon of the formula CaoHj^, 
boiling at 162° to 170° C. 

Another decanaphthene, called P~decanaphthene, boiling at 168.5° to 170° C. 
at 752 mm., has been isolated from Baku petroleum.*^ This hydrocarbon, which 
is probably identical with l,2-dimethyl-5~ethylcyclohexane, was converted by the 
action of moist chlorine into a mixture of (at least) two monochlorides as well 
as a dichloride.*® The monochlorides, one of which boiled at 213° to 216° C. 
at 760 mm. and the other at 216° to 219° C. at the same pressure, were converted 
into the unsaturated decanaphthylene, to the extent of 44 per cent and 

76 per cent by heating with sodium acetate at 250° C. and with quinoline, re¬ 
spectively. The dichloride fraction boiled at 164° to 167° C. under 60 mm. 
pressure. 

A few higher boiling petroleum fractions, corresponding in composition to 
some of the higher cycloparaffins but of unknown structure, have been subjected 
to chlorination. A fraction of Baku petroleum boiling at 179° to 181° C. and 
possessing the formula {midccanaphthcne) was clilorinated with dry 

chlorine, in the vapor phase at the temperature of its boiling point, and in the 
presence of sunlight; the resulting product was a mixture of isomeric monochlo- 
rides boiling at 210° to 225° C. This nionochloride mixture could be converted 
mainly into an unsaturated hydrocarbon CnHgo (boiling point 166° to 180° C.) 
by heating with alcoholic potash and was decomposed by heating with water in 
a sealed tube. 

Mabery and his collaborators *® have chlorinated a number of high boiling 
fractions of Californian and Canadian petroleums having compositions agreeing 


Konowalow, /. Russ. Phys.’Chem. Soc., 1891, 23, 446. 
angew. Chem,, 1908, 21, 1411. 

1892, 25, 686. 

Russ. Fhvs. Chem. Soc., 1895. 2.4. .182. 

« Zubkoff, J. Russ. Phys.-Chem. Soc., 1893, 25, 383. 

Rudewitsch. J. pr. Chem., 1893, (2) 48, 188; Markownikow and Rudewitseb, /. Russ. Phvs- 
Chem. Soc., 1898, 30, 586. . 

•Mabery, Am. Chem. 1897, 10, 419; Chem. Soc. Ahs., 1897, 72 Cl), 449; Mabery and Sienlein 
Am. Chem. J 1901, 25, 284; Chem. Soc. Ahs., 1901, SO (1), 306; Am. 1905; 33, 

Chem. Soc. Ahs., 1905, 88 (1), 313. * ' 
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with the formula QHgn. Since these hydrocarbons were fully saturated, it must 
be concluded that they belong to the cycloparaffin series though their constitu¬ 
tions were not determined. Chlorination was effected in most cases by passing 
chlorine into the hydrocarbon material floating on water. Table 122 shows the 
results of Mabery and Sieplein ** on the chlorination of various naphthenic con¬ 
stituents of Californian petroleum: 

Table 122.— Chlorinaiion of California Petroleum, 

Chlorinated Product 




B.P. 


Hydrocarbon Fraction 

Formula 

*0 

a 4 

Dimethylcyclopentanc( ?) 

CtH«C1 

147 

0.9316 

M ethylcyclohexane 

.GHi,Cl 

141-142 

0.9310 

Dimethylcyclohexane 

GHuCl 

168-170 

0.9358 

Tr imethylcyclohexane 

GHitCI 

186-188 

0.938 

Decanaphthene 

C 1 JL.CI 

105-110 at 50 mm. 

0.947 

lindecanaphthene 

CtiH„a 

125-130 at 50 mm. 

0.9583 

Dodecanaphthene 

C„H«C1 

130-135 at. 17 mm. 

0.9616 

Tridecanaphthene 

CiaHuCl 

140-145 at 17 mm. 

0.9747 

Tetradecanaphthene 

c.4H.,a 

150-155 at 13 mm. 

0.9748 

Pentadecanaphthene 

C»H»C1 

170-175 at 14 mm. 

0.9771 


In a similar manner Mabery chlorinated a number of higher boiling fractions 
of Canadian petroleum, containing constituents of the formula CnHgn and pre¬ 
sumably cycloparaffinic in nature. Table 123 shows the properties of the chlorides 
produced from various fractions corresponding to the formulas C 12 H 24 to Cj^Hjo. 

Table 123.— Chlorimiion of Canadian Petroleum. 


Hydrocarbon Fraction Chlorinated Product 


Formula 

B.P. 

Formula 

B.P. 

d 0 


C. 


® C. at 15 mm. 


CuHai 

216 

CiaHaaCl 

160 

0.9145 

C„Ha, 

228-230 

CnHwC! 

165 

0.9221 

CuHa, 

141-143 at 50 mm. 

/Ci4HmC1 

\Cx4Ha,Cla 

180 

197-200 

0.9288 

1.0066 

CmHso 

159-160 at 50 mm. 

CuHavCl 

190 

0.9358 


Bromination of the Higher Homologues of Cyclohexane 

Little is known regarding the bromination of the higher cyclohexane hydro¬ 
carbons in the absence of aluminum bromide or similar catalysts. At low tem¬ 
peratures bromine does not appear to react with these hydrocarbons while at 
higher temperatures polybrominated products and brominated derivatives of ben- 
zenoid hydrocarbons are produced, 1,3-Dhnetliylcyclolicxanc does not react with 
bromine at room temperature but, according to Knoevenagel and MacGarvey,^® 
combination takes place with evolution of hydrogen bromide on warming. No 
monobroniinated products of the cyclohexane hydrocarbons have been prepared 
by direct bromination. 

In the presence of aluminum bromide as a catalyst, bromine reacts vigorously 

** Mabery and Sieplein. Amer. Chem. 1901, 2S, 284. 

^‘Aschan. Bcr., 1892, 24. 2718. 

1897, 297, 167. 
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with the higher cyclohexane hydrocarbons to furnish good yields of polybrominated 
cbmpounds corresponding to^ the analogous benzene hydrocarbon. Since these 
latter compounds are usually well-defined crystalline solids, this reaction affords 
a valuable general method of identifying cyclohexane hydrocarbons of unknown 
structure, and has been used extensively for this purpose.^^ Instead of aluminum 
bromide, iron powder is said to be quite satisfactory in the bromination of 1,2,4- 
trimethylcyclohexane to tribromopseudocumene. 

The products of the bromination of various homologous cyclohexanes in the 
presence of aluminum bromide are given in Table 124. 


Table 124.— Brotnination of Homologues of Cyclohexanes in the Presence . 
of Aluminum Bromide. 

Brominatef* 

Product 


Cyclohexane Hydrocarbon 

Name 

M.P. 

•c. 

246 

1,3-Dinicthylcyclohexane 

Tetrabromo-m-xylene 

1,4-Dimethylcyclohexanc 

T etrabromo-p-xylene 

253 

1,2,4-T rimeth> Icyclohexane 

T ribromopseudocumene 

234 

l-Methyl-4-isopropylcycIohexanc * 

— 

— 

1,3-DiiTiethyI-S-ethylcyclohexane 1 
^-Decanaphthene j 

2,4,6-Tr ibromo-1,3- 
di methyl - 5-ethyl¬ 
benzene ** 

218-220 


■ Berkenheim. Ber., 1892. 25. 686. The brominated product in this case was a viscous liquid 
which could not be crystallized. 

Markownikow and Rudewitsch, /. Russ. Phys.’Cketn. Soc., 1898, 30, 588, 590; Chcm. Soc. Abs., 
1899, 76 (1), 581. 


” For example, Mor^n (J.S.C.I., 1932, 51, 67T) has employed this method in the identification of 
the cyclohexane derivatives in low temperature tars. 



Chapter 32 

Halogenation of Benzene and Its Immediate 
Homologues 

The following account of the halogenation reactions of benzene and its homo¬ 
logues is necessarily a very brief resume of a vast field which has received atten¬ 
tion from a large number of investigators from the early days of organic 
chemistry until the present time. The chlorination reactions of these hydrocar¬ 
bons are discussed more fully than those of bromination since the latter are at 
present of little significance from an industrial standpoint. 

The technical applications of tlie chlorination reactions of aromatic mono- 
cyclic hydrocarbons are almost entirely centered around the production of mono¬ 
chlorobenzene from benzene and of benzyl and benzrl chlorides from toluene. 
The pyrolysis of petroleum has also yielded aromatic hydrocarbons (Chapter 5). 
Hitherto, the only commercial source of aromatic hydrocarbons has been coal tar 
obtained by the high temperature carbonization of bituminous coal. The possibili¬ 
ties of utilizing certain petroleum fractions as sources of toluene were fully 
explored during the World War when large quantities of that hydrocarbon were 
extracted from certain petroleums for conversion into TNT. The extraction of 
individual aromatic hydrocarbons in a pure state from petroleum presents diffi¬ 
culties even when petroleum fractions very rich in aromatic constituents are 
available. Most of the work on the chlorination of aromatic hydrocarbons has 
been carried out on fairly pure materials and little is known as to the possibilities 
of using fractions of petroleum rich in aromatics as sources of chlorinated 
aromatic substances. In view of the greater reactivity of the aromatic hydro¬ 
carbons in the absence of light and in the presence of certain halogen carriers, 
the selective chlorination of the aromatic constituents of a mixture of such hydro¬ 
carbons and saturated hydrocarbons of the paraffin type appears to be a possi¬ 
bility. It would be of interest to determine to what extent it is possible to 
chlorinate benzene or toluene mixed with paraffinic hydrocarbons without the 
latter suffering chlorination. 

Benzene reacts with halogens (bromine and chlorine) both by addition and by 
substitution, but toluene and the higher homologous alkylbenzenes undergo 
substitution almost exclusively. In the latter case, however, the substitution re¬ 
action can take place either in the aromatic nucleus or in the paraffinic side chain. 
The most remarkable feature of this field of halogenation is the extraordinary 
influence exerted by the conditions of reaction on the relative distribution of 
substitution between nucleus and side chains. The important factors operat¬ 
ing in this way. are temperature, illumination, catalysts, and also to a lesser degree 
the concentration of the reactants and the nature of the diluting medium, if any. 
Exposure to illumination and high temperatures favor substitution in the 'side 
chain, and low temperatures, absence of light, and, above all, the presence of the 
usual halogen carriers, promote nuclear substitution. Many halogen carriers, such 
as iodine, iron, or aluminum halides, exert such a powerful influence not only 
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on the rate of nuclear substitution but also on the type of substitution that all 
pther factors are completely nullified; no substitution whatever occurs in the side 
chain and the products are exclusively nuclear substituted derivatives.^ 

The mechanism of the action of halogen carriers seems to depend upon the 
formation of an addition compound with the halogen, which is then liberated 
under the conditions of halogenation in a more active state than before. This 
view is supported by the fact that aromatic hydrocarbons may be chlorinated in 
the nucleus by compounds such as iodine mono- and trichloride, ferric chloride, 
antimony pentachloride and molybdenum pentachloride, even in the absence of 
any free chlorine. The function of the chlorine in these processes appears to 
be, therefore, the constant regeneration of the original compound which effects 
the actual chlorination. 

To account for the extraordinary influence of the conditions of halogenation 
on the type of substitution, a number of theories have been advanced. Bruner 
made the suggestion that side chain substitution is caused by interaction with 
molecular halogen and nuclear substitution results from the action of atomic 
halogen. On the other hand, Holleman believed that, whereas molecular halogen 
is responsible for side chain substitution, nuclear substitution occurs by inter¬ 
action with a perhalide of the type HBr,. a view also favored by Cohen.^® The 
view that nuclear substitution is caused by the action of ionized halogen atoms 
is now gaining favor. Schluederberg * pointed out that each of the halogen 
carriers mentioned above can dissociate with the production of negatively charged 
halogen atoms, thus: 

la —>■ + cr 

FeCl, —FeCl/ + Gl¬ 
and hence he believed that nuclear chlorination of benzene is due to the action of 
negatively charged halogen. Schluederberg’s theory also accounts for the nuclear 
substitution which occurs in the electrochemical chlorination of aromatic hydro¬ 
carbons since electrolytic chlorine may be considered to be negatively charged. 

Directly opposed to the theory of Schluederberg is that of Fry,® who believed 
that nuclear substitution of aromatic hydrocarbons is effected by halogen atoms 
bearing a positive charge. The fact that the presence of moisture promotes 
nuclear substitution with toluene has been explained by Fry on the basis of his 
theory as follows: Chlorine first reacts with water to yield HCl and HOCl, and 
the latter then acts as a source of positive chlorine, HO"Cl% which replaces a 
positive hydrogen in the ring. 

The Chlorination of Benzene 

Chlorine can react with benzene in two entirely different ways, depending upon 
the conditions of chlorination. In the absence of the usual catalysts (halogen 
carriers) the photochemical reactions lead to a purely addition reaction with the 

Phosphorus halides appear to accelerate chlorination in aliphatic side-chains rather than in 
aromatic nuclei (see Erdmann, Ann., 1893, 272, 148; Chem. Soe. Abs., 1893, 64 (1), 160; Marckwald. 
U. S. Patent 721,961. Mar. 3, 1903; British Patent 17,695, 1902; 1903, 22, 945). 

Bruner and Dluska, Bull. acad. set. Cracow, 1907, 693; Chem. Soe. Abs., 1908, 94 (1), 146. 

Holleman, Polak, van dcr Laan and Euwes, Proc. K. Akad. fVetensch. Amsterdam, 1905, 8, 512; 
Rec. trav. chim., 1908, 27, 435; cf. Holleman, *'Die direkte Einfuhrung von Substituenten in. der 
Benzolkern,’^ Veit und Co., Leipzig, 1910, 83. 

Cohen. Dawson, Blockey and Woodmansey, J.C.S., 1910, 97, 1623; cf. Cohen, "Organic Chem¬ 
istry for Advanced Students,’* Longmans, Green and Co., New York, 1913, 2. 397. 

*J. Phys. Chem., 1908, 12, 595. 

* Fry, "Electronic Conception of Valence and the Constitution of Benzene," Longmans Green 
and Co., London, 1921. See also LeBas, Phil. Mag., 1914, 27, 740; Chem. Abe., 1914, 8, 3735; Fry, 
J.A.C.S., 1916, 38, 1323; Und., 1917, 39, 1688. 
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formation of a hexachlorocyclohexane, according to the equation, CeHo -|- ♦ 

CoHoClfl. The direct addition reaction also takes place when chlorine is passed 
into boiling benzene in the absence of catalysts. Passage of ethylene into a mix¬ 
ture of benzene and chlorine, in the dark, results in the formation of hexachloro¬ 
cyclohexane (of which the a-form melting at 157° C. predominates) together with 
some substitution products.* On the other hand, chlorination of benzene in the 
presence of practically all usual halo; 7 cn carriers yields exclusively chlorine 
substitution derivatives of that hydrocarbon, irrespective of whether the process 
is carried out in light or at the boiling point of the hydrocarbon. The substitu¬ 
tion reactions, which are far more important than the addition reaction, may be 
represented by the following series of stepwise .equations: 

CeHn + CU —>- GH.Cl + HCl 
GH.Cl -f CU —>- QH4Cla + HCl 
CoH4Cla + CU —>• GH,CU + HC1 

By intensive chlorination in the presence of catalysts, tetra-, penta-, and- hexa- 
chlorobenzenes may be obtained. 

Although chlorine carriers accelerate the substitution reaction to the total 
exclusion of the addition reaction, the former can be accomplished without the 
aid of catalysts, i.e., by electrochemical chlorination or by chlorination at high 
temperatures in the vapor phase, both of which result in the formation of sub¬ 
stitution products. 

The chlorination of benzene can also be accomplished by subjecting that 
hydrocarbon to the action of certain substances capable of furnishing chlorine 
such as, for example, sulphuryl chloride, sulphur monochloride, or ferric chloride. 
All these reagents combine with benzene to yield substitution products exclusively. 

Photochemical Chlorination. The velocity of the reactions of benzene with 
chlorine in the total absence of catalysts and in the dark is exceedingly small and, 
since traces of impurities or even the influence of the surface of the containing 
vessels may appreciably accelerate such reactions, exact measurements are difticult. 
According to Berthelot and Jungfleisch,® chlorine and benzene do not react in 
the dark to any appreciable extent below 300° C. A number of earlier workers 
obtained the lower melting form of 1,2,3,4,5,6-hexachlorocyclohexane by treat¬ 
ment of benzene with chlorine in direct sunlight at room temperature,® This 
hexachloro-derivative exists in two stereoisomeric forms, both of which are ob¬ 
tained by introducing chlorine into boiling benzene in the presence of light.^ 
Although the direct addition of chlorine to benzene to yield hexachlorocyclohexane 
should proceed through the intermediate formation of a dichloride and a tetra¬ 
chloride, these compounds have never been isolated from the reaction products, 
probably because they combine with chlorine at a much greater speed than does 
benzene itself. 

The photochemical chlorination of benzene has been the subject of an inten¬ 
sive study by Luther and Goldberg,® who have shown that the reaction is po\ver- 
fully inhibited by the presence of even a small amount of oxygen. Benzene free 
from dissolved oxygen was speedily chlorinated at ordinary temperatures when 

* Stewart and Hanson, J.A.C.S., 1931, S3, 1121. 

® Quoted l>y Mounevrat and Pouret. Compt. rnid.. 127. 

•Faraday, Ann. chim., 182.S, (2) 30, 274; Mitscherlich, Ann. Fbysik, 1835, 35, 370: Luther and 
(io1dI>er}(. Z. phvsik. Clinn., 1906. 56. 4.1. 

’’Meunier, Compt. rend., 1884, 98, 436; Chem. Soc. Abs., 1884, 46, 733; Schitpphaus, Ber., 1884, 
17, 22^6. Luther and (JoldherK. loc. cit. 

^ * /.. physik. Chem., 1906, 56, 43; Chem. Soc. Abs.. 1906, 90 (2), 641. Sec also Goldberg, Z. toiss. 
Photograph, Photophysik. Photochem,, 4, 61; Chem. Soe. Abs., 1906, 90 (2), 513. 
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exposed to light from a ‘‘Uviol” lamp.®* The kijetics of the photochemical reac¬ 
tion between chlorine and benzene at 25® C. have been investigated by Slator,® 
who stressed the difficu'.ty of removing the last traces of chlorine carriers from 
the sphere of reaction. In the absence of chlorine carriers the velocity of the 
photochemical reaction was found to be very small but Slator failed to realize 
the important inhibitory aclioh of oxygen on this reaction. 

Catalytic Chlorinatioru A large amount of work has been carried out on the 
catalytic chlorination of benzene in the liquid phase. In the presence of a 
chlorine carrier, the absorption of chlorine is very rapid even at 0° C. and the 
products consist exclusively of substitution derivatives of benzene. The catalytic 
chlorination of benzene is now carried out on a large scale for the production of 
monochlorobenzene and iron is used as a catalyst. The chlorination process un¬ 
der these conditions is cumulative and if carried to completion yields hexachloro- 
benzene. Although iron is employed as a catalyst almost exclusively in the techni¬ 
cal chlorination of benzene, laboratory experiments have shown that a large 
number of other substances are capable of exerting a powerful catalytic action 
on the reaction. Among these may be mentioned iodine, molybdenum pentachlo- 
ride, vanadium tetrachloride, aluminum chloride, tin tetrachloride, thallic chloride, 
and amalgamated aluminum. 

One of the earliest discovered catalysts for the substitutive chlorination of 
benzene was elemental iodine. By treating benzene in the cold with rather less 
than two atomic proportions of chlorine, Jungfleisch obtained monochloroben¬ 
zene. Continued chlorination in the cold and in the presence of iodine and water 
furnished p-dichlorobenzene as well as a little o-dichlorobenzene “ but pro¬ 
longed chlorination in the presence of iodine at elevated temperatures was found 
by Jungfleisch to give rise to a mixture of higher chlorinated substitution prod¬ 
ucts of benzene including 1,2,4-trichloro-, 1,2,4,5-tetrachloro-, pentachloro-, and 
hexachloro-benzenes. 

The catalytic activity of molybdenum pentachloride on the chlorination of 
aromatic hydrocarbons was discovered by Aronheim,i* who considered that this 
carrier was preferable to iodine since it acts very rapidly and uniformlv and is 
more readily separated from the products of reaction. Thus anhydrous benzene, 
containing about 1 per cent of its weight of molybdenum pentachloride, when 
heated on the water bath completely absorbed a rapid stream of chlorine. On 
cooling the resulting liquid solidified to a crystalline mass which, after washing 
with ammonia, was found to consist mainly of p-dichlorobenzene with no mono¬ 
chlorobenzene or unchanged hydrocarbon. 

In connection with the catalytic chlorination of benzene the early work of 
Willgerodt is of importance. This investigator pointed out that the chlorination 
reaction was greatly accelerated by the presence of elements whose chlorides were 
readily capable of giving up part of their chlorine. Iron, antimony and tin 
were found to be active and. also, to a less extent, bismuth, arsenic and 
amorphous phosphorus. Later it was found that, although metallic indium did 
not at first accelerate chlorination, as soon as it was partly converted into its 


•• The use of ultraviolet radiation in the halogenation of aromatic hvdrocarhot« j 

Wells, “The Chemical Action of Ultraviolet Rays,” Chemical Catalog Co., Inc. New York 

192df 195# * • 

•/.C.5., 1903, 83, 729. 

252; also Muller, Jahresber., 1862, 41. 

Muller, Jahresber.. 1864, 524; Jungfleisch, he. cit. 

** Beilstein and Kurbatow, Ann., 1875, 146, 42; 1876. 182. 94 
Ann. chim., 1868, (4) 15. 264, 277, 283, 287. 

1875, 8, 1400. 

2 Ckem., 1885, (2), 31, 539. 

«• Willgerodt, /. pr. Chem., 1887, (2) 35, 142; Chem. Soe. Abs., 1887, 52 326 
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chloride an immediate catalytic influence was noted and the product then con¬ 
sisted mainly of p-dichlorobenzene. An immediate acceleration of the chlorina¬ 
tion reaction occurred witli metallic gallium and the products consisted of mono- 
and di-chlorobenzenes together with a little hexachlorocyclohexane. Willgerodt 
considered that the catalytic power of various elements in the chlorination of 
aromatic hydrocarbons was a function of their atomic weights (being greatest 
with elepients of highest atomic weight), provided that the elements were capable 
of combining with chlorine. In a later publication Willgerodt gave the results 
of a comprehensive investigation of the catalytic influence of various elements 
and their chlorides on the chlorination of benzene in the dark. The results are 
briefly summarized below, substitution products being formed in all cases. 


“very active ’ 


Zirconium ] 

Molybdenum 1 - 
Tellurium [ 

Iodine J 

Columbium and its chlorides] 
Tantalum and its chlorides J* active 
Uranium and its chlorides J 


Lanthanum \ 

Vanadyl chloride/ s’'8h‘ly active 

Thorium and its chloride | 


The following elements, or their chlorides, were found to be quite inactive: 
yttrium and its chloride, titanium, germanium and its chloride, cerium and its 
chloride, didymium, chromic chloride, and sulphur monochloride. 

The catalytic influence of thallic chloride on the substitutive chlorination of 
benzene has been noted by Thomrs and that of tin by Petricou.^® The chlorin¬ 
ation of benzene in the presence of anhydrous aluminum chloride has been 
studied by Mouneyrat and Pouret,^® who found that this compound exerts a great 
accelerating influence on the reaction. Chlorine was rapidly absorbed when passed 
into dry benzene, containing 3 per cent of aluminum chloride, at 50® to 55® C. 
When one molecular proportion of chlorine was absorbed, the products were 
found to consist of monochlorobenzene and a mixture of the three dichloroben¬ 
zenes together with some unreacted benzene. Further chlorination of benzene or 
of mono- or di-chlorobenzenes under similar conditions gave a mixture of higher 
chlorinated substitution products, in which three trichlorobenzenes, 1,2,4,5-tetra- 
chlorobenzene, pentachlorobenzene, and hexachlorobenzene were found. 

An investigation of the chlorination of aromatic compounds in the presence 
of the aluminum-mercury couple has been recorded by Cohen and Dakin.^^ On 
passing chlorine into 50 grams of anhydrous benzene containing 0.5 gram of 
the aluminum-mercury couple, the whole being cooled in ice, the benzene became 
first yellow, then rapidly turned dark violet and large quantities of hydrogen 
chloride were evolved, the couple remaining practically unattacked. The process 
was stopped when the benzene had increased in weight by 13 grams. Distilla¬ 
tion of the products gave the following fractions: 


Below 127" C 
127" to 137" C. 
137" to 160" C. 
Above 160" C. 


4 grams 
50 grams 

5 grams 
4 grams 


The amount of crude monochlorobenzene corresponds to about 70 per cent of 
the theoretical yield while p-dichlorobenzene was isolated from the residue boiling 


»J. pr. Ckem., 1887, (2) 35. 391. 
^Compt. rend,, 1907, 144, .3.3. 

soc. chim., 1890, (3) 3, 189. 
^Compt. rend., 1898, 127, 1025. 
1901, 79, nil. 
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above 160^. Cohen and" Dakin also studied the chlorination of chlorobenzene in 
the presence of an aluminum-mercury couple. Chlorination of 10 grams of 
crude monochlorobenzene in' 10 grams of carbon tetrachloride yielded 14 grams 
of product boiling at 130® to 230® C. and consisting of 1,2,4,5-tetrachlorobenzenc 
together with some trichlorobenzene, probably the 1,2,4-compound. A theoretical 
yield of hexachlorobenzene was obtained by further chlorination of the tetra- 
chlorobenzene in the presence of amalgamated aluminum. 

According to Lowy and Frank,** the chlorination of benzene to monochloro¬ 
benzene is accelerated by the presence of water. 

As previously stated, in industrial practice iron is generally used as a 
catalyst for the chlorination of benzene to chlorobenzene. Mixtures of finely 
divided iron and ferric chloride have been stated to catalyze the reaction more 
completely than iron itself. In order to prevent the formation of dichlorobenzene, 
a deficiency of chlorine is usually employed (i.e., about 40 parts of chlorine are 
introduced per 78 parts of benzene instead of the theoretical 71 parts of chlorine, 
so that an excess of benzene remains unchanged after chlorination) and the tem¬ 
perature is not allowed to rise above a certain limit, which is usually considered 
to be about 40° C. In practice, about 60 per cent of the theoretical quantity of 
chlorobenzcAie can be obtained in one operation, the excess of benzene being re¬ 
covered for re-chlorination. The results of three experiments on the chlorina¬ 
tion of benzene in the presence of 0.5 per cent of iron at a temperature not 
exceeding 40° C. are given in Table 125. 


Table 125. — Chlorimtion of Benscne in the Presence of Iron. 



1 

2 

3 

Benzene (parts by weight). 

. 80 

80 

80 

Increase in weight to. 

. 89 

97 

118 

Fractionation of Products 

B.p. up to 100® C. 

. 60 

35 

— 

100® to 120® C. 

. 6 

25 

— 

120® to 140® C. 

. 23 

28 

50 

Alx)ve 140® C. 

:. — 

— 

00 

Residue . 

. — 

9 

8 


89 

97 

118 


Refractionation of the products of the second experiment yielded 35 parts 
of benzene, 10 parts of partially chlorinated benzene, 40 parts of chlorobenzene 
of boiling point 128® to 134° C., and 5 to 10 parts of dichlorobenzene. The third 
experiment furnished a considerable amount of dichlorobenzene. 

According to Bourion,** in the industrial chlorination of benzene in the pres¬ 
ence of iron as a catalyst, the yield of monochloro-derivative increases with the 
velocity of chlorination but decreases slightly with rise in temperature. For a 
given concentration and a given temperature, the molar proportion of benzene 
converted into monochlorobenzene is about 8.5 greater than the molar proportion 
of benzene converted into p-dichlorobenzene. 

Pyridine bases have also been used as halogen carriers in the cldorination of 
benzene. Cross and Cohen obtained 30 parts of chlorobenzene together with 

“ Trans. Amer. Elcctrochem. Soc., 1923, 43, 107; Chem. Abs., 1923, 17, 2086. 

Grandmougin, Rev. prod, ckim., 1917, 20, 216. 

** In connr-ction with the use nf iron in the chlorination of aromatic hvc!iociirl>ons. it is of interest 
to note that Fierc-David (.Naturwissenschaften, 1929, 17, 13; Chem. Abs., 1929, 23, 1886) observed 
that i'f»n mixed with ahour il.nr% of iodine was .a most powerful c.atalvst for chlorination reactions. 

Conipt, rend., 1920, 170, 1319; J.S.C.I., 1920, 39, 480A. 

^ Proe. Chem. Soc., 1908, 24, 15; Chem, Abs., 1908, 2, 1450; Chem. Zentr., 1908, 2, 153. 










HALOGENATION OF BENZENE AND ITS HOMOLOGUES 761 

some (lichlorobenzene by bubbling chlorine through 50 parts of benzene at 
50° C. containing a small proportion of pyridine. Similar results were obtained 
with other hydrocarbons (toluene and naphthalene), with another halogen (bro¬ 
mine), and with other bases (quinoline and isoquinoline). 

It will be seen from the foregoing that the use of the majority of chlorine- 
carriers, which accelerate the chlorination of benzene, results in the production 
of substitution derivatives exclusively, the addition reaction being almost entirely 
suppressed even in bright sunlight. A few isolated statements appear to indicate, 
however, that not all catalysts induce substitutive chlorination but that on the 
contrary certain materials accelerate the addition reaction. Thus, Willgerodt®^ 
observed that in the presence of aluminum hydroxide or aluminum sulphate chlo¬ 
rination of benzene yielded mainly hexachlorocyclohexane. It has also been 
stated** that when a mixture.of benzene and dry chlorine is passed in the vapor 
phase over a heated catalyst of partially reduced cupric chloride the products 
consist partly of the two isomeric hexachlorocyclohexanes together with some 
liquid products. 

Electrolytic Chlorination of Benzene, The electrolytic chlorination of ben¬ 
zene dissolved in ether saturated with zinc chloride was studied by Schlueder- 
berg.** About 76 to 80 per cent of the chlorine was removed from inorganic 
combination. On the other hand, when benzene floating on a solution (160 
grams of sodium chloride and 140 grams of sulphuric acid made up to 1 liter 
with water) was electrolyzed using a rotating anode, entirely immersed in the 
benzene layer, an efficiency of only 2.29 per cent was obtained. The necessity of 
employing a homogeneous solution was therefore clearly indicated. Schlueder- 
berg found that nascent chlorine produced during electrolysis yields substitution 
products with aromatic hydrocarbons and in this respect resembles chlorine in 
the presence of a halogen carrier rather than chlorine in the presence of chemi¬ 
cally active radiation. To ensure homogeneity van Name and Maryott used 
glacial acetic acid as a solvent for benzene and an electrolyzing agent of lithium 
chloride. On electrolysis of this solution chlorination was found to occur, but 
it also took place when chlorine was bubbled through the reaction mixture. They 
therefore concluded that the reaction between benzene and chlorine was catalyzed 
by the lithium chloride, and that chlorination took place due either to the chlorine 
liberated by electrolysis or simply bubbled into the solution, and not by anodic 
chlorination. One of the most exhaustive studies of the electrol 3 rtic chlorination 
of benzene has been made by Fichter and Glantzstein,*^ who electrolyzed a mix¬ 
ture of benzene and concentrated aqueous hydrochloric acid, rendered homogene¬ 
ous by the addition of glacial acetic acid. A platinum anode was employed. Elec¬ 
trolysis of this solution gave under various conditions monochlorobenzene, p-di- 
chlorobenzene, sym-tetraclilorobenzene and hexachlorobenzene. When the elec¬ 
trolysis was carried on for a long time, pentachlorophenol and chloroanil were 
also formed. The relative amounts of these substances present in the reaction 
product depended regularly upon the current density employed (other conditions 
being equal), indicating that an electrochemical reaction was taking place. The 
best yields were obtained with 3 faradays, i.e., a current yielding 3 gram-atoms 
of chlorine per mole of benzene. Increasing the concentration of the benzene 
up to the point where an emulsion was formed (nearly 1 mole per liter) improved 
the yield of chlorinated products. The most important factor in the course of 

« /. pr. Chem., 1886, (2), 34. 264. 

“Tei and Komatsu, Mem, Coll. Set. Kyoto Jmp. Univ.t 1927, lOA, 325; Chem. Abs., 1928, 22. 1086. 

*•/. Phys. Chem., 1908, 12, 595. 

*^Amer. J. Sci., 1913, 35, 153; Chem. Abs.. 1913, 7, 1444. 

*^Ber., 1916, 49, 2473. 
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the chlorination was current density. Thus, by raising the amperage up to about 
1 ampere per sq. cm,, the total yield was increased as well as that of the higher 
chlorinated products, while ho hexachlorobenzene was formed at all with current 
densities less than 0.26 ampere per sq. cm. The best conditions for the produc¬ 
tion of higher chlorinated products, particularly hexachlorobenzene, were found 
to be low concentrations of benzene, high current densities and higher tempera¬ 
tures. The total yield and the yield of. hexachlorobenzene were greater at plati¬ 
num anodes than at graphite or magnetic iron oxide anodes, but in the presence 
of the last two substances oxidation reactions became more pronounced. 

A comparison of the electrolytic and chemical chlorinations of benzene has 
been made by Lowy and Pjank,*® who electrolyzed a well agitated mixture of 
12 per cent aqueous hydrochloric acid (or a 20 per cent aqueous sodium chloride 
solution) and benzene, using a platinum anode. Under the conditions of agita¬ 
tion the mixture resembled an emulsion. The yield of monochlorobenzene was 
found to increase with rise in temperature up to 60° C. and to be affected by 
the rate of stirring. The introduction of iodine as a catalyst into the electrolytic 
bath increased the yield of chlorobenzene. On the other hand, the amount of 
higher chlorinated products as well as the amount of anodic oxidation of the 
benzene increased with rise of temperature. In comparative experiments on the 
electrolytic and purely chemical chlorination of benzene in the presence of 12 
per cent aqueous hydrochloric acid, the same yield of chlorobenzene was obtained 
but the former method gave a small amount of higher chloro-derivatives, which 
were not furnished under conditions used by the purely chemical process. 

Therntal Chlorination of Benzene. A study of the thermal chlorination of 
benzene at high temperatures in the vapor phase was made by Mason, Smale, 
Thompson and Wheeler.** Mixtures of chlorine and benzene vapor, containing 
an excess of the latter, were passed at high space velocities through silica reaction 
tubes heated over 30 cm. of their length to temperatures up to 600° C., and the 
products were analyzed by distillation methods. It was found that for a given 
space velocity there is a critical temperature below which the amount of chlorine 
unconsumed increases rapidly, but above a certain temperature pyrolysis sets in 
and carbon is deposited. When using unpacked silica tubes and a space velocity 


Table 126 .—Thermal Chlorination of Benzene at Varying Space Velocities. 
Temperature 450® C. Molar ratio, C1 j:C6Ho= 1:22; unpacked tube. 


Tube 

Space 

Benzene Converted into 

Unchanged CU; 

Diameter 

Velocity 

C.H 0 CI 

CeH4Cb 

CoHsCh 

On Input 

Om 

[Min"*^ 



"Per Cent———— 


0.5 

50 

32.1 

2.7 

Nil 

Nil^ 

0.5 

100 

28.2 

4.3 

Nil 

6.2 

0.5 

250 

22.5 

2.2 

3.1 

20.8 

1.0 

20 

34.6 

3.6 

Nil 

Nil* ' 

1.0 

50 

34.3 

3.7 

Nil 

0.3 

1.0 

100 

23.7 

4.6 

Nil 

20.6 

1.0 

160 

9.2 

2.6 

1.9 

50.9 

2.0 

5 

34.6 

3.7 

Nil 

Nil* 

2.0 

10 

34.5 

3.2 

Nil 

Nil 

2.0 

15 

35.9 

2.7 

Nil 

Nil 

2.0 

25 

34.0 

4.2 

Nil 

1.1 

2.0 

50 

30.2 

3.1 

.Nil 

13.5 

2.0 

65 

16.8 

3.5 

1.5 

28.9 

* Carbon deposited, owing 

to pyrolysis. 




" Trans. Amer. 

, Electrochem. Soc., 1923, 

43. 107: Chem. 

Abs., 1923, 17. 

2086. See also Croco 

and Lowy, Trans. 

Amer. Electrochem. Soc., 

1926, 50. 315; Chem. Ahs., 1926, 

, 20, 3396. 

^J.C.S., 1931, 

3150. 
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of 50 reciprocal minutes®* some pyrolysis occurred at temperatures of 500® C. 
and above, though pyrolysis was also observed at 450° C. when using lower space 
velocities, i.e., 5 reciprocal minutes. The effect of varying space velocity on the 
proportion of reaction products is shown in Table 126. 

In Table 126 it is demonstrated that with each tube and above a certain space 
velocity the percentage of unreacted chlorine increases rapidly. When large 
amounts of unconsumed chlorine were found in the reaction products trichloro¬ 
benzene was found also. 

The effect of varying the molecular ratio of chlorine to benzene in the thermal 
chlorination at 450° C. in a silica tube 1.0 cm. diameter, using a space velocity 
of 50 reciprocal minutes is shown in Table 127. ♦ 


Table 127.— Thermal Chlorination of Benzene ztnth Varying Molecular Ratios 
of Chlorine to Benzene, 

Temperature 450® C.; unpacked tube; space velocity 50 min"*. 






Unreacted 


Molar Ratio 

Benzene Converted into 

Chlorine ,* 

Ratio CsHbCI 

ClarCsH. 

CsH.Cl 

C.H 4 CU 

C.H,C1, 

on Input 

C.H4CU 












1 : 1.1 

44.7 

15.2 

Nil 

Nil 

2.9 

1 : 1.6 

43.3 

6.8 

Nil 

03 

6.4 

1 : 2.2 

34.3 

3.7 

Nil 

0.3 

9.3 

1:3.4 

24.0 

2.2 

Nil 

0.5 

10.9 


It is evident that the production of dichlorobenzenes is depressed (relative to 
the monochlorobenzene) by an excess of benzene. There is an increased pro¬ 
duction of dichlorobenzenes without the formation of trichlorobenzene. 

By packing the reaction tube with pieces of silica the speed of chlorination 
was increased but the reaction was not complete under these conditions at 375° C. 
with a space velocity of 10 reciprocal minutes. The influence of a number of 
volatile catalysts on the vapor phase chlorination was also studied and the results 
are shown in Table 128. 

Table 128. —Thermal Chlorination of Benzene with Various Catalysts. 

Tube diameter, 2.0 cm. Temperature, 450® C. Space velocity 50 reciprocal minutes: 
molar ratio, CU : GHo == 1: 2.2. 

Catalysts and Wt. Benzene Converted to Unreacted 

per Gm, Benzene GH»C 1 CaH4CU GHaCU Cla on Input 


-Per Cent- 

None . 30.2 3.1 Nil 13.5 

Iodine, 0.005 gm. 32.2 4.4 Nil 2.5 


AlCla (amount not estimated). 33.6 4.3 Nil 4.8 

FeCla (amount not estimated). 28.4 6.3 0.5 0.6 

All these catalysts therefore accelerated the vapor phase chlorination espe¬ 
cially ferric chloride, the use of which increased the production of dichloroben¬ 
zenes and also yielded some trichlorobenzene. 

The vapor phase thermal chlorination of benzene is not as rapid as that 
of toluene. The results for both benzene and toluene are in excellent agree¬ 
ment (when only mono- and di-substitution products are formed) with the 

** Space velocity in reciprocal minutes has been defined by Mason. Smale, Thompson and Wheeler 
as the number of volumes of gas, at the reaction-tube temperature, passing througn the heated xone 
per minute. 
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kinetic formula of Martin and Fuchs for a bimolecular two-stage process. 
This is also demonstrated in Fig. 31, on page 773, in which the experimental 
values for the chlorination bf toluene are very close to the theoretical curves. 

Chlorination of Benzene hy Substances other than Chlorine. A number of 
chlorine-containing substances are capable of effecting the chlorination of benzene 
under the influence of heat. Among these may be mentioned the usual chlorine 
carriers such as iodine chlorides, ferric chloride, antimony pentachloride, and 
molybdenum pentachloride. Chlorination may also be effected by nascent chlorine 
generated from manganese dioxide and hydrochloric acid, while the chlorination 
of benzene at high temperatures in the presence of mixtures of hydrogen chloride 
and oxygen has also been accomplished. 

The fact that benzene can be chlorinated by many of the usual chlorine car¬ 
riers used as catalysts in the direct chlorination of such hydrocarbons lends 
strong support to the view that these carriers are active by virtue of their ability 
to supply chlorine in a more active condition than the ordinary molecular state. 
Thus Page®® has found that molybdenum trichloride does not assist chlorination 
below the temperature (70° C.) at which it is converted by the action of chlorine 
into the pentachloride. The chlorination of a number of aromatic hydrocarbons 
by means of ferric chloride alone has been described by Thomas.®^ On heating 
benzene with ferric chloride, hydrogen chloride was evolved and the products 
contained monochlorobenzene, 1,4-dichloro-, 1,2,4-trichloro-, 1,2,4,5-tetrachloro-, 
pentachloro-, and hexachlorobenzenes. The production of hexachlorobenzene dur¬ 
ing the intensive chlorination of benzene by means of ferric chloride ®® and also 
antimony pentachloride®® has been observed. Sulphur monochloride is said to 
chlorinate benzene to monochlorobenzene at 250° C.,^® while monochlorobenzene 
is also formed by heating benzene with sulphuryl chloride to 160° Seyewitz 
and Biot obtained monochlorobenzene by heating benzene with ammonium lead 
tetrachloride (2NH4Cl.PbCl4) in a sealed tube at 150° C. 

A very powerful chlorinating agent, capable of bringing about a high degree 
of chlorination of benzene and also of its homologues, consists of a solution of 
sulphur monochloride in excess sulphuryl chloride in the presence of aluminum 
chloride.^® With the aid of this reagent, Silberrad has succeeded in obtaining a 
number of polychloro-derivatives of benzene and nuclear polychloro-derivatives 
of toluene. 

Industrial Methods for the Chlorination of Benzene. Chlorination of benzene 
is carried out technically on a very large scale for the production of nionochloro- 
benzene^®* exclusively. This substance finds extensive application as an inter¬ 
mediate in the production of synthetic dyestuffs and also in the production of 
phenol. With the possible exception of p-dichlorobenzene, which is produced as 
an unavoidable by-product in the technical manufacture of the monochloro-de- 
rivative, none of the other chlorobenzenes has become of industrial importance. 
On a technical scale, the chlorination is carried out in the presence of an iron 
catalyst with cooling to prevent the temperature rising above a certain point, and 
the chlorination is usually stopped when less than 1 mole of chlorine per mole of 

Z. Elektrochem., 1921, 27, ISO; see Chapter 29. 

*^Ann., 1884, 225, 196- 

Compt. rend.. 1898, 126, 1211. 

»Page. Ann., 1884, 225, 200. 

*• Muller. Jakresbericht, 1864. 52.1. 

« Schmidt. Ber., 1878. 11. 1173. 

Dubois. Z. fitr Chem., 1866, 708. 

**Compt. rend.. 1902, 13S. 1120. 

Silberrad, J.C.S.. 1922, 121, 1015. 

^ The process used W the United Alkali Co.. Ltd., for the manufacture of monochlorobenaene hat 
been describe (Anon., ind. Chem., 1925, 1, 337; Ckem. Abs., 1925, 19. 3148). 
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benzene has been absorbed in order to minimize the production of dichloroben¬ 
zene. A chlorination plant designed for this operation has been described by 
Marckwald.^'* In another similar process,a mixture of ferric chloride and 
iron was proposed as a catalyst. The stream of chlorine is stopped before all the 
benzene is chlorinated and, at the end of the reaction, the contents are distilled 
under reduced pressure. The catalyst remains behind and can be used again, 
and* the unreacted benzene is resubjected to chlorination. Thus, 156 kilos 
of chlorine were introduced into 300 kilos of benzene containing 1 kilo of ferric 
chloride and 1 kilo of powdered iron. On distillation, the product yielded 145 
kilos of first runnings, containing a mixture of benzene and chlorobenzene which 
was subjected to further chlorination using 30 kilos of chlorine. The total yield 
from the initial 300 kilos of benzene was 335 kilos of pure monochlorobenzene 
and 24 kilos of p-dichlorobenzene, together with 13 kilos of mixed chlorinated 
benzenes. 

Rabinovitz chlorinated benzene in the presence of a special catalyst made by 
triturating in a mortar a mixture of equal weights of reduced iron powder and 
hydrated ferric chloride (FeCl ..fiH.jO). 'Hie resulting nv’ss first lique^es and 
afterwards solidifies with evolution of heat and a sub-chloride is said to be 
formed. Chlorination of benzene is then carried out in the presence of 1 per 
cent by weight of the above catalyst at a temperature of 10®-15® C. with good 
agitation in a current of dry, air-free chlorine. 

Coutagne proposed to chlorinate benzene in the presence of iron at 15® C. 
in such a way that fresh chlorine comes in contact with fresh benzene. This is 
effected by allowing a stream of benzene to flow through a vertical series of basins 
exposed to a stream of dry chlorine also flowing in the same direction. The 
formation of higher chlorinated products is further reduced by admixture of 
liydrogen chloride with the chlorine. 

In the continuous process of Auger a stream of chlorine is totally absorbed 
in a controlled stream of liquid benzene (free from catalyst) in an absorption 
tower packed with siliceous pebbles. The solution of chlorine in benzene then 
passes to a cooled reaction chamber where it comes in contact with a catalyst of 
iron borings, whereupon reaction ensues and chlorobenzene and hydrogen chlo¬ 
ride are produced. The hydrogen chloride passes off from the top of the reaction 
chamber while the chlorobenzene and unchanged benzene continuously overflow 
into a washer where neutralization is effected by means of moist chalk. The 
liquid mixture then passes through a container to a continuous still. It is esti¬ 
mated that the crude reaction product contains 30 per cent of monochlorobenzene 
and that the proportion of chlorobenzene to polychlorinated products is about 
100:6. Auger's process is reported to have been used extensively in France and 
Italy. 

Benzene may also be chlorinated by heating it with a mixture of manganese 
dioxide and hydrochloric acid to a temperature just below its boiling point.**® 
Apparatus for the chlorination of benzene in the presence of an iron catalyst in 
tlie liquid phase has been described by Boulogne and Meillassoux,®® and a method 

"British Patent 17,695, 1902; 1903, 22, 945. German Patent 142,939, 1903; Chem. 

Zentr.. 1903, 2. ^00. U. S. Patent 721,961, March 3. 1903. 

" Saccharinfabrik A.-G. vorm. Fahlberg, List und Co., German Patent 219,242, 1907; 

1910, 29, 619; Chem. Abs., 1910, 4, 2186. 

"LT. S. Patent 1.189,736, July 4, 1916; assigned to Ellis-Foster Co.; 1916, 35, 885. 

"French Patent 480,151, 1915; J.S.C.l,, 1917, 36. 129. 

"U. S. Patent 1.180.964, Apr. 25. 1916; and British Patent 100,105, 1916; Chem. Abs., 1916, 
10. 1694. French Patent 482..172. 1917; Chem. Abs., 1917, U, 3289. 

" Soc. chim. usines du Rhone anciennement Gilliard, Monnet et Cartier, French Patent 479,645, 
1914; J.S.C.I., 1916, 35, 1131. 

"German Patent 382,048, 1922; J.S.C.l., 1924, 43, R8B. 
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of recovering hydrogen chloride produced in the chlorination of benzene was 
described by Townsend.®^ 

It has been proposed to .utilize hydrogen chloride as a source of chlorine for 
the chlorination of benzene at high temperatures in the vapor phase. A mixture 
of benzene vapor, hydrogen chloride, and oxygen, with or without the addition 
of other gaseous diluents, is passed at high temperatures over catalysts such as 
iron, thallium, alkaline earth or rare earth chlorides, or charcoal.®® The reaction 
is said to take place also in the presence of catalysts consisting of copper with 
one or more elements of the 3rd or 8th Groups.®® 

The chlorination of benzene has been effected ®** at 30Q° C. or higher by 
the passage of a mixture of benzene vapor, hydrogen chloride vapor, §team and 
oxygen, or air, over a catalyst of pumice impregnated with copper chloride. 
Monochlorobenzene and other chlorinated hydrocarbons have been suggested as 
selective solvents for the purification of crude anthracene and similar substances 
by fractional sublimation.®^* 

Monochlorobensene is a colorless liquid with a faint aromatic odor^ boiling 
at 132° C. ^nd having d®5 1.10601. It is used in the manufacture of sulphur 
black and other dyestuffs, and is finding increasing application as a raw material 
for the production of both phenol and aniline. Although the chlorine atoms in 
nuclear substituted aromatic chlorohydrocarbons are firmly bound and undergo 
reaction with much greater difficulty than in the case of similar aliphatic chloro¬ 
hydrocarbons, the application of high pressure renders possible the hydrolysis of 
chlorobenzene to phenol. Thus Brown®® described the Aylsworth process in 
which chlorobenzene and sodium hydroxide solution are continuously pumped 
under a pressure of 2500 to 3000 lbs. per square inch through a coil of hydraulic 
pipe immersed in a bath of molten sodium nitrite at 370° C. The resulting 
sodium phenoxide is discharged, condensed, acidified, and the liberated phenol 
distilled. Griswold ®® hydrolyzed chlorobenzene to phenol continuously by heating 
it with caustic soda at 350° C. under a pressure of 280 kg. per sq. cm. The hy¬ 
drolysis of chlorobenzene with steam at high pressure according to the equation, 

C.H.Cl-fH,0 —CeH,OH + HCl, 

has been described by Hale and Britton ®’^ and more phenol is now being manu¬ 
factured in the United States by this method than by the old method of alkali 
fusion of benzenesulphonic acid.®** 

U. S. Patent 1,468,220, Sept, 18, 1923; assigned to Hooker Electrochemical Co.; 

192.3, 42. 115.1A, 

“ E.g., Gremli, Austrian Patents 108,421 and 108.424, 1924; Brit. Ghent. Abs. B, 1930, 50. 

^Raschig G.m.b.H., French Patent 715,009, 1931; Chem. Abs.. 1932, 26, 1625. 

M British Patent 208,155, 1922; J.S.C.L, 1924, 43, 246B. Prahl (German Patent 539,176, 19?0; 
assigned to F. Raschig G.m.b.H.; Chem. Abs., 1932, 26, 2989; cf. Prahl and Mathes, German Patent 
575,765, 1933; assigned to F. Raschig G.m.b.H.; Chem. Abs., 1933, 27, 5082) used the same method 
for the preparation of other chlorinated isocyclic compmunds in which all the hydrogen atoms are 
attached to the nucleus for example, dichlorobenzene, dichlorodiphenyls and chloronaphthalenes. 

Jaeger, British Patents 364,628 and 364,629, 1929; assigned to The Selden (;o.; Chem. Abs., 
1933, 27, 1642; cf. The Selden Co., British Patent 364,723, 1929; Chem. Abs., 1933, 27, 1643. 

“J. Jnd. Eng. Chem., 1920, 12, 279. Also Aylsworth, U. S. Patents 1,213,142 and 1,213,143, 
Jan. 23, 1917; J.S.C.L, 1917, 36, 382. 

•• U. S. Patent 1,833,485, Nov. 24, 1931; assigned to Dow Chemical Co.; Chem. Abs., 1932. 26, 
1000. Also U. S. Patent 1,821,800, Sept. 1, 1931; Chem. Abs., 1931, 25, 5901. Britton (tf. S. 
Patmt 1,836,307, Dec. 15, 1931; assigned to Dow Chemical Co.: Brit. Chem. Abs. B, 1933, 220) 
obtains o- and p-hydroxydiphenyl (o- and p*phenylphenol) by distilling crude tar from the reaction of 
phenyl chloride and sodium hydroxide. 

”lnd. Eng. Chem., 1928, 20, 114. See also Putnam, U. S. Patent 1,921,373, Aug. 8, 1933; 
assigned to Dow Chemical Co.; Chem. Abs., 1933. 27, 5086. In a similar method (Raschig G.m.b.H., 
British Patent 387,832. 1932; Brit. Chem. Abs. B, 1933, 297) the phenol and hydrogen chloride are 
covered (without condensing the excess chlorobenzene and steam) by washing with water and alkali. 
Britton and Perkins (U. S. Patent 1,862,075, June 7, 1932; as.signed to Dow Chemical Co.; Chem. 
Abs., 1932, 26, 4068) use this method for the hydrolysis of chlorocyplohexane to ortho- and para- 
cyclohexylphenol. 

“Frolich, Ind. Eng. Chem., 1931, 23, 111. 
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According to Ushakov and Zelinsky,®®* cuprous and cupric oxides are better 
catalysts than copper for the preparation of phenol from chlorobenzene. In 
the presence of a melt containing 2.5 parts of cuprous oxide and 60 parts of 
copper, the hydrolysis proceeds at 260° to 280° C. At 320° C. a 95 per cent yield 
is obtained after 25 minutes. Addition of 30 per cent diphenyl to the monochloro¬ 
benzene reduces the quantity of sodium hydroxide required. In a similar way, 
aniline is now being manufactured by heating chlorobenzene with ammonia 
under pressure in the presence of copper catalysts,®®* the reaction being: 

aH,Cl + NH, —GH.NH. + Ha 

The product is said to be purer than that obtained from benzene by nitration 
and reduction. 

Similarly, Hale suggested the reaction of chlorobenzene with sodium acid 
sulphide in the presence of 10 per cent of diphenyl sulphide and 3 per cent 
of diphenyl oxide for the manufacture of t’niophenols. 

Chalkley ®®® studied the vapor-phase hydrolysis of phenyl halides in a search 
for new methods for the synthesis of phenol. He found that phenyl cliloride 
and bromide are hydrolyzed to the extent of at. least 25 to 40 per cent by pass¬ 
ing their vapors mixed with steam over silica gel at 50O°-5S0° C. and atmos¬ 
pheric pressure. The reaction is catalyzed also by titania, alumina, thoria, zir- 
conia, and blue tungsten oxide, of which silica gel and titania appear to be 
the most active. The products are the halogen acid, phenol and diphenyl oxide. 
The activity of the catalysts may be restored by heating in air or oxygen. 

p-Dichlorobenccftc is a crystalline solid with a faint odor, melting at 52.9° C. 
and boiling at 173° C.®®‘* It has found some application as a moth- and insect- 
repellant. Kipriyanov and Daschevski ®®* observed that on hydrolysis with 
aqueous sodium hydroxide it gives a maximum of 30 per cent of p-chlorophenol. 
With sodium methoxide and some copper powder at 225° C., yields as high as 
85 per cent result. Further hydrolysis to pyrocatechol can be affected by sodium 
hydroxide in the presence of copper sulphate provided a copper or silver-lined 
autoclave is employed.®®^ Similarly, p-dichlorobenzene reacts with aqueous am¬ 
monia in the presence of copper to give p-aminophenol.®®® Kipriyanov and his 
associates ®®*' described the preparation of chloronitrophenols, chloronitroanilines, 
chloroaminophenols, and cliloroaminophenolsulphonic acids from p- and o-dichloro- 
benzene. 

The Bromination of Benzene 

On account of the relatively greater cost compared with the corresponding 
chloro-derivatives the bromine substitution products of benzene are of little in- 

“•/. Appl. Chem., Russia, 1932, 5, 364; Brit. Chetn. Abs, A, 1933, 267. 

^ Hale and Uritton. U. S. Patent 1.607,824. Nov. 23, 1926; assigned to Dow Ch.:mical Co.; 
Chem. Abs., 1927, 21, 249. Williams (U. S. Patent 1,840,760, Jan. 12, 1932; assigned to Dow 
Chemical Co.; Brit. Chem. Abs, B, 1933, 220) suggested heating 1 mole of chlorobenzene with 1 mole 
of ammonia, 0.5 mole of slaked lime and 0.5 mole of calcium chloride in the presence of a cupric oxide 
catalyst at 175* C. under a pressure of 14 atmospheres, for the manufacture of aromatic ammonia 
compounds. 

In order to obtain the full effect of the copper catalyst, the iron and steel apparatus; can be 
rendered passive toward copper compounds by heating with aqueous ammonia to a temperature of 
200" to 400* C. under superatmospheric pressure, according to Britton (U. S. Patent 1,921,726, 
Aug. 8, 1933; assigned to Dow Chemical Co.; Chem. Abs., 1933, 27. 5082). 

•••>11. S. Patent 1,825,662, Oct. 6, 1931; assigned to Dow Chemical Co.; Brit. Chem. Abs, B, 

91S 

J.A.C.S.. 1929, 51, 2489. 

^'International Critical Tables," McGraw-Hill Book Co., Inc., 1926. 

Ukrain. Khem. Zhur., 1932, 7, 78; Brit. Chem. Abs. B, 1933, 215: Chem. Abs., 1933, 27, 3824. 

Kjpriyanov and Sytch, Ukrain. Khem. Zhur., 1932, 7, 94; Brit. Chem. Abs. B, 1933, 215. 

Kipriyanov, Kipriyanov and Daschevski, Ukrain, Khem. Zhur., 1932, 7, 87; Brit. Chem. Abs. B, 
1933,215. 

■"Kipriyanov and Mikhallenko. Ukrain. Khem. Zhur., 1930, 5, 225; Kipriyanov and Daschevski, 
ibid., 1930, 5, 241; Chem. Abs., 1931, 25, 5033. 
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dustrial significance. From a scientific point of view, the bromination reactions 
of benzene are closely similar to those of chlorination. The direct addition of 
six atoms of bromine to benzene with the production of the lower melting hexa- 
bromocyclohexane occurs in the presence of sunlight using dry reagents.«<^ The 
same compound is also formed by the addition of bromine to an ice cold mixture 
of benzene and 1 per cent caustic soda solution.®^ By the action of bromine 
vapor on boiling benzene, Couper obtained monobromobenzene and p-dibromo^ 
benzene. Excess bromine reacts with boiling benzene to form mainly p-dibromo- 
benzene with only a small proportion of isomeric dibromo-derivatives.®® As in the 
chlorination reaction, the bromination of benzene is greatly accelerated by the 
use of certain catalysts, among which may be mentioned iodine,®^ aluminum 
halides,®® amalgamated aluminum,®® ferric halides,®^ phosphorus halides, and 
antimony halides.®® In the presence of these halogen carriers, bromination occurs 
with the production of monobromobenzene and also of higher bromine substitution 
products, the degree of bromination depending upon the amount of bromine used 
and upon the temperature. By the action of two moles of bromine on benzene 
in the presence of iodine, Jannasch®® obtained mainly p-dibromobenzene. The 
same compound with only small amounts of isomers was obtained by Leroy 
by the action of 960 grams of bromine on 240 grams of benzene in the presence 
of aluminum chloride. Of the other two dibromo isomers formed the m-di- 
bromobenzene was found to be present in the largest quantity, being equivalent 
to about 10 per cent of the bromine consumed. It would appear, therefore, that 
when the reaction takes place in the presence of aluminum chloride there is a 
tendency for the formation of the para- and meta-derivatives. Larger propor¬ 
tions of bromine result in the formation of increasing amounts of polybromo- 
derivatives. Thus Scheufelen^^ produced a mixture of p-dibromo-, 1,2,4-tri- 
bromo-, and 1,2,4,5-tetrabromobenzenes by the addition of 3.5 moles of bromine 
to cooled benzene in the presence of ferric chloride as a catalyst. By dropping 
benzene into an excess of cooled bromine in the presence of the same catalyst 
Scheufelen obtained the fully brominated product, hexabromobenzene. 

The dynamics of the bromination of benzene in the presence of various cat¬ 
alysts has been investigated by Bruner,*- who found that the reaction was re¬ 
tarded by hydrogen bromide. In experiments in which iodine was used as a 
catalyst, the velocity constant of bromination was approximately proportional to 
the square of the iodine concentration^ 

The electrolytic bromination of benzene has been studied by Croco and Lowy,^® 
who found that the only product formed was monobromobenzene. 

The Chlorination of Toluene 

In the direct chlorination of toluene, as well as of its homologues, two types 
of substitution take place, namely, (1) nuclear chlorination, in which chlorine 

•• Mitachcrlich, Ann. Pkysik, 1835, 35, 374; for the action of bromine on an excess of benzene 
in sunlight see Collie and Frye, J.C.S., 1898, 73, 341. 

Orndorff and Howells, Amcr. Chem. J., 1896, 18, 315; cf. Matthews. J.C.S., 1898. 73. 243. 

•»/4nn. cM'm., 1858, (3) 52, 309; /4n»., 1857, 104, 225. 

•* Wiese, Ann.. 1872, 164. 162, 176. 

Schramm, Bcr., 1885, 18, 607. 

•» Leroy, Bull. soc. chim., 1887, (2) 48, 211, 213; Chem. Soc. Abs., 1888, 54, 258. 

•* CoKen and Dakin, J.C.S., 1899, 75, 894. 

^ Scheufelen, Ann., 1885, 231, 187, 189; Chem. Soc. Abs., 1886, 50, 340. 

•* IJruner, hull. Acad. Set. Cracow, 1901, 22; Chem. Soc. Abs., 1901, 80 (2), 441. 

«/?cr., 1877. 10. 1355. 

f*Bull. soc. chim.. 188^ (2) 48, 211, 213. 

^^Ann., 1885, 231, 187, 189; Chem. Soc. Abs., 1886, 50, 340. 

^ Z. phifsik. Chem.. 1902, 41. 513; cf. the results of Slator (J.C.S.. 1903, 83, 729) on the dynamics 
of the chlorination of benzene in the presence of iodine .ns a cataylst. 

” Trans. Amer. Blectrochem. Soc., 1926, 50, 315; Chem. Abs., 1926, 20, 3396. 
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atoms are substituted for hydrogen atoms in the aromatic ring, and (2) side 
chain chlorination, in which the aliphatic side chain undergoes substitutive chlo¬ 
rination. The extent to which these two types of substitution reactions pro¬ 
ceed depends markedly upon the conditions of chlorination. Thus chlorination in 
the absence of halogen carriers, either with illumination in the cold or in the 
dark at the boiling point of the hydrocarbon, results preponderatingly in the 
formation of products containing the halogen in the side chain. On the other 
hand, the presence of practically all the usual halogen carriers causes nuclear 
chlorination to occur, even in the presence of strong sunlight or at the boiling 
point of the hydrocarbon. In the electrolytic chlorination of toluene, nuclear 
substitution products are chiefly formed. Thermal chlorination of toluene at 
high temperatures in the vapor phase in the absence of specific halogen carriers 
causes the substitution of chlorine atoms in the side chain exclusively, but 
when the thermal reaction is carried out in the presence of volatile halogen 
carriers some nuclear chlorination also takes-place. 

The addition reaction, which has been observed for benzene, has only been 
noted in a few instances with toluene, and appears to be quite unknown with 
higher homologues. .Pieper noted the separation of crystals of octachloro- 
methylcyclohexane, CyHaClg, melting at 150° C., from a solution of chlorine 
in toluene. Additive compounds of chlorine and toluene have also been reported 
by Qvist,“® who obtained compounds from which about 50 per cent of the chlorine 
content could be eliminated in the form of hydrogen chloride by alcoholic potash 
with the production of di- and tri-chlorptoluenes. 

Direct Chlorination in Absence of Catalysts and Illumination, The products 
of the direct (very slow) chlorination of toluene at room temperature in the 
dark or in diffused daylight are mainly nuclear substituted derivatives. Accord¬ 
ing to Schramm,o- and p-chlorotoluenes are produced under these conditions, 
but Limpricht obtained a mixture of both nuclear and side chain substituted 
products. In direct sunlight, however, substitution occurs predominantly in the 
side chain even at room temperature. By introducing chlorine into boiling tolu¬ 
ene, even in the dark, side chain substitution occurs almost exclusively and the 
products are benzyl chloride,^® benzal chloride,®® and benzotrichloride,®^ depend¬ 
ing upon the extent of chlorination. The progressive chlorination of toluene at 
the boiling point in the absence of halogen carriers can therefore be represented 
as follows: 
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hensyl chloride hemal chloride hemotrichloride 

Book and Eggert®- reported that the chlorination of toluene at 105° to 
110° C. with a stream of chlorine of definite velocity yields the same products 
irrespective of whether the reaction takes place in the dark or in the presence 

Phosphorus trichloride appears to be an exception to this rule since, as previously mentioned, it 
catalyzes side chain substitution. 

” Pieper, Ann., 1867, M2, 304; cf. Cohen and Dakin, 1904, 85, 1279. 

Finska Kemistsamfundets Mcdd., 1928, 37, 45; Chem. Abs., 1929, 23, 117. 

”Bcr., 1884, 17. 2922; 1885, 18, 350, 606, 1272; 1886, 19, 212. 

Ann., 1866, 139, 304; cf. Beilstein and Geitner, Ann., 1866, 139, 332. 

” Cannizzaro, Ann. chim., 1855, (3) 45, 468; Compt. rend., 1855, 41, 517. 

^ Beilstein and Geitner, .4nit., 1866, 139, 332. 

** 1-eilstein and KuhlberR, Ann.. 1868, 146. 322, 331. 

“Z. EUktrochem., 1923, 29, 521; Chem. Abs., 1924, 18, 668; Ber., 1926; 59, 1192. 



770 


CHEMISTRY OF PETROLEUM DERIVATIVES 


of illumination. In the absence of chlorine carriers the product is benzyl chlo¬ 
ride, but in the presence of ferric chloride, o- and p-chlorotoluenes are formed. 

Both benzyl chloride and benzal chloride are of industrial importance and 
their production is carried out on a large scale by chlorinating toluene at its 
boiling point. Phosphorus trichloride is used as a catalyst in this process ** and 
unlike other chlorine carriers it does not appear to induce nuclear substitution. 

Photochemical Chlorination in Absence ^of Catalysts. In general, chemically 
active light radiation, such as sunlight or the light of a mercury vapor lamp, 
accelerates the chlorination of toluene at low temperatures and in the absence of 
the usual halogen carriers promotes substitution in the side chain. Schramm 
found that the chlorination of toluene in the cold in direct sunlight resulted in 
the production of benzyl chloride, benzal chloride, and benzotrichloride without 
formation of nuclear substitution products. Schramm considered that the yellow 
and green rays were the most active in promoting this chlorination but the use 
of light from a mercury vapor lamp has been advocated in several instances. 
The results of Book and Eggert®* showed that, though the purely chemical 
(dark) reaction of chlorine on toluene ceases at temperatures of the order of 
-^0® C. and no reaction can be observed after 70 hours, combination can be 
initiated even at this low temperature under the influence of illumination from a 
mercury vapor lamp. On the other hand, the purely chemical re«iction at 105® 
to 110° C. so predominates over the photochemical process that the influence 
of the latter is obscured at this higher temperature.®® At room temperature, 
however, the reaction between chlorine and toluene is undoubtedly accelerated by 
illumination.®®® 

As with benzene, the photochemical chlorination of both toluene and xylene 
in acetic acid solution is retarded by the presence of oxygen.®^ 

Catalytic Chlorination. Practically all the usual halogen carriers accelerate 
the chlorination of toluene and yield nuclear substitution products exclusively, 
with the exception of phosphorus trichloride. In the presence of 0.06 per cent 
of iodine, for example, chlorination of toluene takes place even at very low 
temperature (—80® C.).®® By introducing a current of chlorine into toluene 
in the presence of iodine, no benzyl chloride is formed even at the boiling 
pointy the products consisting of p-chlorotoluene with some o-chlorotoluene ®® 
as well as nuclear polysubstitution products such as 2,4,S-trichlorotoluene.®^ Beil- 
stein and Kuhlberg obtained tetra- and penta-chlorotoluenes, consisting entirely 
of nuclear substituted derivatives, by chlorination in the presence of iodine fol¬ 
lowed by rechlorination of the product, boiling above 240° C., in the presence of 
antimony pentachloride. 

Among the catalysts which have been found to accelerate the nuclear chlo¬ 
rination of toluene, the following may be specially mentioned: molybdenum pen¬ 
tachloride, sublimed ferric chloride, and aluminum amalgam. By passing dry 


** See, for example, Marckwald, Bri*^ish Patent 17,695, 1902; French Patent 328,053, 1902; German 
Patent 142,939, 1903; U. S. Patent 721.961, March 3, 1903. 

1885, 18, 608. 

“if. Elektrochem., 1923, 29, 521; Chem, Abs., 1924, IB, 668; Ber., 1926, 59, 1192; Chem. Abs.. 
1926, 20, 2990. 

•• Cjf. Berxel, Ber., 1926, 59B, 153; Chem. .4bs., 1926, 20, 1602. 

The effect of ultraviolet radiation on the chlorination of toluene was demonstrated by Ellis 
(Ellis and Wells, “The Chemical Action of Ultraviolet Rays,” Chemical Catalog Co., Inc., New York, 
1925, 2.13) by comparing the yields of products obtained on passing mixtures of toluene vapor and 
chlorine through a quartz tube both with and without exposure to ultraviolet light. 

« Goldberg, Z. miss. Photographie, Photophysik u. Photochetnie, 1906, 4, 61; Chem. Zentr.. 1906. 1. 
1693. Luther and Goldberg, Z. physik. Chem., 1906, 56, 43. 

*** Book and Eggert, Z. Elektrochem., 1923, 19, 521. 

** Beilstein and Geitner, Ann., 1866. 139. 3.34. 

** Htibner and Majert, Ber., 1873, 6, 790. 

** Beilstein and Kuhlberg, Ann., 1868, 146, 318, 325. 

••Ann., 1869. 150. 287, 298. 
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chlorine into anhydrous toluene containing molybdenum pentachloride, Aronheim 
and Dietrich obtained p-chlorotoluene as well as di- and tri-chlorotoluenes in 
which substitution had taken place exclusively in the nucleus. Seelig studied 
tlie chlorination of toluene in the presence of this catalyst and also ferric chloride, 
and obtained o- and p-chlorotoluenes (the former predominating), 2,3- and 2,4- 
dichlorotoluenes, as well as trichlorotoluenes. 

Cohen and Dakin chlorinated toluene in the presence of an aluminum-mer¬ 
cury couple in the cold and obtained nuclear substituted derivatives exclusively. 
Thus, chlorination of 62 grams of dry toluene in the presence of the couple until 
an increase of 19.5 grams was obtained yielded the following fractions on dis- 
.tillation: , 

Below 140® C. 1.5 grams 

140® to 163® C. 68.7 grams 

Above 163^ C. 2 grams 


The yield of crude monochlorotoluene was about 80 per cent and this product 
was shown by oxidation to chlorobenzoic acids to consist of a mixture of 
about 65 per cent o-chlorotoluene and about 35 per cent of para-compound. By 
chlorination of toluene in the presence of the aluminum-mercury couple, so that 
larger proportions of chlorine were absorbed, Cohen and Dakin obtained good 
yields of diclilorotoluenes and trichlorotoluenes. 

I.ead chloride has also been shown to promote nuclear substitution of toluene. 
Thus, chlorination of toluene at 100® C, in the presence of lead chloride yielded 
a mixture of o- and p-chlorotoluenes containing about 62 per cent of the ortho 
isomer.®® Selenium also catalyzes the nuclear substitution of chlorine atoms.®^ 

Moisture promotes substitution of toluene in the ring, anhydrous halogens 
in the absence of carriers tending to substitute in the side chain.®® Cohen, Daw¬ 
son, Blockey, and Woodmansey showed that although the chlorination of toluene 
in light by dry chlorine yields on the average 94 per cent of benzyl chloride 
and side chain substitution products, moist chlorine in the dark chlorinates boiling 
toluene with the formation of nuclear substitution derivatives to the extent of 
nearly 90 per cent. It thus appears definitely established that side chain sub¬ 
stitution is favored by light, higher temperatures, and absence of moisture. 

An apparent exception to the rule that halogen carriers promote nuclear sub¬ 
stitution is phosphorus chlorides, which have been said to accelerate substi¬ 
tution in the side chain. Thus, Erdmann ^®® observed that phosphorus pentachloride 
accelerated the chlorination of toluene in the side chain but not in the nucleus. 
This statement has been contested by Bergel,^®^ but, on the other hand, Colson 
and Gautier showed that benzal chloride is formed by heating toluene with 
phosphorus pentachloride in a sealed tube at 190® to 195° C. Moreover, in 
view of the fact that phosphorus trichloride has been repeatedly used as a 
catalyst for the production of benzyl and benzal chlorides by chlorination of 
boiling toluene,^®® it cannot be doubted that phosphorus chlorides differ markedly 


w Bcr., 1875, 8, 1401. 

1887, 237, 130, 131. 

1901, 79, 1119. 

Wahl, Normand and Vcrraeylen, Compt. rend., 1922, 174, 946. 

^ Silberrad and Silberrad, J.C.S., 1925, 127, 2449. 

“ The theoretical implications of these and similar facts have been considered by Fry, "Electronic 
Conception of Valence. 

1910, 97, 1623; also Cohen and Dutt, 1914, 105, 501; Cohen and Dakin JCS 

1906, 89, 1453. 

^^Ann., 1893, 272, 150. 

1926, 59B, 1S3. 

Ann, chim., 1887, (6) 11, 21. 

^Marckwald, British Pat^t 17,69.^ 1902; Ellis, U. S. Patent 1,146.132. July 13, 1915, assiRned 
to Chadeloid Chemical Co.; E. I. duPont de Nemours and Co., British Patent 879, 1913; Gibbs 
and Geiger, U. S. Patent 1,246,739, Nov. 13, 1917; Grandmougin, Kcv. prod, chim., 19i7, 20, 296. 
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from other halogen carriers in their influence on the chlorination of benzene 
homologues. Another possible exception to the usual behavior of halogen car¬ 
riers is sulphur, which is stated by Haeussermann and Beck to promote side 
chain substitution in the chlorination of nitrotoluene. 

Thermal Chlorination of Toluene. The thermal vapor phase chlorination of 
toluene was investigated by Ellis,who showed that, in the absence of specific 
halogen carriers, chlorine enters the side chain exclusively. More recently these 
results have been extended by the work of Mason, Smale, Thompson and 
Wheeler.^®® These investigators studied the chlorination of toluene in the vapor 
phase at temperatures up to 700° C. in fireclay or silica tubes of various sizes. As 
the technical object desired was the complete utilization of the chlorine, an excess 
of toluene was usually employed. At temperatures above 600° C. pyrolysis of the 
products occurred even when using space velocities high enough to give no un¬ 
changed chlorine in the exit gas, i.e., with space velocities up to 3000 reciprocal 
minutes. In the temperature range 400° to 600° C., mixtures containing more 
than 1 volume of chlorine to 2 volumes of toluene could not be used owing, to 
inflammation. Typical results of experiments at various temperatures in a fire¬ 
clay tube 0.5 cm. in diameter are given in Table 129, and the experimental 
results were compared with theoretical figures calculated from the kinetic formula 
of Martin and Fuchs'®^ for a bimolecular stepwise reaction (see Fig. 31). 

Table 129 .—Thermal Vapor-Phase Chlorination of Toluene. 

Molecular ratio, chlorine: toluene = 1:2.2 

Space -Toluene Converted into- Chlorine 

Velocity Benzylchloride Benzal Chloride Recovered as 

Temp. Min.“‘ Obs. Calc. Obs. Calc. Ch HCl 

• C -Per Cent- 

400 500 — 23.1 — 

500 500 30,5 30.0 2.3 4.6 Nil 56.2 

600 500 20,1 19.9 1.6 1.7 Nil 64.1 

600 1000 27.1 26.7 5.6 3.5 0.9 51.1 

700 3000 22.3 24.2 4.6 . 2.7 0.9 59.1 

In order to determine the speed of the vapor phase reaction at lower tem¬ 
peratures a fireclay tube of 2.3 cm. diameter was used and the results obtained 
a.re given in Table 130, These experimental results w^ere also compared with 
those calculated from the formula of Martin and Fuchs (see Fig. 31). 


Table IdO.-^Thertnai Vapor-Phase Chlorination of Toluene. 
Fireclay tube, 2.3 cm. diameter. 




Space 


—Toluene Converted into- 


Unchanged 

Mol. Ratio 


Velocity 

Benzyl Chloride 

Benzal Chloride 

Cla; on 

C1.:CtH. 

Temp. 

(Actual) 

Obs. 

Calc. 

Obs. 

Calc. 

Input 


O p 

Min."‘ 



Per _ 



1:1.2' 

310 

2.7 

38,7 

39.3 

10.8 

10.3 

0.1 

1:1.2 

315 

2.7 

37.2 

39,5 

11.2 

10.5 

Nil 

1:1.2 

250 

2.7* 

32.5 

38.0 

10.4 

9.1 

0.6t 

1:1.2 

315 

2S.3* 

30.4 

31.9 

6.9 

5.4 

Nilt 

1.3:1 

300 

6.9* 

43.5 

44.4 

26.3 

21.8 

0.7t 


* Packed tube, containing fireclay packing of particles passing through 10 mm. and retained by 
3 mm. sieve. Ratio of free space to total volume packed = 0.53. 
t Much pyrolysis in these experiments. 


1892, 25, 244S. 

Ellis, U. S. Patent 1,202,040, Oct. 24, 1916; assigned to Chadeloid Chemical Co.; 
1916, 35. 1212. 


^J.C.S., 1931, 3150. 

Elektrochem., 1921, 27, ISO. 


J.S.C.I., 
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It will be seen that with an unpacked tube and a space velocity of 2.7 reciprocal 
minutes complete reaction >vas not obtained below 310° C. An increase in the 
proportion of chlorine resulted in the production of more benzal chloride. On 
the other hand, with a packed tube practically complete reaction could be obtained 
at 250° C. but the tendency to pyrolysis was enhanced. 



Total % toluene (or methyl chloride) consumed * ^ 

Courtesy Journal of the Chemical Society 

Fig. 31. —Non-Catalytic Vapor-Phase Chlorination of Toluene and Methyl Chloride. 
(Mason, Smale, Thompson and Wheeler.) 

Continuous curves = theoretical curves for three-stage reaction 

Points marked x = experimental values, chlorination of toluene 

Points marked A = experimental valuM, chlorination of methyl chloride 


The effect of the addition of volatile catalysts in the vapor phase chlorination 
of toluene at 500° C. in a fireclay tube of 0.5 cm. bore was also examined by 
Mason and his co-workefs, whose results are shown in Table 131. 


Table 131 .—Catalytic Vapory-Phase Chloritiation of Toluene. 

Tube diameter, 0.5 cm. Temperature 500“ C. Space velocity 500 min."* 
Molar ratio, Cb '.CrHa = 1:2.2 


Catalyst 


None . 

Iodine (1% on toluene) 
NHi (1% on toluene) . 
CHCli (1% on toluene) 


FeCl, 

Sulphur 

H,0 


Amount not estimated; 
qualitative only. 


-Toluene Converted into- 


Benzyl 

Chloride 

Benzal 
Chloride 
__ Per Cent 

Chloro- 

toluenes 

. 30.5 

2.3 

Nil 

. 12.0 

4.0 

16.9 

. 18.9 

6.1 

9.5 

. 28.4 

4.8 

Nil 

6.7 

8.9 

14.5 

22.1 

3.9 

3.9 

29.0 

4.4 

Nil 



The above results show that iodine, ferric chloride, ammonia and sulphur 
promote chlorination in the nucleus, but the addition of chloroform and water 
vapors tend only to increase the proportion of benzal chloride. 

Electrochemical Chlorimtion of Toluene. Electrolytic chlorination of tolu¬ 
ene has been shown to result almost exclusively in the production of nuclear 
substitution products. Miilhofer^®® obtained a good current yield of chlorotolu- 
enes (30 per cent ortho-, and 70 per cent para-isomer) by electrolyzing a well- 
stirred mixture of 20 grams of toluene and 250 cc. of concentrated aqueous 

Dissertation, “Cber die Einwirkung .elcctrolytisch erzeugter Halogene auf organischen Ver- 
bindungen,*’ Munich, 1905. 
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hydrochloric acid. No benzyl chloride was formed and the addition of iodine 
did not influence the nature or yield of tlie products. Schluederberg found 
that in tlie electrolytic chlorination of toluene 76 to 96 per cent of the chlorine 
acting substituted in the ring and the rest in the side chain. Similarly, Cohen, 
Dawson and Crosland electrolyzed toluene over a layer of concentrated hydro¬ 
chloric acid with a carbon anode and found that substitution occurred mainly 
in the nucleus. When chlorine was bubbled through the same mixture under 
similar conditions substitution occurred almost entirely in the side chain, so that 
a true electrochemical reaction is to be presumed. 

Fichter and Glantzstein studied the electrolytic chlorination of toluene in 
the presence of concentrated (aqueous) hydrochloric acid using a platinum anode. 
The bath was rendered homogeneous by the addition of sufficient glacial acetic 
acid. The complexity of the product obtained from toluene and the difficulty 
of isolating individual compounds, hindered the systematic study of the reactions 
involved, but the important discovery was made that in the dark at least three 
chlorine atoms are .introduced into the nucleus before the methyl group begins 
to undergo chlortnation. Fichter and Glantzstein believed this to be good evi¬ 
dence in favor of Bruner’s theory that atomic halogen attacks the nucleus and 
that side chains are chlorinated by molecular chlorine. The compounds identi¬ 
fied, either by isolation or by an examination of their hydrolytic products, were: 
o- and p-chlorotoluenes, 2,4-dichlorotoluene, 2,4,5-trichlorotoluene, pcntachloro- 
toluene, hexachlorobenzene, pentachlorobenzyl chloride, 2,4,5-trichlorobenzylidene 
dichloride, and also the compound 


cij 

Cl’ 


OH 
CHCl. 


OH 


Cl 


With a current density of 0.005 ampere per sq. cm., mono- and di-chlorotolu- 
enes are the only products; at O.Ol ampere per sq. cm., trichlorotolucnc makes 
its appearance; but the substituted quinol, which renders so difficult the identifica¬ 
tion of the products, is not formed until a current density of at least 0.05 ampere 
per sq. Cm. is attained. 

Chlorination of Toluenes by Substances other than Chlorine, By heating tol¬ 
uene with many of the usual halogen carriers (except phosphorus pcntachloride) 
nuclear substitution products are formed exclusively.**- Thomas**^ obtained 
nuclear substitution products only with no benzyl chloride by boiling toluene with 
anhydrous ferric chloride, and Seyewetz and Biot*** produced o-chlorotoluene 
by heating toluene with the double compound of ammonium chloride and lead 
tetrachloride (2NH4Cl.PbCl4). Tertiary butyl hypochlorite chlorinates toluene 
in the side chain to benzyl chloride.^^® 

Perhaps the most important chlorinating agent of this class is sulphuryl 
chloride, which has been applied in the technical manufacture of benzyl chloride 
from toluene. Wohl’s^^® process consists in treating an excess of toluene with 


Phvs. Chetn., 1908, 12, 595. 

1905, 87, 1034. 

1916. 49, 2473; Chem. Abs„ 1917, 11, 2667. 

Colson and Gautier, Ann, chim., 1887, (6) 11, 21; C/icm. Zentr., 1887. 690. 
rend., 1898, 126, 1213. 

*“Co»n«. rend., 1902, 135, 1121. 

Clark, Chem. News, 1931, 143, 265; Chem. Zentr., 1932, 1, 1359. 

“•(lerman Patent 139,552, 1901; Chem. Zentr., 1903, 1, 607; German Patent 146,796, 1902; Chetn 
Zetttr., 1903, 2, 1299; German Pateait 160,102, 1902; Chem. Zentr., 1905, 2, 367; German Patent 
162,394. 1930; Chem. Zentr., 1905, 2, 727. v^eiman i aieni 
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sulphuryl chloride in the dark at a temperature not exceeding 110® C. when 
benzyl chloride is produced almost exclusively. Thus, a mixture of 200 kilos 
of toluene and 180 kilos of sulphuryl chloride is gently heated under reflux 
to about 103® C, the temperature being maintained below 110® C. until the 
evolution of hydrogen chloride ceases. On fractionally distilling the mixture 
somewhat more than half the toluene is recovered unchanged and an almost 
theoretical yield of benzyl chloride is obtained (calculated on the toluene re¬ 
acting). 

Apparently sulphuryl chloride at higher temperatures tends to promote ring 
substitution, for Tohl and Eberhard found that by heating toluene with sul¬ 
phuryl chloride at 160® C. about one-third is converted into benzyl chloride and 
the residual two-thirds into p-chloro- and 3,4-dichlorotoluenes. The production 
of benzyl chloride was not reduced under these conditions by the addition of 
iodine though it was increased by exposure to light. 

A very complete examination of the influence of a large number of catalysts 
on the course of the chlorination of toluene by me'ins of sulphuryl chloride has 
been made by Silberrad, Silberrad and Parke.““ Toluene was boiled with 
a 10 per cent excess of sulphuryl chloride (on an equimolar basis) for 8 hours 
in the presence of various catalysts and the products examined. Two types of 
catalysts were found, namely, (1) those that either exhibit chlorination or alter 
its course without accelerating it appreciably, and (2) those that accelerate sub¬ 
stitution. Of the nineteen catalysts investigated, only phosphorus pentachloride, 
manganese chloride, and arsenic (in this order) were of the first class, inhibiting 
ring substitution and increasing the production of benzyl chloride. All the other 
catalysts (namely, auric chloride, aluminum chloride, carbon, stannic chloride, 
bismuth, antimony, sulphur monochloride, selenium, tellurium, chlorine, bromine, 
iodine, iron and platinum) accelerated ring substitution and, with the exception 
of sulphur and bromine, at the expense of benzyl chloride. Further, the catalytic 
activity of the elements (except bromine) was a function of their atomic weight, 
increasing with this property to a maximum. The elements of the same group 
showed a decreasing tendency to induce side chain substitution with increasing 
atomic weight. 

It has been shown by Silberrad that the efficacy of sulphuryl chloride as 
a nuclear chlorinating agent in the presence of aluminum chloride is greatly in¬ 
creased by the presence of sulphur monochloride. This combination is a very 
powerful chlorinating agent and is capable of bringing about the production of 
polychloro-derivatives very readily. By treating toluene (184 grams) in the 
presence of anhydrous aluminum chloride (10 grams) at 70® C. with varying 
amounts of the chlorinating agent (sulphuryl chloride1 % sulphur monochlo¬ 
ride), various nuclear polychloro-derivatives, including pentachlorotoluene, were 
obtained by Silberrad.^®® 

Hypochlorous acid reacts with toluene to form either nuclear or side chain 
substitution products.^®^ The following conditions favor nuclear substitution: 
absence of light, dilute (up to 1.0 N) solutions of hypochlorous acid, the use 
of solutions of hypochlorites and weak acids, such as boric and carbonic, and the 
presence of iron or copper salts. The most favorable conditions for side chain 
substitution are light rich in infra-red rays, temperatures higher than 40® C., 
and solutions of hypochlorites and strong acids. 

1893, 26. 2940. 

«»y.cr..s., 1925, 127, 1724; Chem. Abs., 1925, 19, 3197. 

1922, 121, 1015. 

1925, 127, 2677. 

*»CUrk, Ckem. Nm» 1931, 143, 265; Chtm. Abs., 1932, 26. 1591. 
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Industrial Applications of the Chlorination of Toluene. In the various proc¬ 
esses which have been developed for the industrial chlorination of toluene, the 
production of side chain substituted products, principally benzyl and benzal* 
chlorides, has been exclusively sought. Both benzyl and benzal chlorides are em¬ 
ployed in the manufacture of benzaldehyde and benzoic acid, which find exten¬ 
sive application in the organic chemical industries. 

Marckwald^** produced benzyl and benzal chlorides by chlorination of hot 
liquid toluene by a stream of chlorine at a temperature just below the boiling 
point of toluene and in the presence of about 1 per cent of phosphorus trichlo¬ 
ride, which acts as a catalyst for side chain substitution. In* order to avoid the 
production of higher chlorinated products, apparatus is used in which the chloro- 
conipound as produced is removed continuously from the action of the chlorine. 

A continuous process of producing benzyl chloride was described by Ellis 
in which a vaporized mixture of toluene, phosphorus trichloride, and chlorine 
(containing sufficient chlorine to convert 25 to 50 per cent of the toluene to 
benzyl chloride) is heated to 180° to 220° C. and exposed to ultraviolet light. 
The benzyl chloride is condensed and the mixture of toluene and phosphorus 
trichloride mixed with further quantities of chlorine and toluene and again sub¬ 
jected to the same process. Ellis also proposed a thermal process in which 
a mixture of toluene vapor and sufficient chlorine to combine with 25 to 50 per 
cent of the toluene present is passed through a heated zone where it is subjected 
to a gradually increasing temperature above the boiling point of toluene. The 
benzyl chloride formed is condensed and the residual toluene, after being freed 
from hydrogen chloride, is again subjected to a similar thermal chlorination. 

Gibbs and Geiger produced side chain substituted 'toluene derivatives by 
exposing a heated mixture of toluene containing the theoretical amount of chlo¬ 
rine for the desired stage of chlorination to^ the action of ultraviolet radiation. 
The process is carried out at a temperature not materially below 150° C., and 
by using a *‘Iow pressure” mercury vapor lamp, benzyl and benzal chlorides arc 
formed, while by employing a “high pressure” lamp and three molecular pro¬ 
portions of chlorine, benzotrichloride is the chief product.^-^ Benzyl chloride 
and bromide may be produced by the action of the corresponding halogen on tolu¬ 
ene in the presence of chlorates.'-^ The thermal vapor phase chlorination of 
toluene to yield benzyl chloride has been utilized by Mason and Wheeler.^^* The 
side chain chlorination of benzene homologues by vapor phase operation in the 
presence of illumination has been described by Conklin.'-® 

Wohrs process for the production of benzyl chloride by heating toluene with 
sulphuryl chloride under reflux at 103° to 110° C. has already been mentioned. 
The production of benzyl chloride by treatment of a mixture of toluene and 
bleaching powder with sulphur dioxide has been described by Conant.'®^ 

An interesting process for the production of benzyl chloride and its homo- 

British Patent 17,695, 1902; French Patent 328,053, 1902; German Patent 142,939, 1903; 
U. S. Patent 721,961, March 3, 1903. 

U. S. Patent 1,146,142, July 13, 1915; assigned to Chadeloid Chemical Co.; J.S.C.I., 1915, 34, 
899. Canadian Patent 170.942; Chcm. /lbs., 1918, 12, 41. 

*** U. S. Patent 1,202,040, Oct. 24, 1916; assigned to Chadeloid Chemical Co.; 1916, 

35, 1212. 

U. S. Patent 1,246,739, Nov. 13, 1917; assigned to Selden Co.; J.S.C.I., 1918, 37, 52A. See 
also Gibbs. Canadian Patent 186.446, 1918; Chetn. Abs., 1918, .12, 2325. 

Gibbs, Bfitish Patent 123,341, 1917; assigned to Selden Co.; 1919, 38, 268A. 

Soc. chim. usines du Khone anciennement Gilliard, Monnet ct Cartier, French Patent 483,622, 
1917; Chem, Abs., 1918, 12, 910. 

Briti.sh Patent 342.329. 1919; assigned to Imperial Chemical Industries, Ltd. 

U. S. Patents 1,828,868 and 1,828,859, Oct. 27, 1931; assigned to Solvay Processes Co.; 
Chem. Abs.. 1932. 26, 632. 

'^German Patent 139.552, 1903; Chem. Zentr., 1903, 1, 607; German Patents 160,102 and 162,394, 
1905; Chem. Zentr., 1055, 2. 367, 727. 

»«U. S. Patent 1.233;986, July 17. 1917; Chem. Abs., 1917, 11. 2580. 
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logues is by condensation of benzene hydrocarbons with monochloroacetone in the 
presence of tin tetrachlorideJ**- The process is exemplified by the production of 
p-methylbenzyl chloride by treatment of an equimolecular mixture of toluene 
and chloroacetone, dissolved in twice its weight of carbon disulphide or carbon 
tetrachloride and cooled to —10° C., with about one-fourth molecular proportion 
of tin tetrachloride, which is added drop by drop. The reaction product is poured 
onto ice and distilled to furnish a 60 per cent yield of p-methylbenzyl chloride. 

Sors^®-* described apparatus for the manufacture of benzyl chloride by 
chlorination of toluene at its boiling point, and its subsequent hydrolysis with 
aqueous sodium carbonate solution to benzyl alcohol. Lead, glass, or stoneware 
are said to be satisfactory materials for construptiryi of plant, but iron must be 
carefully avoided or coated completely with Ict'id. 

The Brominatton of Toluene 

Though the bromination reactions of the benzenoid hydrocarbons are as yet 
of little industrial importance, the influence of various factors on the course of 
the^ bromination of toluene has been investigated much more completely than the 
chlorination reactions of that hydrocarbon so that a brief account of the bromina¬ 
tion of toluene is desirable if only because of the light that it sheds on the course 
of halogenation in general. 

In the absence of catalysts, bromine reacts slowly with cooled toluene in the 
dark with the initial production of o- and p-bromotoluenes.^®® Under similar 
conditions but in diffused daylight nuclear chlorination is also accompanied by the 
formation of some benzyl bromide,*^* while in direct smdight in the cold and in 
the absence of catalysts benzyl bromide is formed to the total exclusion of bromo- 
toluenes.^^® The photochemical process therefore induces side-chain substitu¬ 
tion even at low temperatures. 

The influence of temperature alone in the distribution of substitution is very 
marked, low temperatures favoring nuclear substitution and higher temperatures 
bromination of the side chain. Thus the vapor phase bromination of toluene at 
temperatures above the boiling point yields benzyl bromide almost exclusively 
even in the darkd'^‘* Uolleman and van der I^ian investigated the influence of 
temperature in the dark on the relative proportions of side chain and nuclear 
substitution. Table 132 shows the results on the bromination of toluene (50 cc.) 
with bromine (3 cc.) in the dark. 


Table 132. — Influence of Temperature on the Dark Bromination of Toluene. 


-Products- 

Temperature Benzyl Bromide o-Bromotoluene p-Bromotoluene 


"C. 

25 

50 

75 

100 


10.6 * 

-Per Cent- 

35.5 

53.9 

43.7 

23.5 

32.8 

86.3 

6.2 

7.5 

100 

— 



French Patent 464,645, 1913; 1914, 35, 503. Also British Patent 30,068, 1913; 

1914, 33, 668. 

Chem.-Ztg., 1933, 57, 321; British Chem. Abs. B, 1933, 457. 

GHnzer and Fittix, Ann., 1865, 136, 301; Hiibner and Wallach, Z. fiir Chemir. 1869, 138; 
Ann., 1870, 154, 294; Hiibner and Post, Ann., 1873, 169, 5, 31, 159; Jannasch and Hiibner, Ann., 
1873, 170. 117; Schramm, Her., 1885, 18. 606. 

»»*Seclig, J. pr. Chetn., 1889, (2) 39, 179. 

Schramm, Bcr., 1885, 18. 606. 

Lauth and Grimaux, Bull. soc. chitn., 1867, (2) 7, 109. 

Proc. Kiinig. Akad. Wetmsch. Amsterdam. 1905, 8. 512; Chem. Soe. Abs., 1906, 90 (1), !54. 
Holleman, Polak, van der Laan and Euwes, Rcc. trav. chim,, 1908, 27, 435; Chem. Soc. Abs., 1909, 
96 (1), 93. 
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It was found also that side chain substitution was so greatly accelerated by 
light that benzyl bromide becomes the main product of bromination in diffused 
daylight even at as low a temperature as 25° C. The influence of light is there¬ 
fore much more pronounced than that of heat in promoting substitution in the 
side chain. In addition the results appeared to indicate that molecular bromine 
acted only on the side chain, and complex bromides, of the type represented by 
HBr„ attacked the nucleus.^** 

Factors which exert a very important directive influence on the course of 
the dark bromination of toluene are concentration of bromine, and the nature 
of the medium. Thus with diminishing concentration of bromine the substitu¬ 
tion in the side chain tends to increase.^*® The influence of the addition of cer¬ 
tain solvents to the bromination mixture has also been investigated and it 
has been shown that the influence of such solvents not only manifests itself 
in the dark but also in the photochemical reaction. Dilution with nitrobenzene, 
and to a lesser degree with acetic acid and benzonitrile, results in an increase of 
the relative proportion of nuclear substitution. Dilution with carbon tetra¬ 
chloride gives a substitution distribution ratio similar to that obtained by dilution 
with the same amount of toluene. 

As in the case of the chlorination process, the usual halogen carrier catalysts 
accelerate nuclear substitution so powerfully as to overrule all other influences. 
Thus bromination of toluene in the presence of iodine as catalyst produces o- and 
p-chlorotoluenes and no benzyl bromide either at the boiling point of the hydro¬ 
carbon or in the presence of direct sunlight.^^® Fine iron powder, even in 
so small a concentration as 0.002 mole ferric bromide per mole of bromine, in¬ 
hibits the formation of benzyl bromide in the bromination of 50 cc. of toluene 
by 2.5 cc. of bromine in light at 50° Antimony pentachloride and especially 

aluminum bromide, or amalgamated aluminum also exert a powerful accelerat¬ 
ing influence on nuclear substitution. Nuclear bromination may be carried to the 
limit by employing excess of bromine in the presence of these catalysts. For 
example, Gustavson obtained pentabromotoluene, CoBroCHg, by dropping tolu¬ 
ene into excess of bromine containing a little anhydrous aluminum bromide. 

According to van der Laan,^^® phosphorus pentabromide is very sharply dif¬ 
ferentiated from the other halogen carriers in that it increases the yield of benzyl 
bromide without influencing the relative proportions of o- and p-bromotoluenes. 
The remarkable action of phosphorus halides in promoting substitution of halogens 
in the side chains of benzene homologues has already been mentioned. 


The Chlorination of the Homologues of Toluene 

As with toluene, the halogenation reactions of its homologues can occur in 
two ways, either by substitution in the nucleus or by substitution in the side 
chain or chains. In general, nuclear chlorination of the higher alkylbenzenes is 
favored by low temperatures and the absence of light and especially by the pres¬ 
ence of the usual halogen carriers. On the other hand, chlorination in the presence 

Bruner and Dluska (Bull. acad. sci. Cracow, 1907, 691; Chem. Soc. Ahs., 1908, 94 (1), 146) 
and Bancroft (/. Phys, Chcm.. 1908, 12, 439; Chem. Ah*., 1908, 2, 3027) have suggested that 
molecular bromide attacks the side chain while bromine ions attack the nucleus. 

^ Bruner and Dluska, he. cit. Holleman, et al., he. cit. 

Bruner and Dluska, he. cit.; Bruner and Vorbrodl, Bull, aead, sci. Cracow, 1909, 221; Chem, 
Ahs.. 1910, 4, 3067. 

Beilstein, Ann., 1867, 143, 370. 

Schramm, Ber., 1885, 18, 606. 

Van der Laan, Roe. trav. chim., 1907, 26, 39, 45. 

Van der Laan, Rcc. trav. chim., 1907, 26, 43. 

««/. Russ. Phys.-Chem. Soc., 1877, 9, 216, 286; Ber., 1877, 10, 971, 1183. 

Rcc. trav. chim., 1907, 26, 47. 



HALOGENATION OF BENZENE AND ITS HOMOLOGUES 71^ 


of sunlight or other chemically active radiation, as well as chlorination at the 
boiling point of the hydrocarbon, results mainly in substitution in the side chains. 

Chlorination of toluene homologues in the dark in the absence of catalysts 
in the cold yields mainly nuclear substitution products. Thus, under these condi¬ 
tions niesitylene was found by Fittig and Hoogewerff^*^ to form mono-, di-, 
and trichloro-derivatives, and pseudocumene gave 5-chloro- and 3,5,6-trichloro- 
1,2,4-trimethylbenzenes.^^* 

Chlorination of benzene homologues at high temperatures, e.g., at the boiling 
points of the hydrocarbons, in the absence of halogen carriers and with or with¬ 
out illumination, forms substitution products with the chlorine atoms in the side 
chains. In this way, the corresponding xylyl chlorides and xylylene dichlorides 
have been prepared from ortho-,meta- and para-xylenesd*'^‘* In the presence 
of an excess of chlorine and at 140® C. two hydrogen atoms are substituted in 
each of the two side chains of o-xylene with the production of tetrachloro-o- 
xylene of the formula 

-CHO, 

By treating 200 grams of boiling m-xylene in a quartz vessel exposed to light 
from mercury vapor lamps with a stream of chlorine until 64.8 grams of chlorine 
had been absorbed, Posner and Schreiber^®* obtained, after fractionation of the 
products, 183 grams of m-xylyl chloride and 41 grams of m-xylylene dichloride, 
of the formula CoH 4 (CH 2 Cl) 2 . Stine has described the chlorination of p- 
xylene in sunlight at 100® C. to yield p-xylylene dichloride, which is then hydro¬ 
lyzed and nitrated to furnish various explosive substances. It is interesting to 
note that nuclear chlorinated xylenes may also be further chlorinated in the side 
chains by photochemical chlorination at 120® C. In this way trichloro-m-xylene 
yields di ( dichloromethyl) -trichlorobenzene.^®* 

The products of the chlorination of some of the higher benzene homologues 
at their boiling points (and usually in daylight) in the absence of catalysts are 
given in Table 133. 


Table 133 .—Products of Chlorination of Higher Benzene Homologues. 


Hydrocarbon Formula of Product 

Ethylbenzene. C«H.CH,CHaCl and C.H.CHC1CH, 

n-Propylbenzene'”‘ . CcHbCHiCHCICH, and GH.CH.CH.CH^CI 

Mesitylene*" . (CH,),CJJ,CH,CI and CHaCcH,(CH,CI), 


Ann., 1869. 150. 323. 

Schultz. JScr.. 1909, 42. 3604. 

Rayman, Butt. soc. chim., 1876, .(2) 26, 534. 

Vollrath. Z. fiir Chem.. 1886, 489. Lauth and Grimaux, Butt. soc. chim., 1867, (2) 7, 233; 
Gundelach, Butt. soc. chim., 1876, (2) 26, 43. 

(iriniaux, Compt. rend., 1870, 70, 1364; Ann., 1870, 155, 340. 

»» Pljclt, Ber., 1885, 18, 2879. 

1924. 57B, 1127; Chem. Abs., 1924, 18, 3368. 

U. S. Patent 1,309.551, July 8, 1919; J.S.C.I., 1919, 38, 659A. 

»‘^Schmidlin and Fischer. U. S. Patent 1.219,166, March 13, 1917; J.S.C.I., 1917, 36, 500; Chem. 
Abs., 1917, 11, 1557; Cassella and Co., British Patent 114,645, 1917; J.S.C.I., 1918, 37, 296A, 
‘“Schramm, Monatsk., 1887, 8, 104; Ber., 1893, 26, 1707. Fischer and Schmitz, Ber., 1906, 
39, 2209. Fittig and Kiesow, Ann., 1870, 156, 246. Hass (private communication) reports the forma¬ 
tion of 8-9 per cent of /8-chloroethylhenzene when chlorinating at room temperature in the presence 
of light. 

Errera, Gas., 1884, 14, 506. Genvresse, Bull. soc. chim., 1893, (3) 9, 220. Errcra apparently 
considered the product obtained on the chlorination of propyl benzene to be the /3-derivative; Genvresse, 
however, showed that this product consisted of both the a- and /{-derivatives. 

Robinet, Compt. rend., 1883, 96, 501; Ber., 1883, 16, 965. Colson, Bull. soc. chim., 1883, 
(2) 40, no. 
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The photochenvical chlorination of the higher alkylbenzenes in the absence of 
catalysts leads to the production of side-chain substituted derivatives almost ex¬ 
clusively even in the cold. Thus o-, m-, and p-xylenes yield the corresponding 
xylyl chlorides and xylylene dichlorides under these conditions, and m-xylene also 
gives some chloro-m-xylene.^®* Ethylbenzene in the cold in the presence of sun¬ 
light absorbs 1 mole of clilorine to form a-chloroethylbenzene but further 
chlorination produces a,a-dichloroethylbenzene together with some nuclear substi¬ 
tuted products.^®® 

As in the case of toluene, chlorination of the higher -alkylbenzenes in the 
presence of the usual halogen carriers leads predominantly to the formation of 
nuclear substituted derivatives even in the presence of sunlight or at the boiling 
point of the hydrocarbon. Nuclear substitution has been effected by many in¬ 
vestigators by using iodine as a catalyst in the cold.^®^ Iron has also been 
used.^®* 

Nuclear substitution products are also obtained by heating the alkylbenzenes 
with the usual chlorinating agents in the absence of chlorine. Thus sulphuryl 
chloride chlorinates ethylbenzene in the nucleus in the presence of aluminum 
chloride to yield 4-chloro-l-ethylbenzene besides other products.^®® m-Xylene 
reacts with sulphuryl chloride at 160® C. to yield 4-chloro-m-xylene. In the 
presence of aluminum chloride 1,3-dimethyl-4-sulphonyl chloride is formed. By 
heating p-xylene with the double salt 2 NH 4 CI. PbCl 4 , Seyewetz and Biot^®* 
obtained 2-chloro-p-xylene. An important exception to the general rule is phos¬ 
phorus pentachloride. Thus, Colson and Gautier ^®® found that by heating phos¬ 
phorus pentachloride with o-, m-, and p-xylenes at 190® C. products were obtained 
containing up to four chlorine atoms substituted in the side chains. 


The Bromination of the Homologues of Toluene 


Although a good deal of work has been carried out on the bromination of 
the higher benzene homologues a detailed discussion of the results cannot be 
given here. In brief, however, it may be said that the influence of various 
factors on the relative distribution of substitution in the nucleus and side chains 
respectively is almost identical with that observed in chlorination reactions. 
Diffused or direct sunlight and temperatures around the boiling point of the 
hydrocarbon promote substitution in the side chain and darkness and low tem¬ 
peratures yield nuclear substituted derivatives. The influence of catalysts such 
as iodine, or aluminum halides, is to promote substitution in the nucleus ex¬ 
clusively even under conditions which normally favor side chain substitution. 

Radziewanowski and Schramm, Bull, acad, set. Cracoiv, 1898, 61; Chem, Zentr., 1898, 1, 1019. 

Schramm, Monatsh., 1887, 8, 102. 

Kadziewanowski and Schramm, loc. cit. 

^o-Xylene: Kfugcr, Ber., 1885, 18, 17SS; Claus and Bayer, Ann., 1893, 274, 305; Claus and 
Kautz, Bet., 1885, 18, 1368; Ferrand, Compt. rend., 1901, 133, 169; Villiger, Ber., 1909, 42, 3533. 
m-Xylene: Vollrath, Ann., 1867, 144, 266; Jacobsen, Ber., 1885, 18, 1761; Koch, Ber., 1890, 23, 
2319; Hollemann, Ann., 1867, 144. 265; Claus and Burstert, /. pr. Chem., 1890, (2) 41, 556. 
p-Xylene: Kluge, Ber., 1885, 18, 2099; Willgerodt and Wolfien, /. pr. Chem., 1889, (2) 39, 402. 
p-Et^Uoluene: Defren, Ber., 1895, 28, 2648. Pseudocumene: Krafft and Merz., Ber., 1875, 8, 1302. 

^^m’Xylene: Claus and Burstert, J. pr. Chem., 1890, (2) 41, 553. ' p-Xylene: Rupp, Ber., 1896, 
29, 1628. 

»«>T6hl and Eberhard, Ber., 1893, 26, 2940. TdhI, Ber., 1893, 26, 2949. 

^ Compt. rend., 1902, 135, 1121. 

^ Compt. rend., 1885, 101, 1064; Chem. Soc. Abs., 1886, 50, 231; Compt. rend., 1886, 102, 689; 
Chem, Soc. Abs., 1886, 50, 613; Ann. chim., 1885, (6) 6, 109; ibid., 1887, (6) 11, 22; Bull. soc. chim., 
1886, (2) 45, 509. 



Chapter 33 

Production of Alcohols by Hydrolysis of Alkyl Halides 
Production of Esters 

The alkyl halides, particularly the chlorides which may be manufactured rela¬ 
tively cheaply by direct chlorination of paraffin hydrocarbons, are possible raw 
materials for the production of monohydric alcohols of the aliphatic series. 
Not only secondary and tertiary alcohols but also primary ones, including: ethanol 
and methanol, may be made by the hydrolysis of the appropriate alkyl chloride. 
This mode of synthesis of alcohols is tliercfore sharply diflFerentiated from that 
involving the hydration of olefins which yields, except in the single instance of 
ethanol, secondary or tertiary alcohols only and cannot be used to make the 
simplest member, methanol. 

The hydrolysis of alkyl chlorides to alcohols has UvSually been effected by 
treatment in the liquid phase with alkalies such as aqueous caustic soda, 
milk of lime or aqueous sodium carbonate, or in the gaseous phase by passing 
vaporized chloride over solid alkaline reagents or reagents capable of combining 
with, and fixing, hydrogen chloride. The reaction may be simply expressed as 
follows: 

CnH,n » iCl + M‘OH —M'Cl + CnH,„ , lOH 
alkyl chloride . alcohol 

where represents one atomic proportion of a monovalent element (or one- 
half atomic proportion of a divalent element). 

The direct saponification of alkyl chlorides by steam in the vapor phase is 
known to proceed according to the reversible equation: 

CnH,„ + ,C1 + H,0 CnHun + ,OH + MCI, 

but unfortunately, in general, the point of equilibrium even at elevated tempera¬ 
tures and in the presence of a large excess of steam appears to be well over toward 
the left. Accordingly, this method is of little value in the production of alco¬ 
hols from alkyl chlorides but the reverse procedure may be employed successfully 
in many cases for producing alkyl halides from alcohols. 

In the saponification of alkyl chlorides by alkalies to yield alcohols, it is 
necessary to control the conditions of the reaction, more especially the concen¬ 
tration of alkali and temperature, to minimize undesirable side reactions such as 
the elimination of hydrogen chloride to yield olefins according to the equation: 

CnH,» HxCl —C.H,„ + HQ (fixed) 

Aliphatic ethers may also be produced by saponification under certain conditions. 

Esters of aliphatic alcohols are obtained by heating alkyl halides with salts 
of the appropriate organic acids, the alkali or alkaline earth metal salts being 
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most frequently employed. The reaction is exemplified by the conversion of amyl 
chloride into amyl acetate by heating with sodium acetate, thus: 

GHuCl + NaOOCCH, —NaCl + C,H„OOCCH, 

The Conversion of Methyi, Chloride into Methanol 

Hydrolysis with Steam, The direct reaction of methyl chloride with steam 
in the vapor phase according to the equation: 

CH,C1 + H,0 CH,OH -f HCl - 12 Cal., 

is a reversible process taking place with considerable heat absorption. Accord¬ 
ingly elevated temperatures should favor the hydrolytic process. Even at 350° C. 
and over in the presence of a large excess of steam the amount of methanol in 
equilibrium appears to be negligibly small. Application of the Nernst *'approxi- 
mation formula” to this equilibrium leads to a value for the equilibrium constant, 

Kp = about 2x10 *, at 350° C., showing that only 

[CH 3 LIJ [H^Oj 

relatively small amounts of methanol can be obtained even under equilibrium 
conditions. These theoretical considerations are completely substantiated by ex¬ 
perimental results. For example Whiston ^ attempted to induce hydrolysis of 
methyl chloride with steam but found that only traces of methanol were pro¬ 
duced. McKee and Burke * passed a mixture of steam and methyl chloride, in 
molar ratios varying from 1:1 to over 3: 1 over a catalyst of pure silica at 
temperatures up to 350° C. but only traces of methanol and hydrogen chloride 
could be found in the products of reaction. Several other catalysts, including 
zirconium dioxide, anhydrous calcium chloride, anhydrous aluminum chloride and 
silica, were also tried but in every case only negligible quantities of methanol 
were produced. 

Hydrolysis by means of Metallic Hydroxides, The reaction between alkyl 
halides and metallic hydroxides may be carried out either in the liquid phase 
using a solvent (in the case of methyl chloride this method of operation also 
involves the employment of pressure) or by passing the vapors of the alkyl 
halide over the heated solid hydroxides and condensing the alcohols so formed. 
The latter mode of procedure was employed by Dumas and Stas ® in an attempt 
to produce methylene. By passing methyl chloride over hot potash lime, these 
investigators obtained potassium formate, potassium chloride, hydrogen and some 
methane. Similar results were obtained with solid sodium hydroxide and it 
was shown that the production of formates was due to the oxidation of the 
methanol initially formed. 

Whiston * found that by repeated circulation of methyl chloride (without addi¬ 
tion of steam) over calcium hydroxide at 300° C. the methyl chloride disap¬ 
peared almost quantitatively. Although no experimental details or quantitative 
data were reported by Whiston, the presence of methanol and dimethyl ether was 
qualitatively demonstrated. An experimental and theoretical examination of the 
production of methanol by the passage of methyl chloride over heated metallic 
hydroxides was conducted by McKee and Burke.® Highly porous granular cal- 

‘7.C.5., 1920, 117, 183. 

*lnd. Eng. Cketn., 1923, IS, 682. 

\Ann., 1840, 35, 169: Ann, ehim. phys., 1840, (2), 73, 157; /. Pr. Ckem.i 1840, (1), 21, 377; 
see Gmelin, ‘^Handbook of Chemistry,** translated by Watts, Cavendish Society, London, 1852, 7, 288. 

1920, 117, 183. 

• Ind. Eng. Ckem., 1923, IS. 682, 788. 
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ciuni hydroxide was an excellent material for effecting this reaction, but aluminum 
hydroxide proved unsatisfactory. On passing methyl chloride mixed with steam 
over granular calcium hydroxide at about 350° C. the methanol production 
was very high during the first few hours of the experiment. After a time, how¬ 
ever, the reaction diminished due to the conversion of the surface layers of cal¬ 
cium hydroxide into calcium chloride, and eventually attained a low, but steady, 
value. The products of the reaction were mainly calcium chloride, methanol and 
dimethyl ether. The reactions involved together with the approximate thermal 
values are given in the following equations: 

2CH,C1 + Ca(OH), = CaCl. + 2GH.OH + 3 Cals. 

2CH,C1 + 2CH.OH + Ca(OH), = CaCU + 2CH,OCH. -f 2H,0 + 9 Cal. 

The optimum temperature for this process was 350° C. By using fairly 
high rates of flow, thermal decomposition of* the reacting gases may probably 
be reduced to under 2 per cent while the methyl chloride can be almost quanti¬ 
tatively converted into methanol and methyl ether. The relative amounts of the 
two products depend upon the relative partial pressures of methyl chloride and 
steam in the reacting gases. 

Using equal partial pressures of methyl chloride and steam, yields of methanol 
and methyl ether in the ratio of 67 to 33 were obtained. This ratio is, however, 
increased in favor of methanol by the use of higher partial pressures of steam. 
If, for example, the partial pressures of steam and methyl chloride are in the 
ratio of 3:1, the resulting t^tio of methanol to ether is 80:20, approxi¬ 
mately. The use of a large excess of steam has the disadvantage that it reduces 
the percentage utilization of the calcium hydroxide. An endeavor was there¬ 
fore made to effect the catalytic conversion of the dimethyl ether into methanol 
separately. This hydration process, namely, (CH3)20-f-HgO ^ 2 CH 30 H — 3 
Cal., is a reversible reaction catalyzed by aluminum oxide at temperatures in the 
region of 350° C. McKee and Burke found that in order to convert 50 per cent 
of dimethyl ether into methanol in the presence of this catalyst at 350° C. about 
8.5 volumes of steam per volume of ether are necessary in the reacting gases. 
Less steam is required, however, if the hydration is carried out in a number 
of successive stages. By heating gaseous methyl chloride in the presence of a 
dilute solution of caustic potash in a sealed tube at 100° C. for one week, Ber- 
thelot ® obtained some methanol. Under these conditions, however, the hydrolysis 
was exceedingly slow. 

Industrial Processes. Lacy ^ reported a method of hydrolyzing alkyl halides, 
and particularly methyl chloride, which consists in heating the halide in intimate 
contact with an alkaline solution to temperatures considerably above 100° C. 
and at a pressure above the vapor pressure of the alkaline solution. For example, 
a pressure vessel of 9 liters capacity, furnished with stirring devices, is half 
filled with milk of lime containing 15 per cent by weight of calcium hydroxide 
and heated to 190° C. (equivalent to 167 lbs. pressure). Methyl chloride is 
then introduced until the pressure attains about 260 lbs. per square inch and 
this pressure is maintained by regulating the supply of methyl chloride. After 
15 minutes the reaction mixture is said to contain 7 per cent of methanol which 
can be rembved by distillation. A similar process involving the heating of an 
alkyl halide with a basic compound at an elevated temperature or an increased 

* Compt. rend., 1857, 45, 916; Ann. chim. phys., 1858, (3), 52, 101. 

»British Patent 20,550, 1914; J.S.C.L, 1915. 34. 575; U. S. Patent 1,253,055, Jan. 8. 1918* 
Chem. Abs,, 1918, 12, 702; both patents assigned to Roessler and Hasslacher Chemical Co. ' 
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pressure or both, has been described by Dill.® According to Szarvasy,® methanol 
is conveniently prepared by heating methyl chloride with an alkaline reagent 
at elevated temperatures and pressures of 20 to 24 atmospheres. For 
example, by heating 520 grams of methyl chloride, 3500 grams of water and 
330 grams of calcium oxide in a horizontally rotating iron container to 140° C. 
for two hours, the pressure rising to about 20 to 24 atmospheres, 96 per cent of 
the theoretical amount of methanol is obtained. The walls of the reaction vessel 
become coated with the alkaline solution which prevents corrosion. 

The process of Riesenfeld involves the intermediate formation of dimethyl 
ether by heating methyl chloride, under pressure in anhydrous alcoholic solution, 
with caustic alkalies. The dimethyl ether, so obtained, is subsequently hydrolyzed 
under pressure, in the presence of a little free acid to yield methanol. 

A method described by the Deutsche Petroleum A.-G.’^ involves passing 
gaseous methyl chloride countercurrent to a stream of a molten mixture of 
equimolecular quantities of sodium and potassium acetates at a temperature of 
250° C. Methyl acetate and sodium and potassium chlorides are formed but 
the reaction must not be carried too far as the mixture becomes too viscous. 
The methyl acetate, which distils from the reaction vessels, is hydrolyzed with 
a solution of equimolecular quantities of sodium and potassium hydroxides to 
yield methanol and the mixed acetates of these metals, the latter being used again 
in the process. Increased pressures favor the formation of methyl acetate in 
this process. As an example it is reported that in 2j4 hours, using 82 kilograms 
of sodium acetate and 98 kilograms of potassium*acetate, 50 kilograms of methyl 
chloride can be converted into 30 kilograms of methanol, the yield being, there¬ 
fore, over 90 per cent. 

MacMullen and Gegenheimer have developed a process of converting alkyl 
halides into alcohols, especially of methyl chloride into methanol, in which a 
mixture of the alkyl halide and steam (equimolecular proportions are said to be 
adequate) at a pressure of 175 to 200 lbs. per square inch is led over a contact 
mass of hydrated lime at 350° to 450° C, using a time of contact of 40 seconds 
or more. An apparatus for carrying out this process has been described by 
these workers,in which two procedures can be adopted. In one, the mix¬ 
ture of methyl chloride and steam is passed through each of a plurality of con¬ 
version chambers, which are continuously charged with freshly hydrated lime 
at equal intervals of time. In another, the gaseous reaction mixture is passed 
successively through a series of conversion chambers containing progressively 
fresher hydrated lime and. as the lime in each chamber is consumed, the chamber 
is recharged with fresh lime and connected in at the other end of the series 
so that, in effect,, the methyl chloride is contacted with the lime in countercurrent. 
A nearly complete conversion of the methyl chloride and consumption of lime 
is said to be thus effected. 

Weber and Erasmus described a method of treating a mixture of methyl 
chloride and methylene dichloride, produced by the controlled chlorination of 
methane, which consists essentially in forcing the mixture in gaseous form into 
a reaction vessel wherein it is heated under pressure with milk of lime. The 


“ French Patent 477,812, 1914; Chem. Abs., 1916, 10, 1407. 

“ U. S. Patent 1,181,697, May 2, 1916; Chem. Abs,, 1916, 10, 1693. 

U. S. Patent 1,379,362, May 24, 1921; Chem. Abs., 1921, 15, 3290. 

” German Patent 367,204, 1920; J.S.C.I., 1923, 42, 576A. 

U. S. Patent 1,549,779, Aug. 18, 1925; assigned to Mathicson Alkali Works, Inc,; Chem. Abs.. 
1925. 19, 3490; J.S.C.I., 1925. 44, 828B. . ^ cm. 

1927* ^336^*^”^ 1,641,544, Sept. 6, 1927; assigned to Mathicson Alkali Works (Inc.); Client. Abs., 

r b565,345, Dec. 15, 192S; Chem. Abs., 1926, 20, 424; British Patent 227,475, 1925; 

J.S.C.I., 192a, 78411; both patents aissigncd to T. Goldschmidt A.-G. 
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methyl chloride is said to be hydrolyzed and the unattacked methylene dichloride 
is passed in gaseous form into a cooling apparatus where it is liquefied. 

Carter and Coxe reported a process for the hydrolysis of alkyl halides to 
alcohols,,particularly methyl chloride to methanol, by heating under pressure with 
an aqueous alcoholic solution of an alkali (or alkaline earth) hydroxide at tem¬ 
peratures of about 100° C. The relative amounts of ether and alcohol produced 
in this hydrolytic process depend mainly upon the concentration of alcohol in 
the liquid. The experimental figures in Table 134, referring to the hydrolysis 
of methyl chloride in a methanol-water solution of calcium hydroxide, are ad¬ 
vanced in support of this contention. 


Table 134. — Hydrolysis of Methyl Chloride by Calcium Hydroxide 
in Aqueous Methanol. 


Concentration of 


Conversion 


hanol 

To Alcohol* 

To Dimethyl Ether 

80 

22.1 

77.9 

60 

30.8 

69.2 

20 

79.7 

20.3 

10 

83.4 

16.6 

5 

88.4 

11.6 


In order, therefore, to minimize the formation of ethei during the hydrolysis 
it is proposed to keep the alcohol concentration in the reaction liquid at some¬ 
what above 5 per cent but not exceeding 20 per cent. Starting with a 5 per 
cent methanol solution, for example, the hydrolysis of methyl chloride may be 
carried on until the concentration of the methanol rises to 10 to 15 per cent 
when the process is stopped. A considerable excess of alkali over that required 
for reaction is advantageous. For example, 100 pounds of methyl chloride are 
added to a solution of ISO pounds of sodium hydroxide in 100 gallons of 5 per 
cent aqueous methanol in an autoclave, and the mixture is heated at 100° C. 
until reaction is complete (about 1 hour). Sodium chloride, methanol, and some 
methyl ether are produced. 

McKee’s process for the conversion of methyl chloride into methanol con¬ 
sists in mixing tliis gas witli an equal volume of steam and passing it over an 
alkaline-earth hydroxide, especially calcium hydroxide, at 350° to 375° C. in 
an aluminum tube. The aqueous solution obtained by cooling the issuing gases 
affords methanol, free from acetone, and some dimethyl ether. The yield of 
methanol may exceed 70 per cent of the theoretical under the above conditions. 

Silica or porous dioxides of the silica group have been suggested by Lloyd 
and Kennedy as catalysts for the production of alcohols or phenols from 
alkyl or aryl chlorides by reaction with steam at 550° to 850° C. 

Methanol is a colorless liquid, boiling about 66° C., miscible in all propor¬ 
tions with water and most organic solvents. Until recent years the sole method 
for its large scale production was by the destructive distillation of wood. -How¬ 
ever, an increasingly important method of manufacture is by the catalytic high 
pressure reduction of carbon monoxide in the presence of a catalyst.^®^ This syn¬ 
thetic method yields a very pure methanol which is rapidly displacing the some¬ 
what impure product obtained by wood distillation. Although methanol finds 
extensive application as a solvent for varnishes, lacquers and celluloid products. 


I! §• J,566,818, I^c. 22, 1925; assigned to Karpen and Bros.; Chem. Abs., 1926, 20. 424. 

*• U. S. Patent 1,688,726, Oct. 23. 1928; Z7w. Chem. Abs. B, 1929, 511. 

U. S. Patent 1,849,844, Mar. IS, 1932; Chem. Abs., 1932. 26, 2747. 

See Ellis, ^'Hydrogenation of Organic Substances,” D. Van Nostrand Co., Inc., New* York. 
1930, 652. ^ 
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its main use is as a chemical intermediate notably for the production of formal¬ 
dehyde (a substance used in vast quantities in the manufacture of synthetic 
resins and as a disinfectant) and as a methylating agent in industrial or¬ 
ganic synthesis. A possible important application of methanol is as a constituent 
of motor fuels and as an anti-freeze in automobile radiators. Methanol vapor is 
stated to be definitely toxic. 

Production of Esters and Ethers from Methyl Chloride 

4 

The process of the Deutsche Petroleum A.-G>^ involving the intermediate 
production of methyl acetate by passing methyl chloride countercurrent to a 
stream of a molten mixture of sodium and potassiuin acetates at 250° C, has 
already been discussed. According to Carter and Coxe,^* methyl acetate may be 
produced by heating methyl chloride with sodium acetate in the presence of water 
and a' solvent for the methyl chloride, such as alcohol, in an autoclave at 100° C. 
The reaction is said to be rapid with a nearly theoretical yield, and is also ap¬ 
plicable to the production of other methyl esters and of esters derived from 
higher alcohols, i.e., by interaction with higher alkyl halides. 

Methyl acetate has been utilized to some extent as a substitute for acetone in 
certain of its applications as solvents. It is a good solvent for cellulose nitrate 
and for various resins but is readily hydrolyzed. 

The production of ethers from alkyl halides, such as methyl or ethyl chloride, 
was reported by Carter and Coxe to be readily effected by heating such alkyl 
halides under pressure in the presence of an alcohol and an alkaline compound 
such as caustic soda or potash. The formation of methyl ethyl ether from methyl 
chloride, ethanol and caustic soda is said to take place readily at 100° C. in an 
autoclave, sodium chloride being deposited. 


Conversion of Ethyl Chloride into Ethanol and Its Derivatives 


Little work appears to have been done on the hydrolysis of ethyl chloride to 
ethanol by steam in the vapor phase, in contact with alkaline hydroxides, or in 
the liquid phase. Aqueous potash slowly converts ethyl chloride into ethanol 
on heating but quantities of ether are obtained by heating concentrated alcoholic 
potash and ethyl chloride at 100° C. in a sealed tube.^® By passing ethyl chlo¬ 
ride over soda-lime at 350° C., Nef obtained a 30 per cent conversion into 
ethanol. At the same time some sodium acetate, methane and hydrogen were 
formed. The first reaction can be represented as 


CHaCHaCl + NaOH -NaCl + CHaCHaOH 

In attempting to explain the formation of the other products it was suggested 
that ethyl chloride first undergoes an ethylidene dissociation, such as 

CHaCHaCl —^ CHaCH<+HCl 

Both of these latter substances then react with the alkali; the hydrogen chloride 
yielding salt and water, and the ethylidene group (or radical) yields an acetate 


« German Patent 367,204, 1920; J.S.C,!., 1923, 42, 576A. 

U. .S. Patent 1.459.971, June 26, 1931; Chcm, .lbs., 1923, 17. 3033; British Patent 220,721. 1923‘ 

J.S.C.I., 1924, 43, S50B; both patents assigned to S. Karpen and Bros. ' 

V. S. Patent 1,459,177, June 19, 1923; Chcm. Abs.. 1923, 17, 2886. 

»» Balar^ Ann. chim. phys., 1884, (3) 12, 302; see Gmelin, “Handbook of Chemistry,** translated 

by Watts, Cavendish Society, London, 1853, 8, 372. 

1899, 309, 126; 1901, 318, 1; J.A.C.S., 1904, 26, 1549. 
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and hydrogen. There is also the possibility that some alcohol would be formed 
as an intermediate oxidation product of the ethylidene group by the alkali. De¬ 
composition of the sodium acetate yields methane and hydrogen together with 
sodium carbonate. 

According to Muller-Cunradi ethyl chloride may be converted into ethanol 
by passing it in the presence of excess of steam over a heated contact material, 
which does not combine with hydrochloric acid. For example, a mixture of 
ethyl chloride and 10 times its weight of steam, passed at 250® C. over active 
charcoal impregnated with 5 per cent of zinc sulphate, undergoes practically quan¬ 
titative conversion into ethanol. The point of equilibrium in the reversible gaseous 
reaction, CoHgCl + HgO ?=* QHgOH HCl, has not apparently been determined 
at the temperature mentioned above, but, by analogy with the case of the hydrol¬ 
ysis of methyl chloride with steam at elevated temperatures, it is doubtful whether 
the equilibrium is favorable to this process. The velocity of the reaction 

GHaOH 4- HCl —C,H.C1 + H,0 

in the liquid phase at 110® C. was investigated by Kilpi.-® The rate of reaction 
between hydrochloric acid and the alcohol increased more rapidly with the tem¬ 
perature than that of the opposing reaction between ethyl chloride and water. 

A process for the manufacture of dialkyl ethers from alkyl halides and in 
particular of diethyl ether from ethyl chloride has been described by Lacy,^^ who 
proposed to effect this conversion by passing ethyl chloride over heated granular 
calcium oxide at elevated temperatures. The reaction which is said to occur, 
namely: 

2 GH 5 CI + CaO —>- (GH,)»0 + CaCh, 

is highly exothermic, and, in order to control the process, Lacy suggested dilut¬ 
ing the ethyl chloride vapors with ethane. Thus, a mixture of 1 volume of ethyl 
chloride and 4 volumes of ethane is paissed over granular, or powdered, calcium 
oxide at 250® to 450® C. The resulting gaseous mixture is led through a 
cooler, compressed to 10 atmospheres and finally cooled to —^20° C., whereby the 
diethyl ether is separated in the liquid state. 

The production of diethyl ether by ruction of ethyl chloride under pres-, 
sure with ethanol in the presence of an alkaline compound was reported by 
Carter and Coxe,-® who also produced ethyl esters, such as ethyl butyrate, by 
heating ethyl chloride under pressure with a sodium salt of an organic acid in 
the presence of dilute alcohol.^® 


Hydrolysis of Hioher Alkyl Halides, Especially Chlorides, to Alcohols 

The applicability of vapor phase, hydrolysis to alkyl halides of higher molecu¬ 
lar weight is greatly reduced, mainly because of their greater tendency to un¬ 
dergo disruptive decomposition into an olefin and a halogen acid, according to the 
reaction: C^Hon+iX —> C„Ho„ -f- HX. This decomposition is perhaps the greatest 
difficulty associated with the hydrolysis of alkyl halides to alcohols, especially 
with chlorides, which are more difficult to hydrolyze than the bromides and iodides. 


** German Patent .413,447, 1921; assigned to Radische Anilin- und Soda-Fabrik; J.S.C.J., 1925. 
44, 784B. 

physik. Chem., 1914, 86, 427; Chetn. Abs,, 1914, 8, 1378. Also, Ann. Acad. Sci. Fcunicac, 
1920, 16A, No. 3, 27; Chem. Abs.. 1923, 17, 2810. 

LL S. Patent 1,245,742, Nov. 6, 1917; assigned to Roessle%,and Ilasslacher Chemical Co.; Chem. 
Abs., 1918, 12, 279. 

U. S. Patent 1,459,177, June 19, 1923; assigned to Karpen and Bros.; CAcm. Abs., 1923, 17, 2886. 
** U. S. Patent 1,459,971, June 26. 1923; assigned to Karpen and Bros,; Chem. Abs., 1923, 17, 3033. 
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The alkyl iodides are much more readily hydrolyzed than the other halides but 
this fact is of little industrial value since the iodides cannot be produced by 
direct iodination of hydrocarbons. The matter is also further complicated by 
the great differences in ease of hydrolysis of the primary, secondary and ter¬ 
tiary halogen derivatives of the homologues of ethane. As a rule, the 
tertiary compounds are fairly readily hydrolyzed and the primary are the 
most difficult to convert into alcohols. The two extremes of behavior are ex¬ 
emplified by the tertiary iodides, which undergo extensive hydrolysis even in the 
presence of warm water, as contrasted with the primary chlorides, which require 
heating with strong caustic alkali solutions to temperatures of 150® C. or above 
to effect appreciable hydrolysis. 

On account of the comparative high price of the bromine compounds and 
of the difficulty of producing iodine derivatives directly from paraffin hydro¬ 
carbons, it appears that only the alkyl chlorides are worthy of attention as com¬ 
mercial raw materials for the manufacture of alcohols. Our knowledge of the 
hydrolysis of the higher alkyl chlorides is almost entirely restricted to the chlori¬ 
nated pentanes and isopentanes, which have been extensively investigated during 
the last few years. As far as is known, practically no investigations have been 
carried out on the hydrolysis of the monochlorides derived from propane, n- 
butane, and isobutane but such conversions would appear to offer some commercial 
possibilities. 

Propane is known to yield both of the possible monochlorides on chlorination 
at elevated temperatures. Of these, 2-chloropropane may be expected, by analogy 
with the chloropentanes, to be more readily hydrolyzable (to isopropyl alcohol) 
than the primary chloride. No data are available to show what conditions are 
necessary for effecting these hydrolyses. 

In a similar way n-butane is capable of yielding both a primary and a secon¬ 
dary chloride which might be hydrolyzed to n-butanol and secondary butanol re¬ 
spectively, and isobutane can form only a primary and a tertiary chloride, but 
no secondary. The monochlorides derived from isobutane should thus be capable 
of yielding a primary alcohol (isobutyl alcohol) and tertiary butanol. Here 
again the conditions necessary for successful operation have not been specifically 
described although they are apparently similar to those used with the amyl chlo- 
rides.^^ The various alcohols which might be produced in this manner from 
propane and the butanes are the following: 

CIIsCHaCHs fCHsClhCHaOH n-propyl alcohol 

propane XCHaCHOHCH* isopropyl alcohol 

CH,CH,CHaCHa/CH,CH,CHaCHaOH n-hntyl alcohol 
n-butane \CH3CHOHCH3CH3 secondary butyl alcohol 

CH, 

CHCHsOH isobutyl alcohol 

CH. 

\ 

C(OH)CHa tertiary butyl alcohol 
" E.g., Ayres, Canadian Patent 278.537, 1928; Chem. Abs., 1928, 22, 2753. 


CH. 

\ 

CHCH. 

/ 

CH. 

isobutane 
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Conversion of Monochloropentanes to Amyl Alcohois 

In considering the hydrolysis of the various monochloro-derivatives of pen¬ 
tane and isopentane to the corresponding amyl alcohols, attention must be drawn 
to the sharply differentiated properties of the three principal types of mono¬ 
chlorides under these conditions. When the rates of hydrolysis of the three 
types of monochlorides by hot water alone are compared, it is found that whereas 
the tertiary compounds are appreciably hydrolyzed, the secondary are more slowly 
attacked, and the primary chlorides show no tendency to undergo hydrolysis. 
On the other hand, the order of reactivity of the chlorides is reversed in their 
reactions with salts of organic acids in homogeneous solutions at, say, 180® C. 
In this case, the primary chlorides readily react to form esters, the secondary 
chlorides rather less rapidly and tertiary chlorides do not form esters under such 
conditions but tend to yield amylencs. Du/ing the hydrolysis of amyl chlorides 
either by water alone or by alkalies or aqueous solutions tf alkali salts of the 
higher fatty acids, considerable quantities of amylenes are formed by elimination 
of hydrogen chloride according to the reaction Cr,HjiCl —> CsHjo + HCl. The 
velocity of this decomposition increases rapidly with rising temperature and be¬ 
comes appreciable at temperatures at which the velocity of hydrolysis is suf¬ 
ficiently great to give good yields of amyl alcohols. The production of amylenes 
is most rapid from the tertiary chlorides, less from secondary chlorides, and least 
from primary chlorides. According to Ayres, 2 ® the rales of decomposition of the 
three classes of amyl chlorides into amylenes and hydrogen chloride at 180° C. 
are as follows: 

Decomposition per Min. 

Per Cent 


Primary . 0.08 

Secondary . 0.65 

Tertiary . 3.70 


As the temperature is reduced below 180° C. the ratio of rate of decomposition 
of secondary chlorides to rate of esterification remains the same but the rate of. 
hydrolysis is not reduced nearly so rapidly as the rate of decomposition. On the 
other hand, the tertiary chlorides are readily hydrolyzed by water even at 100° C., 
at which temperature the tendency to decompose is relatively slight. Accordingly 
fairly low temperatures favor good yields of alcohols from secondary and tertiary 
chlorides. The primary chlorides are more difficult to hydrolyze and require 
higher temperatures and a catalyst. 

According to Ayres, the rates of hydrolysis of primary, secondary and tertiary 
jimyl chlorides in the presence of water alone are as given in Table 135. 

Table 135 .—Rate of Hydrolysis of Amyl Chlorides in Water, 

Heated in Colloidal 
Agitated with Contact with 

Water at 80" C. Water at 180" C. 

Hydrolyzed per Min. 


-Per Cent- 

Tertiary. 1.20 2.85 

Secondary . 0.05 0.60 

Primary. 0.00 0.00 


»• Ind. Eng. Chem., 1929, 21, 899. 
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Although the presence of alkali or dilute acid does not accelerate the rate of 
hydrolysis, addition of the former material removes the hydrochloric acid formed 
from the sphere of the reaction and so displaces the equilibrium 

GHuCl + H,0 C.HuOH + HCl 

to the right. It will be noted that the rate of hydrolysis of the primary chlorides 
is very low even at 180® C. so that it becomes necessary to hasten this reaction 
in order to obtain the primary alcohols on a commercial scale. The solution of 
this problem has been achieved by taking advantage of the liigh velocity of 
esterification of primary chlorides in the presence of alkali salts of certain fatty 
acids. In practice it appears only necessary to have present in the reaction mix¬ 
ture a quantity of a fatty acid together with an excess of aqueous alkali. Under 
these circumstances the primary chloride is first esterified and the ester so formed 
is immediately hydrolyzed to the alcohol. The hydrolysis of primary chlorides 
to alcohols by alkali is thus hastened by the addition of fatty acids. For this 
purpose oleic and stearic acids are especially valuable because, by virtue of the 
colloidal characteristics of their salts, they facilitate intimate contact between 
the amyl chloride and the hydrolyzing medium. 

Previous to the work of Ayres and his collaborators, Essex, Hibbcrt and 
Brooks®® investigated the hydrolysis of mixtures of monochloropentancs (pri¬ 
mary and secondary) by means of aqueous solutions of alkalies, at tempera¬ 
tures of 190® to 300® C. and at pressures of 240 to 6000 lbs. per square inch. The 
yield of amyl alcohols obtained was practically the same with sodium carbonate 
as w'ith sodium hydroxide but sodium acetate gave a higher yield than either 
under the same conditions. Besides amyl alcohols, amylenes and quantities of 
diamyl ether (not exceeding about 8 per cent) were obtained. By heating 213 
grams of chloropentane with 740 cc. of 25 per cent sodium hydroxide for 
hours at 250® C. under a pressure of 1200 lbs. per square inch, the yield of amyl 
alcohol was 20.5 per cent, and a maximum yield of 28 per cent was obtained using 
580 cc. of alkali at 210® C. under a pressure of 3300 lbs. per square inch. These 
results show the difficulty of this hydrolysis. 

Summarizing, it may be pid that the hydrolysis of amyl chlorides by 
aqueous alkali in the liquid phase is a matter of some difficulty, requiring fairly 
high temperatures (150° C. or over). The primary chlorides are most difficult 
to hydrolyze and the tertiary chlorides least so. On the other hand, the tertiary 
chlorides have the greatest tendency to decompose into amylene and hydrogen 
chloride, an undesirable transformation, and the primary chlorides are most stable 
in this respect. In order to reduce the temperature necessary for the hydrolysis 
of the difficultly hydrolyzable primary compounds, the addition of soaps of high 
molecular weight fatty acids (oleic and stearic acids) has been found highly 
advantageous. The soap not only acts as an esterifying agent, yielding a readily 
hydrolyzable ester, but also promotes intimate contact of reagents. 


The Large Scale Production of Amyl Alcohols 


The large scale manufacture of these alcohols has been described by Ayres ®® 
and by Clark.*^ The mixture of n- and iso-pentanes, employed in this process, 
is obtained by the low temperature distillation of natural gas gasoline. The 


»J.A,C.S., 1916, 38, 1368; J.S.C.L, 1916, 35, 906. 

Eng. Clietn., 1929, 21, 899. 

Ind. Eng. Chetn., 1930, 22, 439; Chem. Met. Eng., 1931, 38, 206; see also Kirkoatrick Chem 
Met. Eng., 1927, 34, 276; Garlick, Ind. Chemist, 1928, 4. 363; C/icm. Abs,\9W, 23, 454. * 
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chlorination of such a mixture has been previously discussed in Chapter 30. The 
mixture of monochlorides, derived from n- and iso-pentanes and containing six 
isomeric compounds, is subjected to hydrolysis by the action of 30 per cent 
aqueous caustic soda in the presence of a catalyst (sodium stearate or oleate). 
These soaps accelerate the hydrolysis of the more difficultly hydrolyzable primary 
chloride and favor the process generally by assisting emulsification and intimate 
contact of reactants. The operation of mixing and digesting chlorides, aqueous 
caustic solution and oleate, and distilling off the alcohols and amylenes was first 
conducted as a batch process but the steps were later made continuous by join¬ 
ing two digesters, maintaining one full all the time, continuously circulating be¬ 
tween the two, and distilling from the second,* partly filled. Amyl chloride and 
aqueous caustic soda are continuously pumped into a hot emulsion of amyl alcohol 
and water circulating rapidly through a digester, from which are continuously 
withdrawn two products, namely (1) a saturated salt solution which is 
returned to electrolytic cells for the manufacture of chlorine and caustic soda; 
and (2) a vapor consisting principally of mixed amyl alcohols. This vapor is 
separated by a train of fractionating columns into hve components: (a) amyl 
chloride, which is returned for hydrolysis; (b) amylenes which are hydrated to 
(secondary and tertiary) alcohols; (c) diamyl ether; (d) amyl alcohol fractions 
which are cut for special purposes; and (-e) a mixture of amyl alcohols marketed 
as a pyroxylin lacquer solvent under the name of ‘Tentasol. * 

The actual temperature used in the hydrolysis of amyl chlorides is not 
definitely stated but it is probably in the neighborhood of 150° C. It is obviously 
essential for good yields of amyl alcohols from the three types of chlorides, ex¬ 
hibiting such markedly different behavior on hydrolysis, to choose such operating 
conditions that, on the one hand, even the difficultly attacked primary chlorides are 
hydrolyzed with sufficient speed, and on the other hand, the velocity of decom¬ 
position of the tertiary chlorides (into amylene and hydrochloric acid) is still 
relatively low. As with many other chemical processes it became necessary to 
effect a compromise between two opposing factors. No method of operation can 
effect complete hydrolysis of the mixture of amyl chlorides and it is a matter 
of the greatest difficulty to remove the last traces of them from the hydrolyzed 
alcohols. Thus several hours digestion of amyl alcohol containing 1 per cent of 
amyl chloride with 5 per cent of metallic sodium only reduces the amyl chloride 
content to about 0.3 per cent. Fortunately a very satisfactory separation of amyl 
chlorides and alcohols may be effected by fractional distillation in the presence 
of water. The chlorides and alcohols form a tliree-component constant boiling 
mixture with water, the distillate from which separates on cooling into two layers, 
an aqueous layer containing alcohol in solution and a non-aqueous layer contain¬ 
ing 20 per cent of alcohols and 80 per cent of chlorides. 

Other Methods for the Production of Amyl Alcohols 

Hibbert, Essex and Brooks described a method of making a material similar 
to fusel oil containing amyl and hexyl alcohols by hydrolysis of the 
monochlorides of pentanes and hexanes obtained by the chlorination of a gasoline* 
distillate boiling between 25° and 75° C. The hydrolysis is effected by subjecting 
the mixed amyl and hexyl chlorides to the action of alkali or alkali carbonate 
solution under a pressure of 1000 to 4000 lbs. per square inch at temperatures of 

“Ayres and ITaabestad, U. S. Patent 1,691,426, Nov. 13, 1928; Brit. Chem. Abs. B, 1929, 11; 
Can.idian Patent 286.076, 1929; Chem. Abs., *192% 23. 1417; British Patent 241,889, 1925; Brit. Chcm. 
Abs. B. 1927, 859; nil patents .nssigned to B. A. S. Co. 

“ U. S. Patent 1,214,919, Feb. 6, 1917; assigned to Gulf Refining Co.; Chem, Abs., 1917, 11, 1019. 
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180® to 280® C. A pressure of 3000 lbs. per square inch and a temperature of 
220® C. are recommended to give a 40 per cent yield of synthetic fusel oil. The 
pressure may be attained either by the application of heat alone or by the addition 
to the charge of a light volatile liquid such as ordinary ether. These high pres¬ 
sures are said to increase materially the yields of alcohols but considerable quan¬ 
tities of alkyl chlorides are always converted into olefins, i.e., amylenes and 
hexenes. It has been proposed to convert these olefins into (secondary and 
tertiary) alcohols by absorption in commercial sulphuric acid d 1.86 (at 0® C.), 
followed by dilution and distillation. 

A second, and indirect, method of hydrolysis of amyl and hexyl chlorides con¬ 
sists, according to the same workers, in heating under a pressure of 300 lbs. per 
square inch or more at 170® to 250® C. with sodium acetate, either with or without 
a solvent. A mixture of the corresponding amyl and hexyl acetates together with 
a mixture of olefins is formed. The acetates may be readily hydrolyzed to the 
corresponding alcohols by the usual methods. 

A process of Brooks and Essex for the manufacture of amyl alcohols and 
other high boiling monohydric alcohols from the corresponding monochlorinated 
paraffins, consists in heating the chloride under pressure with a mixture of methyl 
alcohol and a formate. A mixture consisting of a metallic chloride, methyl 
formate, and the desired amyl or other alcohol is produced.' For example, 1 gallon 
of monochlorinated pentane (or homologous paraffin hydrocarbon) mixture, 3 to 4 
gallons of methyl alcohol and 6 pounds of commercial dry sodium formate are 
introduced into a suitable pressure vessel, which can be rotated. The mixture is 
heated in this sealed container to about 160° C. for about 6 hours. The methyl 
formate produced in the reaction may be continuously removed through a 
weighted valve but this is unnecessary. By retaining the methyl formate in the 
reaction mixture the progress of the operation may be followed by readings on a 
pressure gauge, the end of the reaction being indicated by no further increase of 
pressure. The reaction mixture is then cooled and separated from the insoluble 
salts, consisting mainly of sodium chloride. Distillation of the salt-free liquid 
yields first methyl formate (boiling point 32® to 33° C.), then methyl alcohol (boil¬ 
ing 66® to 67® C.) and finally a mixture of amyl and other high boiling alcohols. 
The methyl formate is hydrolyzed by caustic alkali to methyl alcohol and an 
alkali formate, both of which are used again. 

The hydrolysis of amyl and hexyl chlorides to the corresponding alcohol by 
first converting them into readily hydrolyzable esters of stearic acid (or other 
non-corrosive fatty acid of high-boiling point) has been suggested.®® Stearic 
acid and solid caustic soda are heated together in a jacketed vessel at 200® to 
240® C., and when all excess water has been expelled, a mixture of mono¬ 
chlorinated pentanes and hexanes is introduced at the bottom of the vessel. Part 
of the halogenated hydrocarbon mixture reacts with the sodium stearate forming 
esters of stearic acid, another portion is converted into olefins, and the rest distils 
unchanged. The volatile products are condensed and separated by a reflux cooler 
maintained at the requisite temperature. The stearic ester in the reaction vessel 
is cooled to 150® C., treated with sufficient caustic soda to replace the alkali which 
lias reacted with the chlorides, heated again to 200® to 240® C., and the resulting 
alcohols are distilled off with a little water or steam. 

Ayres ®‘' described a process of producing monohydric alcohols containing 
4 or 5 carbon atoms by chlorination of n-butane and n-pentane followed by 

U. S. Patent 1,221,667, Apr. 3, 1917; assimcd to Gulf Refining Co.; Ckem, Abs,, 1917, 11, 1885. 

“ K. I. DuPont de Nemours and Co., Inc., British Patent 119,249, 1917; JS.C.L, 1918, 37, 717A. 

** Canadian Patent 278,537, 1928; assigned to B, A. S. Co.; Ckem, Abs., 1928, 22, 2753. 
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hydrolysis of the alkyl chlorides with aqueous alkali. The resulting alcohols are 
purified from chlorides by extraction with water. The Tiydrolysis of mixed amyl 
chlorides is also accomplished by heating with aqueous alkali and a substantially 
water-insoluble organic acid in a closed vessel at 150® C. The organic ester pro¬ 
duced is heated in a closed vessel at the same temperature with further quantities 
of amyl chlorides, and aqueous caustic soda and the amyl alcohols produced are 
separated by fractionation.®^ 

Zinc oxide has also been suggested as a base for the hydrolysis of amyl 
chloride to amyl alcohol.®^* , 

Production of Amyl Esters from Chloropentanes 

The classical method ‘ of preparation of alkyl esters of organic acids by 
the direct combination of an alkyl halic-e. with the anhydrous salt of an or¬ 
ganic acid has been applied by a number of workers to the production of 
amyl esters from monochlorinated pentanes. Some data on this type of reaction 
have been supplied by Ayres.®” The comparative figures are given in Table 136 for 
the rates of esterification of the primary, secondary and tertiary amyl chlorides 
by potassium acetate in glacial acetic acid solution at 180° C. 

Table 136 .—Rates of Esterification of Amyl Chlorides with Potassium 
Acetate at ISO"" C. 

Esterified per Min. 

Per Cent 


1-Chloropentane . 3.17 

l-Chloro-2-methylbutane . 3.17 

4-ChIoro-2-methylbutatie . 1.20 

Secondary amyl chlorides . 0.60 

Tertiary amyl chlorides. 0.00 


The figures in Table 136 reveal the fact that the primary chlorides are much 
more readily esterified than secondary chlorides. Dry esterification (in the ab¬ 
sence of water) of tertiary amyl chloride does not yield an ester but only tri- 
methylethylene. The above rates of reaction are approximately doubled for a 
temperature rise of 10° C. and are of the same order with the potassium, sodium, 
or calcium salts of acetic, butyric, oleic, and stearic acids provided the salts are 
in molecular contact with the amyl chloride. This problem of intimate contact 
is simplified in the case of the higher fatty acids, the salts of which serve to 
emulsify the reaction mixture. According to Ayres, the esterification of secondary 
amyl chlorides in the absence of water yields about 48 per cent of the ester but 
in the presence of water the yield varies, from 65 per cent at 180° C. to almost 
theoretical at 100° C. As in hydrolysis, the yields are reduced by decomposition 
of these chlorides into amylene and free hydrogen chloride. This decomposition 
is greatest in the case of the tertiary, and at a minimum with primary chlorides. 
The formation of amylenes from amyl chlorides is, fortunately, not accelerated 
by moisture, caustic soda, amyl alcohol and esters or fatty acids. 

Among the earlier studies of the conversion of amyl chlorides into acetates, 
that of Brooks, Smith and Essex ®® is of interest. A mixture of chlorinated pen- 

” Ayres and Haabestad, U. S. Patent 1,691,426, Nov. 13, 1928; Brit. Chem. Abs. B, 1929, 11; 
Canadian Patent 286,076, 1929; Chem. Abs., 1929, 23, 1417; British Patent 241,889, 1925; Brit. Chem. 
Abs. B, 1927, 859; all patents assigned to B. A. S. Co. 

”*Masland, U. S. Patent 1,086,381, Feb. 10, 1914; Chem. Abs., 1914, 8. 1330. 

"Ind. Ena. Chem., 1929, 21, 899. 

Ind. Eng. Chem., 1918, 10, 511. 
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tanes, boiling between 95° and 140° C. and containing about 90 per cent of 
(mixed) monochlorides, Vas acetylated by heating under pressure with sodium 
acetate and acetic acid in tlie presence of a solvent (alcohol, acetone, or amyl 
acetate). Yields of amyl acetate varying from 55 per cent to 63 per cent of the 
theoretical were obtained by heating the reaction mixture for 5 to 9 hours at 
195° to 200° C. under a pressure of 180 to 230 lbs. per square inch, though at the 
same time quantities of amylenes were always produced. 

Koch and Stallkamp^® have described a method of esterification of amyl 
chlorides in which the tendency of these amyl chlorides to decompose into amylenes 
and hydrogen chloride is said to be suppressed by the introduction of activated 
charcoal as a catalyst^^^ The esterification is carried out by mixing the amyl 
chloride along with 65 to 75 parts by weight of fused and ground sodium acetate 
and 1 to 2 parts of solvent^ in a steel-jacketed, agitator-equipped autoclave, which 
is then heated to 400° to 450° F. (pressure, 200 to 250 lbs. per sq. in.) for about 
8 hours. The esterified product is distilled directly from the autoclave through a 
condenser into a washer where it is washed and neutralized with sodium car¬ 
bonate solution, and again distilled to yield the following fractions: 

Fraction 1, boiling up to 82* C, Amylenes, pentanes, etc. 

Fraction 2, boiling 82* to 120* C., Unconverted amyl chloride and some esters. 

Fraction 3, boiling 120* to 175* C, Amyl acetate. 

The amyl acetate recovered in fraction 3 had the following properties: d 0.88; 
color, none; moisture, none; acidity, 0.196 per cent as acetic acid. It compared 
favorably with the technical grade of amyl acetate. 

The influence of the addition of activated charcoal to the reaction liquid is 
clearly brought -out by the figures in Table 137 of yields of ester obtained in 
comparative experiments with and without the addition of charcoal. 


Table 137.— Comparative Yields of Amyl Acetate from Amyl Chloride 
with and without Activated Charcoal. 


No Charcoal 


Duration of Run Amyl Acetate 
Per Cent 

7 hours . 37.2 

6 hours 40 min. 29.2 

7 hours 20 min. 35.4 


Charcoal Used 


Duration of Run Amyl Acetate 
Per Cent 

7 hours 30 min. 58.2 

8 hours 15 min.*.. 83.2 

8 hours . 78.3 


Yields of amyl acetate as high as 90 per cent of the theoretical were obtained 
by Dobryanski and Gurevich ** by heating amyl chlorides (obtained by the photo¬ 
chemical chlorination of a fraction of Krasnodar aviation gasoline, boiling 31° to 
38° C.) with dry sodium acetate at 230° C. in sealed tubes for 4 to 8 hours. 

According to Clark,it is better to produce amyl esters by direct esterification 
of the alcohols resulting from the hydrolysis of amyl chlorides than by direct 
esterification of the chlorides. Since the tertiary alcohol cannot be directly 
esterified by the use of ordinary reagents, this alcohol is first removed from the 
mixture of amyl alcohols, which are then acetylated in a kettle at 125° C. in the 
presence of sulphuric acid as a catalyst. The crude esters are neutralized with 
soda ash atid purified by fractionation. The production of mixed amyl phthalates 
by direct esterification of “pentasor* with phthalic anhydride was described by 

Koch and Burrdl, Ind. Eng. Chem., 1927, 19, 442. 

U. S. Patent 1,374,666, May 12, 1921; assigned to Ohio Fuel Supply Co.; J.S.C.I.. 1921* 
40. 412A. 

Khos., 1928. IS. Chem. Ahs. B. 1930. 131. 

** Ind. Eng. Chem., 1930, 22, 439. 
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Jaegcr.^^ The product, boiling at 190® to 205® C. at 10 mm., is colorless or 
slightly yellow after rectification and is a solvent and plasticizer. 

Other Methods for the Production of Amyl Esters 

Masland reported that good yields of amyl acetate may be obtained by heat¬ 
ing a mixture of equal weights of monochloropentanes and acetic acid together 
with sufficient sodium acetate to combine with all the chlorine present. Acetic 
acid of 70 per cent concentration or higher may be employed. The reactants are 
heated in a sealed pressure container to a temperature of 180® C. or higher and 
under a pressure of about 250 lbs. per square inch. The period of heating may 
vary from 2 to 12 hours, longer periods being required with lower tempera¬ 
tures. The products consist of amyl acetate together with quantities of un¬ 
saturated hydrocarbons. The same worker also suggested that the process can 
be modified so that the reaction mixture, consisting of amyl (or hexyl) chlorides, 
sodium acetate, and acetic acid (of concentrations down to 70 per cent) is sub¬ 
jected to a preliminary heating at ISO® C and 100 lbs. per square inch pressure 
for several hours. This treatment results in the production of olefins from the 
more readily decomposable chlorides. The olefins so formed are removed as far 
as possible by distillation, and the residual reaction mixture is then heated to 
180® C or higher at 250 lbs. per square inch pressure, at which time the main 
esterification takes place. 

Kaufler stated that the esterification of amyl chlorides by means of sodium 
acetate is greatly facilitated by the employment of sodium acetate prepared in a 
highly porous and bulky condition. By heating 100 parts by weight of amyl 
chloride, 72 parts of this grade of sodium acetate and 6 parts of glacial acetic 
acid under pressure for 12 hours at 195® to 210® C., a yield of 65 parts by weight 
of amyl acetates, boiling at 120® to 146® C., is obtained. The efficiency of esteri¬ 
fication is enhanced by the addition of catalysts, such as copper salts, to the reac¬ 
tion mixture. Using quantities of reactants identical with those given above but 
with the addition of 3 parts by weight of copper acetate, the same yield of amyl 
acetates was obtained by operating at a lower temperature and for a shorter 
time, e.g., by heating at 170® to 180® C. for 8 hours. 

Sparre described a process for the manufacture of a nitrocellulose solvent 
by the acetylation of a mixture of mono- and di-chlorinated paraffin hydrocarbons 
(pentanes and hexanes) with sodium acetate and acetic acid. The composition 
of the solvent mixture obtained in this manner was approximately 35 per cent 
of olefins, 5 per cent of chloro-olefins, 50 per cent of monoacetates and 10 per 
cent of diacetates. 

A process of Essex and Brooks^® for the manufacture of amyl and similar 
esters from monochlorinated petroleum fractions involves heating the dry mono¬ 
chloride mixture with an equal weight of dry fused alkali salt of a fatty acid. 
The reaction is carried out in an autoclave at a temperature of about 200® C., 
and in the presence of a solvent such as acetic acid or preformed ester. 
For making esters of acetic acid, the sodium, potassium, or calcium salts of this 

^ U. S. Patent 1,764,022, June 17, 1930; assigned to Selden Co.; Chcm. Abs., 1930, 24, 3801. 

U. S. Patent 1,077,988, Nov. 11, 1913; assigned to E. 1. DuPont de Nemours and Co., Inc.: 
Chem. Abs„ 1914, 8, 400. 

^ U. S. Patent 1,095,013, May 28, 1914; assigned to £. I. DuPont de Nemours and Co., Inc.; 
Chem. Abs., 1914, 8, 2219. 

«U. S. Patent 1,106,047, Aug. 4, 1914; J.S.C.L, 1914, 33, 890. British Patent 2,779, 1913; 
J.S.C.I., 1913, 32. 767. 

••U. S. Patent 1,148,258, July 27. 1915; assigned to E. I. DuPont de Nemours & Co., Inc.; 
J.S.C.I., 1915, 34, 924. Also British Wtent 29,963, 1912; J.S.C.L. 1914, 33. 502. 

• U. S. Patent 1,197,019, Sept. 5, 1916; assigned to Gulf Refining Co.; J.S.C.L, 1916, 3S, 1082. 
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acid may be employed while, if other esters are desired, such as formates, 
butyrates, propionates, benzoates, etc., the corresponding alkali salts may 
be substituted. The period ot reaction depends mainly upon the temperature 
employed, the use of higher temperatures rendering possible the employment of 
shorter reaction periods. Suitable times of reaction are 20 hours at 150® C.,’ 
5 hours at 200® C, and 2 hours at 220® C. For the manufacture of amyl acetate, 
good yields are secured by using 100 parts of a mixture of equal parts of chloro- 
pentane and sodium acetate, 64 parts of glacial acetic acid and 64 parts of amyl 
acetate and effecting the reaction at 200® C. for 5 hours under pressure in a 
rotating autoclave. 

For the purification of synthetic amyl acetate prepared from chlorinated 
pentanes, Essex and Humphrey recommended heating it with metallic sodium 
and then washing with water. The relatively small amounts of chloro-compounds 
(which are objectionable since they reduce the solvent properties) cannot be re¬ 
moved by heating with metallic magnesium or with the zinc-copper couple. The 
amount of sodium required for this purification step is that equivalent to the com¬ 
bined chlorine present and ordinarily does not exceed 1 per cent or so of the weight 
of material. Thus by refluxing 125 parts by volume of a synthetic amyl acetate 
with 1 per cent of metallic sodium for 2 hours, followed by cooling, dilution 
with water, separation and drying over calcium chloride, a product was obtained 
of better odor and considerably enhanced solvent properties as compared with 
the original ester. This procedure is said to be equally applicable to the purifica¬ 
tion of amyl alcohol, amyl formate, and other amyl esters synthesized from chloro- 
pentanes. Another method for the purification of amyl acetate containing 
chlorohydrocarbons has been proposed by Oberfell and Boyd,®^ who made use 
of the solubility of amyl acetate in sulphuric acid, in which the impurities are not 
soluble. The purification therefore consists in fractionally distilling the esterified 
chlorohydrocarbons to remove olefin hydrocarbons formed during the reaction 
and then treating the residue with sulphuric acid. The latter dissolves amyl 
acetate and similar esters, leaving the other constituents unaffected. The two 
layers are separated and the amyl acetate is recovered from its solution in 
sulphuric acid either by dilution with water or by wet steam distillation. 

For the manufacture of amyl acetate from chloropentane Oberfell and Boyd 
recommended esterification in the presence of sodium or potassium sulphate which 
they believe minimizes the decomposition of the chloropentane into amylenes. 
By heating a charge of 100 parts (by weight) of chloropentane, 72 parts of fused 
alkali acetate, 0.5 parts of acetic acid, and 1 part of sodium or potassium sulphate 
in a mechanically stirred acid-resisting autoclave under pressure at a temperature 
of 195® C. for 8 to 14 hours, a 65 per cent yield of amyl acetates, boiling at 120° 
to 148® C., is obtained. The presence of more than a trace of water in the alkali 
acetate is stated to be detrimental, since it leads to increased formation of 
amylenes.®® The esterified product may be removed from the autoclave by dis¬ 
tillation under pressure. Another catalyst which is employed to suppress partly 
the undesirable decomposition reaction resulting in the formation of olefins and to 

*• U. S. Patent 1,233,333, July 17, 1917; assigned to Gulf Refining Co.; Chem. Abs., 1917, 11, 2580. 

“ U. S. Patent 1,278,198, Sept. 10, 1918; assigned to Ohio Fuel Supply Co.; Chem. Abs., 1918, 

12, 2325. 

” U. S. Patent 1,302,583, May 6, 1919; assigned to Ohio Fuel Supply Co.; Chem. Abs., 1919, 

13, 1863; 

“This is apparently contradictory to the results obtained by Ayres (previously noted). These two 
conclusions, however, can be reconciled if it is assumed that the reaction between amyl chloride 
and alkali acetate is facilitated hy the small amount of acetic acid acting as a mutual solvent. Water 
would tend to throw out the^ amvl chloride from the acetic acid-potassium acetate solution and slow 
up the esterification rate while olefin formation proceeds unchecked, hence giving a lower yield of 
acetate.^ Under the conditions mentioned by Ayres, the sodium oleate and amyl chloride mix in all 
proportions and water does not throw out the amyl chloride. (Hass, private communication.) 
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increase the yield of ester is activated carbon, such as “batchite'" or “dorsite.” ** 
Yields of about 75 per cent of the theoretical amount of amyl acetate are obtained 
by heating a mixture of chloropentane, sodium acetate and activated carbon, par¬ 
ticularly batchite, with or without the addition of acetic acid, at 250° to 450° F. 
and a pressure of 200 to 225 lbs. per square inch in an autoclave provided with a 
mechanical stirring device. 

Carter and Coxe suggested a procedure for the manufacture of esters in 
which a halogenated paraffin hydrocarbon is heated under pressure at 100° C. with 
a metallic salt of an organic acid in the presence of water and a solvent for the 
halogenated hydrocarbon, such as alcohol. The production of amyl esters as 
intermediate products in the hydrolysis of amyl chlorides (especially primary 
compounds) by heating a substantially water-insoluble fatty acid, amyl chloride, 
and aqueous caustic soda in a closed vessel at 150° C. is described by Ayres and 
Haabestad.®® 


Properties and Uses of the Synthetic Amyl Alcohols and Their Esters 

The amyl alcohols find very extensive application, especially in the form of their 
esters, as solvents for cellulose nitrate in the production of pyroxylin lacquers. 
Despite the many new solvents available for cellulose nitrate, amyl acetate still 
holds a high position in this respect. Until the discovery of the synthetic 
processes, outlined above, the main source of amyl alcohols was the so-called 
fusel oil which constitutes a by-product of the alcohol fermentation industries 
Ordinary fusel oil contains two amyl alcohols, both of which are primary 
(3-methylbutanol and 2-methylbutanol) as well as other primary alcohols includ¬ 
ing n-propanol, isobutanol, and n-hexanols. On the other hand the synthetic amyl 
alcohols from petroleum pentanes contain not only primary, but also secondary 
alcohols and a tertiary alcohol, the relative proportions of these alcohols depend¬ 
ing mainly upon the method of chlorination and the conditions of hydrolysis. 
The process described by Ayres and Clark produces six, out of the possible 
eight, isomeric amyl alcohols. Of these, three are primary; two, secondary; and 
one, tertiary. This mixture of isomers possesses the following approximate 
composition: 50 per cent primary isoamyl alcohols, 25 per cent of primary n-amyl 
alcohol, and a residue of 25 per cent consisting of secondary and tertiary alcohols. 
The physical properties of these six amyl alcohols are listed in Table 138. 


Table 138. — Physical Properties of Amyl Alcohols. 


Amyl Alcohol 

Dry 

B.P., C. 

.20 

**20 

Aqueous 
Azeotrope 
B.P., ** C. 

Pentanol-1 . 

. 138 

0.817 

95.S 

Pentanol-2 . 

. 119 

0.810 

92.3 

Pentanol-3 . 

. 11S.7 

0.815 

91.4 

2-Methylbutanol-l . 

. 128 

0.816 

93.8 

2-Methylbutanol-2 . 

. 101.8 

0.812 

87.2 

3-Methylbutanol-l . 

. 130.5 

0.812 

95.0 


Koch and Stallkamp, U. S. Patent 1,374,666, Apr. 12, 1921; assigned to Ohio Fuel Supply Co.; 
Chem. Ahs., 1921, 15, 2641. 

“ U. S. Patent 1,459,971, June 26, 1923; assigned to Karpen & Bros.; J.S.C.I., 1923, 42, 952A. 
••Ayres and Haabestad, u. S. Patent 1,691,426, Nov. 13, 1928; Brit. Chem. Abs. B, 192^ 11; 
Canadian Patent 286,076, 1929; Chem. Abs., 1929, 23, 1417; British Patent 241,889, 1925; Brit. them. 
Abs. B, 1927, 859; all patents assigned to B A. S. Co. 

••» Loc. cit. 

••• Loc. c%t. 
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Synthetic amyl alcohol is not a solvent for cellulose esters or cumaron but 
dissolves ester gum, elemi, mastic, shellac, and other resins, but only partly in 
the case of dammar, and is- miscible with castor and linseed oils. Its main 
application is in the form of its esters. 

By far the most important of the amyl esters is the acetate, though the 
formate and propionate have also been used to a lesser degree. A grade of syn¬ 
thetic amyl acetate, which has been marketed under the name of “Pentacetate,** 
consists of a mixture of esters derived from three primary and two secondary 
amyl alcohols. Tertiary amyl alcohol, though produced in the synthesis from 
pentanes, cannot be esterified by ordinary means. ^‘Pentacetacte” meets the fol¬ 
lowing specifications: 


Color 


Water .white 


d 20 

20 . 

Acidity . 

Non-volatile at lOO"* C. 

Water content . 

Halogen content . 

Petroleum hydrocarbons 

Weight per gallon. 

Distillation . 


0.86(M).870 

Less than 0.03% as acetic acid 
Less than 0.02% 

None 
None 
None 
7.2 lbs. 

100% above 126* C. 

95% above 130* C. 

75% above 135* C. 

25% above 140* C. 

End point not above 155* C. 


The mixture of synthetic isomeric amyl acetates has solvent properties almost 
identical with that manufactured from fusel oil and the tolerance of a nitro¬ 
cellulose solution for toluene is about the same as that of pure amyl acetate 
and secondary butyl acetate but not as high as that of n-butyl and ethyl ace¬ 
tates. Data on tolerance of nitrocellulose solutions to hydrocarbons, viscosities 
of nitrocellulose solutions, evaporation rates and solubility of resins in the syn¬ 
thetic an]yl acetate have been supplied by Wilson and Worster,®^ and demonstrate 
the essential similarity of the properties of this solvent with those of amyl acetate 
derived from fusel oil. 

Amyl acetate is an excellent solvent for cellulose nitrate, and like synthetic 
amyl alcohol can be used as a solvent for a number of resins. It is not a 
solvent for cellulose acetate. Pentacetate has been stated to possess a slight, 
though not dangerous, toxicity.®® 

Of the other amyl esters, amyl formate, which is also a solvent for cellulose 
nitrate and a number of resins, has been used instead of amyl acetate for special 
applications, including those involved in the manufacture of leather-cloth and 
of non-splintering glass. It lacks the disagreeable odor of amyl and n-butyl 
acetates and hence is preferable to these solvents for upholstery work. Amyl 
propionate possesses a milder odor and slower rate of evaporation than the 
acetate and has been used for brushing lacquers where lower evaporation rate 
is desired. Some of the amyl esters are finding application in the manufacture 
of synthetic fruit essences and perfumes and for such purposes the synthetic 
amyl esters should prove valuable raw materials. The main utilization of amyl 
esters, however, is in the manufacture of lacquers. 

« Ind. Eng, Chem., \929, 21, 592. 

^Durrans, “Solvents,** Chapman and Hall, London, 19S0. 
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Production of Higher Alcohols from Higher Alkyl Halides 

So little work has been carried out on the hydrolysis of nionochlori- 
nated paraffins of more than five carbon atoms that it is profitless to enter into 
any discussion of their possible applications. So far the aliphatic alcohols*of 
more than five carbon atoms have not been of as great industrial value as the 
butyl and amyl alcohols. When these higher alcohols are required in sufficient 
quantities for special purposes a number of synthetic methods are available for 
their production from the lower alcohols and also from carbon monoxide and 
hydrogen. The production of some of the hexanols from monochlorinated hexane 
can apparently be brought about in a manner^ analogous to that used for the 
hydrolysis of the amyl chlorides. A hexyl ester was prepared by Pelouze and 
Cahours by direct esterification of a monochlorinated petroleum hexane frac¬ 
tion while a heptyl ester was similarly obtained by Schorlemmer from a chlo¬ 
rinated petroleum heptane. These products were in all probability mixtures of 
isomers but their preparation shows the possibility of extending the processes, 
previously described, to higher members of the series. 

Of considerable interest is the possibility of producing glycerol, the alcohol 
of all edible fats, from petroleum hydrocarbons. Both propylene dichloride and 
allyl chloride have been suggested as starting materials for this synthesis. Thus, 
McElroy converted propylene, or gaseous mixtures containing propylene, to 
glycerol by first treating it with chlorine to obtain propylene dichloride, followed 
by further chlorination to 1,2,3-trichloropropane, a liquid boiling at 158° C. The 
latter chlorination may be carried out either in the liquid phase in the presence 
of iodine and light, or in the vapor phase in the presence of a catalyst, such as 
bone-black. The 1,2,3-trichloropropane is then hydrolyzed by heating under 
pressure with aqueous sodium bicarbonate solution or it may be heated with 
sodium acetate solution to furnish acetins which are subsequently hydrolyzed. 
The process may be varied by first producing the propylene chlorohydrins which 
are then subjected to chlorination either in the presence of glacial acetic acid 
or a saturated solution of sodium phosphate and phosphoric acid. The resulting 
dichlorohydrin is then hydrolyzed to glycerol. 

A process of Essex and Ward involves the conversion of allyl chloride 
into glycerol dichlorohydrin by treatment with hypochlorous acid, followed by 
hydrolysis of this product to glycerol. For example, a mixture of 225 parts 
of allyl chloride and 4000 parts of an aqueous solution containing 215 to 220 
parts of sodium hypochlorite is cooled and vigorously stirred while carbon dioxide 
is introduced into the solution until a test shows only a trace of hypochlorous 
acid. The flow of carbon dioxide is discontinued and the stirring stopped and 
a little less than 400 parts of sodium carbonate are added. The reaction mixture 
is then boiled under reflux for 7 hours, after which time the yield of glycerol in 
the resulting liquid is said to be 82. per cent of the theoretical. 

Jahresbericht, 1863, 527. 

Ann., 1863, 127, 315. 

“ U. S. Patent 1,466,665, Sept. 4, 1923; assigned to Carbide and Carbon Chemicals Coro.; Chem. 
Abs„ 1923, 17, 3881. 

«U. S. Patent 1,477,113. Dec. 11. 1923; Chem. Abs., 1924, 18. 840. 



Chapter 34 

Miscellaneous Reactions of Halogen Derivatives of 
Paraffins and Cycloparaffins 

Because of the great number of known halogenated derivatives of the paraffin 
and cycloparaffin hydrocarbons and the great variations in their chemical reac¬ 
tivity it is possible, in a discussion of this type, to list only a few of the 
more important chemical reactions of those derivatives which are likely to be¬ 
come commercially available. The chlorine derivatives alone are worthy of 
serious notice since bromine and iodine compounds are too expensive for large 
scale application. From a technical point of view the monochlorinated paraffins, 
or alkyl chlorides, are by far the most important, mainly because they can be used 
in chemical synthesis, for example as alkylating agents, and also because of 
their relative ease of preparation in a pure condition. 

Miscellaneous Reactions of the Alkyl Halides 

The normal order of chemical reactivities of the alkyl halides is as follows; 
the iodides are generally more reactive than the bromides; the chlorides are 
least reactive. This generalization is, however, only true for one particular 
type of alkyl halide since constitutive influences play an important role in deter¬ 
mining chemical reactivity. In most chemical processes, the primary halides are 
less reactive than the secondary compounds while the tertiary products undergo 
some reactions with amazing facility. The tertiary halides, though, are incapable 
of taking part in some of the reactions exhibited by the other two classes; for 
example, they do not react with salts of organic acids or with alcoholic ammonia 
to yield esters and amines respectively but, under the influence of these reagents, 
are transformed in large measure to the corresponding olefin. 

The halogen atom in alkyl halides is often replaceable by another halogen 
atom merely by heating with certain metallic halides. For example, n-propyl 
iodide is partly converted into the corresponding chloride by the action of mer¬ 
curic chloride. Many other examples of this interchange of halogens have been 
noted. 

In the following pages a few of the more important reactions of the alkyl 
halides are briefly discussed, attention being concentrated more especially on the 
readily available alkyl chlorides. This account is not to be considered by any 
means exhaustive but it will serve to indicate some of the obvious applications, 
both actual and potential, of these compounds in chemical technology. Among 
the more interesting, and valuable, reactions of the alkyl halides, the following 
may be mentioned: 

(1) Production of olefins and hydrogen halides by the reaction 
C«H«. + iX —CaH,»-hHX. 


800 
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(2) Reaction with alkali alcoholates or phenates to yield ethers, thus: 

CnHa„ + »X + NaOR —CnH» + lOR + NaX , 
where R = alkyl or aryl group. 

(3) Condensation with alcoholic ammonia or with amines to yield alkylamines. 

CnH«» + iX + NH. —>- CnH*, + iNHa + HX. 

(4) Condensation with hydrocarbons, or certain derivatives of hydrocarbons, under the 
influence of Friedel-Crafts condensing agents to furnish alkylated derivatives; as 
for example: 

AlCls 

CnH» + ,X + C.H. —>■ CnH» + 1 C.H 5 -f HX . 

4 

The use of trialkyl or triaralkyl borates has been proposed in place of the halides 
generally employed in this type of condensation.' 

(5) Replacement of halogen by certain acid radicals, such as —CN, —SH, and others 
through interaction with salts of these acid.^ • 

CnH«. + ,X H- KCN -^ , iCN KX 

CnH^ + ,X + KSH —CnHjn ■ iSH 4- KX 
C„H*n + iX 4 AgNO, —>- C«H,.. 4 iNO* 4 AgX 

(6) Interaction with metallic magnesium to yield Grignard compounds capable of being 
utilized in numerous syntheses. 

CnH^nX4Mg -^ CnHan4xMgX. 


An industrial application of the Grignard synthesis is the preparation of lead 
tetraethyl from the halogen derivatives of ethane. In one procedure ethyl chlo¬ 
ride, dissolved in ethyl ether, is treated with lead chloride and magnesium turn¬ 
ings. After treatment with water and sodium liydroxide, the ether is removed 
by distillation, and the lead tetraethyl recovered by steam-distillation.^^ 

The most technically important reactions of the alkyl chlorides, namely hy¬ 
drolysis to alcohols and interaction with metallic salts to furnish esters, have 
already been discussed in detail in Chapter 33. 

The Decomposition of Alkyl Halides into Olefins 

The alkyl halides are decomposed to yield olefins and hydrogen halides ac¬ 
cording to the * reaction, CnHjn+iX —> -j- HX, by the action of chemical 

reagents, such as alkalies or alkali salts of organic acids, as well as by the action 
of heat with or without catalytic influence. The production of olefins during 
the hydrolysis of alkyl halides by alkalies, as in the production of alcohols, occurs 
most readily in the case of the tertiary halides and least so in the case of the 
primary compounds. Dechlorination of the chlorinated hydrocarbon may be 
effected by the action of hot alkalies in aqueous or alcoholic solutions but the 
reaction yields ethers and alcohols as well as olefinic hydrocarbons.^ Organic 
bases can be used also for dechlorination, for example, Fortey ® was able to 
obtain cyclohexene by heating chlorocyclohexane with quinoline. 

The production of olefins from alkyl halides under the influence of heat, 
with or without catalysts, is a reversible process in certain instances such as 
ethylene, propylene and tertiary olefins, in which the point of equilibrium in the 

'Kaufmann, French Patent 720,034, 1931; Ckem. Abs., 1932, 26, 3803. 

Daudt, U. S. Patent 1,798,593, March 31, 1931; assigned to K. 1. duPont de Nemours and 
Co.. Inc. 

* Nef, Ann., 1899, 309 , 128; 1901. 318 , 1. 

•J.C.S., 1898, 73, 941. 
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reaction, CaHjn+iX CnH^n + is displaced towards the right-hand side of 
the equation with rising temperature.®*' Accordingly low temperatures favor the 
production of alkyl halides from olefins,* while higher temperatures favor the 
production of olefins from these halides. In general the alkyl iodides are most 
readily decomposed by heat (especially the tertiary iodides) and the chlorides 
least so. Methyl chloride is the most resistant of the alkyl halides to thermal 
decomposution but pyrolysis is quite noticeable at about 500° C. The products 
consist of hydrogen chloride, carbon, methane, and other hydrocarbon gases.® 
In contrast to the thermostability of methyl chloride, the compound methyl iodide, 
though the most stable alkyl iodide, undergoes some decompositfon at about 270° C. 
yielding methane, ethylene, and iodine.® 

Ethyl chloride was found by Nef^ to be decomposed at 510° to 530° C. in 
tlie presence of pumice to yield 55 per cent of ethylene, while at 560° to 600° C. 
76.8 per cent of ethylene was produced. The marked catalytic influence of the 
chlorides of the divalent elements (nickel, cobalt, iron, cadmium, lead, and espe¬ 
cially barium) on the decomposition of alkyl chlorides into olefins at temperatures 
as low as 260° C. was shown by the work of Sabatier and Mailhe.® Brooks ® 
obtained quantitative yields, of ethylene and propylene from ethyl and propyl 
chlorides respectively by the catalytic influence of barium chloride on pumice at 
400° to 450° C. 

The decomposition of the propyl chlorides into propylene and hydrogen chlo¬ 
ride has been studied by a number of workers. Sabatier and Mailhe ® obtained 
good results with barium chloride, or other divalent metallic chlorides, at 260° C., 
but the catalyst tended to become gray in color because of the simultaneous 
polymerization of some of the olefins. According to Senderens,^® alumina is 
an excellent catalyst for the decomposition of propyl and isobutyl chlorides at 
temperatures above 250° C, For example, propyl and isobutyl chlorides gave, 
with alumina as catalyst, at 350° C. a 97 per cent yield of propylene and 95 per 
cent of isobutylene, respectively. 

The pyrolysis of 1- and of 2-chlorobutane both in the absence and in 
the presence of a catalyst (calcium chloride) has been investigated by Weston 
and Hass.^^ In the absence of catalysts the decompositions of 1-chlorobutane 
(at 550° C.) and of 2-chlorobutane (at 500° C.) were found to be homogeneous 
gaseous reactions. 1-Chlorobutane yielded butene-1 as the only product, while 
2-chlorobutane on decomposition yielded a mixture of butene-1, (*/j-butene-2 and 
/ra»w-butene-2. At 450° C. and in the presence of the catalyst both of the chloro- 
butanes were decomposed into mixtures of principally the cis- and /ran^-butene-2, 
together with a small proportion of butene-1. At still lower temperatures (400° C. 
and 250° C.) almost no butene-1 was formed by the decomposition of 2-cliloro- 
butane. With both of the chlorobutanes the percentage of decomposition was 
observed to increase with increasing times of exposure to the heated reaction 
zone. It was not determined whether the butenes rearranged in the presence 
of the catalyst or whether the catalyst induced decomposition with formation 
of the two butene-2 compounds directly from the chlorobutanes. » 

The kinetics of the decomposition of alkyl halides in the gas phase at 300** to 400** C. has been 
studied by Lessig (/. Phys, Chcm., 1932, 36, 2325; Chem. Abs., 1932, 26. 5000). 

* An account of the production of alkyl halides from olefins is given in Chapter 12. 

* Dumas and Peligot, Ann. chim. phys., 1835, 58, (2), 28. 

* Kahan, J.C.S., 1908, 93. 132. 

^ Ann., 1901, 318, 14. 

•Compt. rend., 1904, 138. 407; 1905, 141, 238. 

•Chem. Met. Eng., 1920. 22. 629. 

Compt. rend., 1908, 146, 1211; BuU. soc. chim., 1908, 3, (4), 827. 

“ J.A.C.S., 1932, 54, 3337. 
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As previously mentioned in Chapter 33, Ayres observed the following per¬ 
centage decomposition of various amyl chlorides in the liquid phase at 180® C 

Decomposed per 
Min. at 180* C. 

Per Cent 


Primary chlorides . 0.08 

Secondary chlorides . 0.65 

Tertiary chloride . 3.70 


It is evident that the decomposition of the tertiary chloride is considerable 
at 180® C., though it is inappreciable at 100® C. ‘ According to Ayres the forma¬ 
tion of amylenes from the amyl chlorides is not accelerated by moisture, caustic 
soda, amyl alcohols or fatty acids and the only amylene formed in an alkaline 
hydrolysis of an amyl chloride is that derived from the purely thermal decompO' 
sition of the chloride. 

Faragher and Garner studied the catalytic production of olefins from chlori¬ 
nated hexane, isohexane, cyclohexane, and heptane. They found that the stability 
of the monochloro-derivatives at a given temperature decreased with increasing 
molecular weight, at least up to about 7 carbon atoms in the chain. The following 
catalysts were tried at temperatures of 150® C. and over: alumina, unglazed por¬ 
celain, and porcelain impregnated with barium chloride. Of these catalysts, 
alumina was the most efficient, but alt three lost their activity rapidly because of 
the poisoning by the decomposition of the hydrocarbons. The employment of 
temperatures higher than 200® C. resulted in a more complete decomposition of 
the chloro-compound, a fact which is well illustrated in Table 139, which gives 
experimental results showing the iodine numbers of products from the catalytic 
decomposition of chloroheptane at temperatures of 150® C. to 400® C. in the 
presence of various contact materials. The theoretical iodine number for a 
heptene is 260. 

Table 139.— Iodine Numbers of Condensates from the Catalytic Decomposition 

of Chloroheptane. 


Temp. 

•c. 

Unglazed 

Porcelain 

Alumina 

Unglazed 
Porcelain and 
Barium Chloride 

Pyrex 

Glass 

150 

100 

_ 

_ 


200 

127 

198 

178 

52.5 

250 

192 

238 

187 

64 

300 

260 

254 

170 

83 

400 

265 

250 

180 • 

181 


The condensates obtained in the experiments of Faragher and Garner readily 
yielded fairly pure olefins on fractionation. This method of removing hydrogen 
chloride from a chloro-compound is recommended by these workers. No indi¬ 
cations of the extent of isomerization occurring during the reaction are given 
but, at the higher temperatures at any rate, considerable rearrangement must have 
occurred. Moreover, the rapid poisoning of the catalyst is an obvious disadvantage 
of this and similar methods. For the production of trimethylethylene from iso¬ 
amyl chloride, isoprene from chloroisoamylene, and butadiene from dichlorobu- 
tane, Miiller-Cunradi and Ober suggested a catalyst of titanium dioxide at 
300® to 500® C. under atmospheric or reduced pressure. 

Eng. Chem., 1929, 21, 899. 

^*J.A.C.S., 1921, 43, 1715. 

German Patent 565,160, 1930; assigned to 1. G. Farl)enindustrie A.*G., Chem. Ahs., 1933, 27, 992. 
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The observation o£ Faragher and Garner that the tendency of decomposition 
of the alkyl chlorides increases with increasing molecular weight is in agree¬ 
ment with the results of Schaarschmidt and Thiele on the production of fatty 
acids from paraffin. It was found that chlorine can be quantitatively re¬ 
moved from (mono-) chloro-derivatives of paraffin merely by heating the chloro- 
paraffin at about 300° C. The resulting olefin, however, possessed a much lower 
iodine value than that obtained by the action of alcoholic alkali, a result indi¬ 
cating that the olefin, initially produced, had undergone partial cyclicization. 
Similar observations were made by Gardner and Bielouss on the chlorinated 
paraffins of 17 or more carbon atoms. These chloro-compounds could be com¬ 
pletely dechlorinated by heating to about 250° C. without the aid of catalysts but 
the products showed much lower iodine numbers than required by theory, again 
showing that partial transformation of the olefins to cyclic hydrocarbons had 
taken place under the influence of heat. The work of Gardner and Bielouss was 
directed toward the application of the olefinic compounds produced by 
thermal decomposition of chlorinated high molecular weight paraffins, as drying 
oils. The reactions of these hydrocarbons with several reagents were also in¬ 
vestigated. At temperatures ranging from —5° to +20° C. sulphuric acid 
combined with a small proportion of the unsaturated hydrocarbons in the 
product to yield alkylsulphuric acids, which could be hydrolyzed to alcohols. 
The principal action of sulphuric acid was the almost complete polymerization of 
the unsaturated hydrocarbons. With sulphur monochloride, in amounts varying 
from 10 to 30 per cent of the hydrocarbons, the formation of hard and brittle 
products took place. When treated with this same reagent (sulphur monochloride) 
but in the presence of 10 to 15 per cent tung oil, rubber-1 ike substances were 
obtained, which were similar in appearance to some of the so-called vulcanized 
oils. The use of concentrated nitric acid resulted in the polymerization of these 
hydrocarbons. 

While some unsaturated hydrocarbons can be esterified by organic acids, 
Gardner and Bielouss failed to obtain such esters from their product on treat¬ 
ment with either acetic acid for 8 to 10 hours at 120° to 130° C. or with abietic 
acid for 6 to 8 hours at 200° C. 

Gardner has also described a procedure for the dechlorination of chlorin¬ 
ated petroleum products by heating the chlorinated oil to temperatures of 210° C. 
or higher in the presence of high-boiling materials, such as soya-bean oil, castor 
oil,, and paraffin wax. The unsaturated hydrocarbons may be recovered by 
vacuum distillation and are said to be useful in the manufacture of varnishes. 

According to Gardper,^^ these unsaturated hydrocarbons, or dechlorinated oils, 
may be used together with sulphur and rubber to produce tough molded articles, 
which can be vulcanized. The addition of fillers or pigments, such as zinc oxide, 
barium sulphate or lampblack, can be made also. Tire-treads, shoe soles, lami¬ 
nated waterproof fabrics or coatings for paper, are examples of the types of 
uses. Shiffler, Holm and Miller dechlorinated distillates containing com¬ 
bined chlorine formed as a result of cracking with aluminum chloride, by heating 
theni at 150° C. under pressure in the presence of ferrous sulphide or calcium 
oxide. 

Polychlorinated paraffin hydrocarbons may be converted to either saturated 

Bcr., 1920, 53, 2128. 

«i»d. Eng. Chem., 1922, 14 , 619; Bielouss, U. S. Patent 1,384,423, July 12, 1921; Chent. Abs., 
1921, 15, 3258. 

**U. S. Patent 1,484,018, Feb. 19, 1924; J.S.C.I., 1924, 43, 43SR. 

” U. S. Patent 1,446,039, Feb. 20, 1923; J.S.C.I., 1923, 42, 366A. 

U. S. Patent 1,869,781, Aug. 2, 1932; assigned to Standard Oil Co. of California; Brit. Chetn. 
.4bs. B, 1933. 499. 
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or unsaturated products by means of alkalies. When the halogenated hydrocar¬ 
bons, containing more than 8 carbon atoms and not more than 9 chlorine atoms 
per molecule, are boiled under a reflux apparatus with solutions of sodium hy¬ 
droxide or carbonate, dechlorination is effected with the formation of saturated 
substances. In this procedure catalysts such as copper salts or the oxides or 
hydroxides of iron or zinc may be employed. On the other hand, by heating 
chlorinated hydrocarbons with milk of lime under pressure at 150® to 160® C. 
unsaturated hydrocarbons possessing the characteristics of drying oils are ob¬ 
tained.^® 

If in place of refluxing the chlorinated hydrocarbons with solutions of sodium 
hydroxide or carbonate the reaction is carried* out under pressure, then light- 
colored viscous oils are the result. These oils are probably unsaturated mono- 
hydric alcohols and may still contain halogens. 

Monochloro-dcrivativcs of the Cyclopara^ns. Faragher and Garner reported 
that monochloro-cyclohexane was much more readily decomposed than the alkyl 
chlorides of 6 and 7 carbon atoms and this rule also applies to the higher chlo¬ 
rinated derivatives. The ease with which the chlorinated cycloparaffins decompose 
to yield cyclic olefins and hydrochloric acid was employed by Thiele -^ in making 
drying oils from kerosene containing considerable proportions of cyclo- 
paraffins. Chlorinated kerosene is acidified with acetic acid and then treated with 
metallic zinc. The cleavage of hydrogen chloride from various mono- and di- 
chlorocyclohexanes by the use of catalysts, such as bariiim chloride or alumina, 
has been proposed by Schmidt, Hochschwender and F.ichler.-^ 


Isomerization Phenomena among Alkyl Halides 


Many alkyl halides, when heated either in the liquid or gaseous phases, ex¬ 
hibit a marked tendency to isomerize to a more stable isomer. The general trend 
appears to be for primary halides to isomerize to secondary which in turn possess 
a disposition to be transformed to tertiary compounds whenever possible. There 
is little doubt that this isomerization reaction takes place by the intermediate 
production of an olefin,-- so that the conversion of n-propyl bromide into iso¬ 
propyl bromide may be represented as follows; 


ClLCHaCH.Br -(CHaCH-CH,-f HBr) ->- CHaCHBrCH, 


According to Brunei,-® n-propyl bromide when heated in the liquid phase for 
1 hour at 262® C. is converted to the extent of about 22 per cent into the iso-form, 
while in the gaseous phase at the same temperature a conversion of over 34 per 
cent was observed after 2 hours. The reverse process, conversion of isopropyl 
bromide into the n-bromide, takes place at 260® C. though very much more slov^y. 
In the gaseous phase at 360° C. an equilibrium is ultimately set up in which the 
ratio of iso- to n-bromide is 73:27; quantities of hydrogen bromide and propyl¬ 
ene are also present.^^ In a similar way, isobutyl bromide may be isomerized 
to the tertiary bromide to the extent of 72 to 74 per cent by heating at 140° C. 


**I. G. Farbenindustric A.-G., British Patents 372,784 and 372,785, 1931: Brit. Chem. Abs. B 
1932, 714. 

I. G. Farbenindustric A.-G., British Patent 343.948, 1929: Brit, Chem. Abs. B. 1931. 578 
*»U. S. Patent L254,866, Jan. 29, 1918; Chem. Abs., 1918. 12, 769. 

« U. S. Patent 1,221,382, Apr. 3, 1917; Chem. Abs., 1917, 11, 1885; British Patent 5,429, 1912; 
J. S. C. /., 1913, 32, 47; German Patent 254,473, 1911: Chem. Abs., 1913, 7, 1266; German Patent 
255,538, 1912; Chem. Abs., 1913, 7, 1587; all patents assigned to Badische Anilin- und Soda-Fabrik. 

** Lucas and Jameson, J.A.C.S., 1924, 46, 2479. 

1911, 384, 245. 

Brunei and Bafsky, Science, 1924, 60, 23. 



806 


CHEMISTRY OF PETROLEUM DERIVATIVES 


for l5 hours,** while the tertiary bromide may be partially reconverted to the 
isobutyl bromide by heating to temperatures of 180®-260® C. for several hours. 
At 237® C. in the liquid phase the equilibrium appears to correspond to a mixture 
of 73 per cent tertiary and 27 per cent of isobutyl bromides, but in the gaseous 
phase at 280® C. the equilibrium mixture contains 90 to 91 per cent of the ter¬ 
tiary form.** 

A number of transformations of amyl bromides have been studied in some 
detail by Michael and Leupold,*^ who found that the tertiary compound is the 
most stable variety. Nevertheless tertiary amyl bromide, when^ heated in the 
liquid state at 184® C. for 30 minutes, underwent a 7 per cent conversion to 
active amyl bromide (l-bromo-2-methylbutane) and about 12 per cent to 3-bromo- 
2-methylbutane, so that here again an equilibrium appears to exist in which the 
tertiary compound is always in excess. 


Reaction of Monochlorinated Paraffins and Cycloparaffins 
WITH Ammonia and Amines 

The primary and secondary alkyl halides may be condensed with ammonia 
(and amines) to furnish alkylamines, but this condensation is not applicable to 
tertiary halides which yield olefins on treatment with ammonia. The reaction 
with ammonia, which is usually effected by heating the halide with an alcoholic 
ammonia solution, leads to the production of mono-, di-, and tri-alkylamines as 
well as of quaternary ammonium salts, though conditions can be often arranged 
so that a preponderance of one product is obtained. By heating an alcoholic 
ammonia solution of ethyl chloride in sealed tubes at 100° C., Groves ** noted 
the formation of ethylamine together with some diethylamine and triethylamine. 
The reaction was further investigated by Hofmann,*** who showed that, besides 
the three amines already noted, tetraethylammonium chloride is also formed under 
certain conditions. The yields of the various products depend mainly upon the 
relative proportions of the reactants. The several stages of the condensation 
between ethyl chloride and ammonia may be summarized by the following re¬ 
actions : 

GH.C1 + NH, —C.H.NH.*fHCl 
C.H.CH-C,H,NH, —^ '(C,H.),NH-f HQ 
C,H.C1 + (GH.)*NH —(C.H.),N + HC1 
C.H.C1 + (C.H.).N —(C,H.)4NC1 

According to Henning,** the ethylation of ammonia and other amines by 
means of ethyl chloride can readily be effected by heating the reactants together 
for 4 hours in an autoclave at 100° C. and under about 150 lbs. pressure. 

Examples of the alkylation of ammonia by means of alkyl chlorides are very 
numerous. Malbot reported the formation of mono- and di-isopropylamines by 
heating isopropyl chloride with ammonia. When alkyl halides are treated with 
a solution of sodamide in liquid ammonia, two concurrent reactions take place 
resulting in the formation of alkylamines and olefin hydrocarbons. These proc- 


M Michael and Lcupold, Ann., 1911, 379, 263. 

*• Brunei, Bet., 1911, 44, 1000. 

» Michael and Leupold, Ann., 1911. 379. 263. 

“ J.C.S., 1860, 13, 331. 

» Bet., 1870, 3. 109. _ 

*^J.S.C.I., 1920, 39. 1 T; cf. Callan, Ckem. Age (London), 1920, 3, 557. 

Malbot and Malbot, Bull. soe. chim., 1890, (3) 4, 340, 632; Ckem. Soc. Abs„ 1891, 60, 413. 
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esses are exemplified by the case of the condensation of ethyl chloride with 
sodamide, which may be represented in the following manner: 

GHsCl + NHaNa —NaCl-f C.H.NH, 

and 

C,H.Cl + NH,Na -NaCl + NH. + CaH^ 

On the other hand, wlien alkyl chlorides are treated at —40® C. with am¬ 
monia and an alkali metal (i.e., a metallic ammonium compound) primary amines 
and paraffin hydrocarbons are formed according to the typical reactions: 

CH.Cl + 2NH.Na —CH. + Nrf.Na + NaCl + NH. 

RCl + NH.Na —>■ RNH, + NaCl 

The alkylation of aliphatic and aromatic amines can similarly be effected by 
heating an alkyl halide with the amine^ The condensation of n-propyl chloride 
with ethylamine to furnish ethylpropylamine and ethyklipropylamine has been 
described by Comanducci and Arena.®^ The alkylation of aromatic amines by 
means of alkyl chlorides is exemplified by the condensation of 1-chlorobutane 
with o- and p-toluidines, a reaction investigated by Reilly and Hickinbottom.*® 

Groggins and Stirton ®®* studied the effect of catalysts on the reaction of 
aqueous ammonia with halogenated compounds and observed tliat the activity 
of the catalyst depends upon the type of organic compound and that a small pro¬ 
portion of water catalyzes the reaction. For example, ethylene dichloride can 
be reacted with aqueous ammonia at 110® C. to form ethylenediamine without 
the use of a catalyst, though copper, or some other metal following hydrogen 
in the electrochemical series, is necessary in the reaction of ammonia with com¬ 
pounds containing a halogen attached to the phenyl nucleus, such as chloroben¬ 
zene, 4-chloro-2-phenylanthraquinone, and chlorobenzoylbenzoic acids. They also 
noted that the addition of ammonium nitrate or oxidants, such as potassium 
chlorate, to the copper compounds increased the yield and purity of the result¬ 
ing amine. This was especially true in the amination of compounds containing 
the halogen attached to the phenyl nucleus. Contrary to the conclusions of Hale 
and Britton in their work on aniline, Groggins and Stirton found that the 
presence of metallic copper is not necessary when copper compounds are used 
as catalysts, nor is it advantageous to keep the copper catalyst in a reduced state. 

That ammonolysis is brought about by the activity of ammonia and not by 
the base ammonium hydroxide is concluded by Groggins and Stirton on the 
basis of the following observations: Ammonolysis may be carried out in the 
vapor phase with anhydrous ammonia or in the liquid phase with anhydrous am¬ 
monia dissolved in an inert diluent. The properties of the system, ammonia-water, 
are those of a typical mixture. No ammonolysis takes place when equivalent 
amounts of ammonium salts are substituted for the ammonia. Colorimetric studies 
in sealed glass tubes show that the pn of aqueous ammonia decreases with rising 
temperature and that this decrease is more rapid when ammonium salts are 
added. 

Salts of diguanidine derivatives of the higher molecular weight paraffin hydro- 

” Chablay, Compt. rend., 1913, 156, 327; Chem. Zentr,, 1913, 1, 1003. 

“ Leljeau, Compt. rend., 1905, 140 . 1042. 1264. 

** Giro. Farm. Chim., 1907, 56. 385; Chem. Zentr., 1907, 2, 1396. 

^J.C.S., 1918, 113 , 974. 

>“«/nrf. Eng. Chem., 1933, 25, 42, 169, 274. 

“bU. S. Patent 1,607.824, Nov. 23, 1926; Brii. Chem. y4^f. B, 1927, 101; Reissue 17,280, Apr. 23. 
1929; assigned to Dow Chemical Co. 
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carbons may be prepared by the reaction between a,)9-dihalogen derivatives of 
these hydrocarbons and guanidine in warm alcohol solutions.®® 

The manufacture of nitrogen-containing compounds of the higher paraffins 
is described by the 1. G. Farbenindtistrie A.-G.®^ Halogenated derivatives of 
the paraffin hydrocarbons of more than 8 carbon atoms are heated with ammonia 
in aqueous or alcoholic solution, or with agents yielding ammonia, e.g., ammonium 
carbonate or urea, with or without the addition of copper compounds as catalysts. 
The heating is best carried out under increased pressure. These compounds can 
be sulphonated to give emulsifying agents.®^* 

Substances which may be employed as wetting, cleansing, tanning or dispers¬ 
ing agents can be prepared by the condensation of halogenated paraffin hydro¬ 
carbons, containing more than nine carbon atoms, with amines or substituted 
amines.®® For example, paraffin wax (m.p. 46° to 50° C.) is chlorinated until 
a 25 per cent increase in weight is obtained. The chlorinated hydrocarbon is 
made to react at 180° C. with 2-hydroxyethylamine, and the resulting product is 
esterified at 50° to 60° C. with chlorosulphonic acid. This procedure yields a 
substance which may be used as a wetting agent. A leather-softening agent is 
obtained as the result of the reaction between chlorinated brown-coal tar oil 
(b.p. 200° to 300° C.) and n-butylamine, while chlorinated paraffin oil (b.p. 
150° to 300° C.) and p-aminophenol unite to give a dispersing agent. 

The amines generally are stronger bases than ammonia, and readily form 
salts with both organic and inorganic acids. This is particularly true of the. 
alkylamines derived from paraffin hydrocarbons having about 6 or less carbon 
atoms in the molecule. As a rule the solubility of such amines in water decreases 
with the number of alkyl groups attached to the nitrogen atom. For a given 
series of amines having the same hydrocarbon radical the primary amine is the 
most soluble, the secondary less so, and the tertiary amine the least soluble. In 
addition to being fairly strong bases the amines are also solvents for many or¬ 
ganic substances.®® 

Production of Ethers from Monochlorinated Paraffins 

Alkyl halides can be condensed with sodium alcoholates or alkali salts of 
phenols to form ethers, the reactions being: 

RX4-NaOCnHa„ + , - ^ ROC„Ha„ + , + NaX 

RX + NaOGH. —ROC.H. + NaX 

The second reaction, namely, the formation of arylalkyl ethers, is of great 
industrial importance in the dye industry and is effected more readily than the 
first reaction. In general, it is sufficient to heat the alkyl halide with an alkaline 
solution of the phenol under pressure. Ethyl chloride is used extensively for 
the ethylation of certain phenols employed in the preparation of hydroxyazo dyes 
whereby the fastness of these dyes to alkalies is greatly increased. An example 
of a dye which is stabilized to alkalies by the introduction of an ethyl group in 
a phenolic OH group is Chrysophenine G, which is obtained by the condensation 
of diazotized diaminostilbene-sulphonic acid with two molecules of phenetol 

'*Von dodin, German Patent 518,407, 1928; Chem. Abs., 1931, 25, 2439. 

British Patent 339,962. 1929; Brit. Chem. Abs. B. 1931, 194. 

■’•I. G. Farbenindustrie A.-G.; British Patent 383,736, 1932; Chem. Abs., 1933, 27, 4390. 

“I. G. Farbenindustrie A.-G., British Patent 359,001, 1930; Brit. Chem. Abs. B, 1932, 173. 

** For the solubilities of a large number of organic compounds in various alkylamines, see Berg¬ 
strom, Gilkey and Lung, Ind. Eng. Chem.t 1932, 24, 57. 
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(ethyl phenyl ether). According to Henning,*® most industrial ethylations of 
hydroxylic compounds by means of ethyl chloride can be accomplished by heating 
in an autoclave under 160 lbs. pressure at about 100® C., but this has been con¬ 
tested by Callan.*^ 

Dispersing, emulsifying or softening agents may be obtained by the sulphona- 
tion or halogenation of the ethers derived from chlorinated high molecular weight 
paraffin hydrocarbons, that is, those containing 9 or more carbon atoms per 
molecule, and polyhydric alcohols or phenols or naphthols.** As an example, 
chlorinated petroleum hydrocarbons may be etherized with the monosodium de¬ 
rivative of ethylene glycol and the resulting ether, which contains a hydroxyl 
group, then esterified with chlorosulphonic acid at 40° to 50° C. 

The reaction between alkyl chlorides and alkali phenoxides is capable of 
extension to the higher members of the series of alkyl chlorides, so that high 
molecular weight ethers, some of which may have industrial applications, can 
be produced. Bosshard and Strauss ** described the production of a phenoxy- 
paraffin, a soap-like mass of melting point 60° C., by heating a monochlorinated 
solid paraffin with phenol, potassium carbonate, and a solvent under reflux. This 
phcnoxyparaffin can be sulphonated to a semi-solid fat-like substance soluble in 
water which can be used in the tanning industry. The production of o- or jfl- 
naphthoxyparaffins, from the chloroparaffin and alkaline a- or /3-naphthols re¬ 
spectively, can be similarly effected. 

Carbohydrate ethers have been prepared by reacting alkyl halides, such as 
ethyl chloride, with a mixture of cellulose and a metallic hydroxide in suspension 
in an organic liquid.**® 

Nuclear Alkylation of Aromatic Compounds by Means of Alkyl Halides 

The alkyl chlorides may be used for the introduction of alkyl groups into the 
aromatic nucleus. Not only may aromatic hydrocarbons be readily alkylated by 
treatment with an alkyl chloride in the presence of a suitable condensing agent, 
but the process can also be extended to the alkylation of phenols, aromatic ke¬ 
tones, and other compounds. The condensing agent most frequently employed 
is anhydrous aluminum chloride but other anhydrous metallic halides can also 
be employed in some cases. These processes belong to the series of synthetic re¬ 
actions usually designated by the names of their discoverers, Friedel and Crafts.** 
The reactions proceed more readily in the case of the bromides than with the 
chlorides while tertiary compounds appear to undergo this process with par¬ 
ticular ease. A large number of nitrated tertiary butyl aromatic compounds 
having strong musk-like odors, were prepared by the aid of this reaction.*® 

An important peculiarity of this process of alkylating aromatic hydrocarbons 
is that the alkyl group frequently undergoes an isomerization reaction during the 
process of alkylation and presumably under the powerful catalytic influence of 
the anhydrous metallic halide. Thus n-propyl bromide reacts with benzene to 
furnish mainly an isopropylbenzene, while n-butyl bromide condenses to furnish 

*»J.S.C.L, 1920. 39, IT. 

“ Ckem. Age (London), 1920, 3, 557. 

I. G. L'arbcnindustrie A.-G., British Patent 360,493, 1930; Brit, Chem, Abs. B, 1932, 252. 
Cf. French Patent 709,626, 1931,^ Chem. Abs., 1932, 26, 1403. 

** German Patent 344,878, 19i7; assigned to Elektrochemische Werke G.m.b.H.; Chem. Abs., 1923, 
17, 1243, 

I.iebster, French Patent 730,038, 1931; Chem. Abs., 1933, 27, 305. 

** For an account of Friedel-Crafts syntheses see Kranzlcin, “Aluminiumchlorid in der orgnnische 
Chemie," Verlag Chemie, Berlin, 1932. 

Baur, Bcr., 1891, 24, 2832; Baur-Thurgau, Ber., 1898, 31, 1344; Baur<Thurgau and Bischler, 
Ber., 1899, 32, 3647; see also Chapter 17 (footnote 43), in which a number of patents are listed. 
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a secondary butyl product. Treatment of benzene with (primary) isobutyl chlo¬ 
ride in the presence of aluminum chloride leads to the production of tertiary 
butylbenzene together with some isobutylbenzene.*® Numerous other examples 
of such isomerization phenomena during this condensation might be cited. 
Schmidt, Ernst and Lange*®* formed alkylnaphthalenes by heating naphthalene 
with monochlorinated compounds, such as chloromethane or chloroethane at 160® 
to 180® C. under pressures as high as 45 atmospheres in the presence of zinc 
chloride or oxide. 

Phenols may similarly be alkylated by treatment with an alkyl chloride in the 
presence of anhydrous aluminum chloride. In this way 4-tertiary butyl-jO-naph- 
thol may be prepared from jS-naphthol and tertiary butyl chloride.*^ The alkyla¬ 
tion of phenols by alkyl halides in the presence of anhydrous ferric chloride has 
been studied by a number of investigators.*^* Linner *^'* prepared p-tertiary- 
butylphenol by passing isobutylene through a solution of phenol in carbon tetra¬ 
chloride containing aluminum chloride in suspension and a small proportion of 
tertiary butyl chloride. The reaction is initiated by the alkyl chloride and the 
hydrogen chloride liberated combines with the isobutylene to form additional 
alkyl chloride to continue the reaction. 4-Hydroxytetraphenylmethane results by 
the reaction of triphenylmethyl chloride and phenol in the presence of aluminum 
chloride.*^® 

The alkylation of aromatic hydrocarbons by means of the higher alkyl chlo¬ 
rides has led to the use of these chlorides in the production of synthetic lubri¬ 
cating oils of value for blending with natural petroleum lubricants to lower their 
pour point. Thus a synthetic lubricating oil possessing these pour-reducing prop¬ 
erties has been produced by condensing a monochlorinated paraffin wax with a 
solid aromatic hydrocarbon, such as naphthalene, at low temperatures and in the 
presence of aluminum chloride as a condensing agent.*® 


Double Decomposition of Salts of Inorganic Acids with Alkyl Halides 


Production of Nitriles, The reaction of primary and secondary alkyl halides 
with metallic cyanides results in the formation of nitriles according to the 
reaction: 

RX + MCN —RCN + MX 
(M = monovalent element, such as Na, K, etc.) 

The nitriles, so produced, may be made the starting point for a large number 
of syntheses of valuable organic chemicals, including aliphatic acids, amines, 
amides or alcohols. Despite the fact that the reaction has been known for many 
years, it is surprising to find that it has been very little studied. The reaction 
of a number of alkyl chlorides with potassium cyanide to yield nitriles by heating 
them in aqueous alcoholic solution was studied by Lieben and Rossi.*® Adams 
and Marvel ®® succeeded in producing valeronitrile from butyl bromide and sodium 
cyanide under similar conditions. 


« Bodtker, Bk//. soc. chim,, 1904, (3) 31, 966; Chem. Soc. Abs., 1904. 86 (1). 801. 

1933*^ 1,879,912, Sept. 27, 1932; assigned to I. G. Farbemndustrie A.-G.; Chem. Ahs,, 

" Kocnip^rger, U. S. Patent 1,788,529, Jan. 13, 1931; Chem. Ahs., 1931, 25. 974. • 

"" See (lurcwitsch, Ber., 1899, 32, 2428. , y/t. 

892,990, Tan. 3. 1933; assigned to Beck. Roller and Co.; Chem. Ahs. 1933. 
Austrian Patent 124,281, 1931; Chem. Ahs., 1932, 26, 735; French Patent 697 711* 1930* 
patrats assigned to Soc. Reichhold, Fliigger and Boecking. ’ * * 

J^« Baeyer, Ber., 1909, 42. 2625; Busch and Knoll, Brr., 1927, 60, 2243: Chem. Abs., 192S, 22, 400. 
Davis, U. S. Patent 1.815,022, July 14, 1931; assigned to Standarii Oil Development Co! For 
a description of the preparation and properties of this synthetic oil see Chapter 30. 

]R71« lS9s 75« 

••J.A.C.S., 1920, 42, 318. 
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Later Hass and Marshall reported the synthesis of caproic acid by the 
hydrolysis of amyl cyanide. The optimum conditions for the production of the 
latter compound by the interaction of sodium cyanide and l-chloropentane were 
determined. The best yields of amyl cyanide (68 to 70 per cent of the theoretical) 
were obtained by refluxing 1 mole of the chloride with a slight excess of sodium 
cyanide (1.1 moles) in aqueous ethanol solution for 48 hours or longer. A 
solvent consisting of 80 per cent ethanol and 20 per cent of water is suitable for 
this purpose. These yields were very greatly improved by the addition of sodium 
iodide to the reaction mixture, the increased yields being due to the intermediate 
production of the more reactive amyl iodide according to the scheme: 

I 

CiHiiCl + Nal —C,HuI 4* NaCl 
CsHtJ -f NaCN -GH„CN -f Nal 

By refluxing an equimolecular mixture of amyl chloride and sodium iodide 
with a 10 per cent excess of sodium cyanide in 80 per cent ethanol-water for 
24 hours, a 90 per cent yield of crude n-amyl cyanide was obtained. 

The hydrolysis of n-amyl cyanide was readily effected by warming it with 
an equimolecular amount of 67 per cent sulphuric acid for 30 minutes when 
caproic acid was obtained in excellent yield.®- Aliphatic nitriles are said to be 
readily hydrolyzed to acids by treatment with 90 per cent phosphoric acid at 
150° to 220° C.«® 

On attempting to apply their method for the preparation of nitriles to the 
secondary and tertiary amyl halides, Hass and Marshall found that the secondary 
amyl chlorides and bromides gave comparatively low yields of nitriles (about 
30 per cent), while the tertiary chlorides or bromides gave no nitriles whatever. 

This method of nitrile production can be applied to other primary alkyl 
chlorides with excellent yields. In the case of the lower boiling chlorides, such 
as butyl chloride, it is best to use superatmospheric pressure, for which purpose 
iron autoclaves are quite suitable. 

Alkyl chlorides may be condensed with alkali hydrosulphides to yield mer- 
captans; with alkali sulphides to furnish sulphides or thioethers; and with a num¬ 
ber of other metallic salts of various acids to yield the corresponding alkyl esters. 
Generally the reaction is more difficult to effect in the case of the chlorides than 
with the other halides, and in the laboratory the more reactive iodides are most 
frequently employed for such syntheses. 

Keller suggested the preparation of sulphurized hydrocarbon derivatives by 
reacting halogenated higher aliphatic hydrocarbons with hydrosulphides, sulphides 
or polysulphides, under such condition that the chlorine is replaced completely or 
only in part by sulphur-containing groups. For example, trichlorinated hard 
paraffin wax is heated with a potassium hydroxide solution of hydrogen sulphide 
under pressure at 140° C., the products being insecticides. 

The manufacture of ethyl mercaptan from ethyl chloride has been carried 
out on a considerable scale. Ethyl mercaptan is employed as a raw material in 
the synthesis of sulphoml, a very widely used hypnotic drug. This synthesis is 
effected by condensing ethyl mercaptan and acetone together in the presence of a 
catalyst, such as zinc chloride, with the production of a mercaptol, which is 

“/nrf. Eng, Chcm., 1931, 23, 3S2; Chem, Ahs„ 1931, 25, 2689. 

“Caproic acid (pentane* 1-carboxylic acid) is used in the preparation of hcxylylresorcinol by con¬ 
densation with resorcinol in the presence of zinc chloride; Dohme, U. S. Patent 1,649,669, Nov. IS, 
1928; Chetn. Abs., 1928, 22, 434. Reduction of this compound yields the well-known pharmaceutical 
product hexylresorcinol; Dohme, U. S. Patent 1,649,667, Nov. IS, 1927; Chcm. Abs., 1928, 22. 434. 

“I.^G. Parbenindustrie A.-G., British Patent 339,235, 1929; Brit. Chem. Abs. B, 1931, 289. 

German Patent S57,24S, 1930; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 
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readily oxidized to the corresponding sulphone, or sulphonal.®* The series of 
reactions is represented as follows: 


GH.C1 + KSH —C.H,SH + KCI 
ethyl mercaptan 


CH, 

CH. SC.H. 

CH. SO.C,H, 

\ , 

w 

(+ 0.) \ / 

CO + 2C,H,SH 


->- c 

/ 

/\ 

/\ 

CH, 

CH, SC,H. 

CH, SO,C,H. 


mercaptol 

sulphonal 


Two other drugs of the same class may also be synthesized from ethyl mer 
captan, namely trional and tetronal, having the following structural formulas: 


CH, SO,C,H. 

V 

/\ 

GH, SO,GH. 
trional 


GH. SO,GH. 

V 

Gllf ^SO,C,H. 

tetronal 


Reaction of the Ai.kyl Chlorides with Magnesium 

When alkyl halides are treated in anhydrous ethereal solution with pure mag¬ 
nesium ribbon direct, combination takes place with the production of magnesium 
alkyl halide, the so-called Grignard reagent. These magnesium compounds are 
of great value in organic syntheses since they readily combine with a number 
of substances such as aldehydes, ketones, carbon dioxide and many others with 
the formation of new products. On a laboratory scale the more reactive alkyl 
magnesium iodides are generally employed, and little use has been made of the 
chlorides. However, the action of metallic magnesium on a few alkyl 
chlorides has been investigated. For example, tertiary butyl chloride readily 
combines with magnesium at 5° to 15° C. to yield a Grignard compound but at 
a higher temperature there is a tendency for decomposition to occur with the 
formation of isobutylene and isobutane, according to the reaction: 

2C4H.C1 + Mg —MgCl, + CJlxo-f C 4 H, 

This disruptive process is even more pronounced at much higher temperatures. 
When isobutyl chloride is heated with magnesium for several hours at 260° C., 
the products consist of hydrogen, diisobutyl and a solid material.^® It appears, 
however, that stable Grignard compounds can be prepared from alkyl chlo¬ 
rides in dry ethereal solution in the presence of a catalyst such as iodine or 
magnesium iodide. Schmalfuss reported the preparation of a reactive Grignard 
reagent by passing gaseous methyl chloride into dry boiling ether containing 
finely divided magnesium and one or more catalysts. Organo-magnesium com¬ 
pounds may likewise be prepared from chlorinated aromatic hydrocarbons. For 
example, a Grignard compound results on heating magnesium with chlorobenzene 
to 160° to 170° C. Such products condense with ethylene oxide, ethylene chloro- 

** Baumann, Bcr., 1886, 19, 2805. 

" Bouveault, Compt. rend., 1904, 138, 1108. 

“ Spencer and Crewdson, 1908, 93, 1821. 

"German Patent 374,368, 1922; J.S.C.I., 1923.42, 1202A. 
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hydrin, ketones, aldehydes, or esters, to yield alcohols. The compound mentioned 
condenses with ethylene oxide to form ^-phenyl alcohol.®’'^ 

The reaction of isopropyl magnesium bromide and allyl bromide yields, ac¬ 
cording to Risseghem,®^** a mixture of 4-methyl-l-pentene and a mpre volatile 
product. 

Grignard compounds are of little value industrially because of their high cost. 
However, Zelinski ®® has described a process of preparing the higher fatty acids 
by decomposing the Grignard compounds of higher monochlorinated hydrocarbons 
with carbon dioxide. The crude petroleum is chlorinated, the product is dissolved 
in anhydrous ether and the solution treated with magnesium. Solution of the 
magnesium is accelerated by the addition of a tatalyst, such as iodine, methyl 
iodide, aluminum salts or hydrogen chloride. Into the cold ethereal Grignard 
reagent is passed a stream of carbon dioxide. The Grignard compound is thereby 
decomposed with the production of the magnesium salt of a fatty acid accordnig 
to the reaction: 

2RMga + 2CO, —(RCOO).Mg + MgCU, 

where R represents a hydrocarbon residue. The fatty acids, so produced, are 
then liberated from the magnesium salts by treatment with dilute acid.®® It is 
understood that this process, though of considerable scientific interest, is not 
economically practicable owing to the high cost of the magnesium which cannot 
be recovered as such. Nevertheless, in the production of some compounds, such 
as lead tetraethyl, organic metallohalides appear to be indispensable. Tetraethyl 
lead (tetraethyl plumbane) was prepared from ( 1 ) ethyl iodide and lead-sodium,®®* 
(2) zinc diethyl and lead chloride,®®** and (3) ethyl magnesium bromide and 
lead chloride.®®® These methods have been modified later for application on an 
industrial scale. In several methods,®®^ lead-sodium alloys are heated together 
with ethyl halides, and in others ®®® magnesium ethyl halides are caused to react 
with lead chloride in the presence of a catalyst s.uch as an alkyl iodide.®®^ 

The Grignard reagents produced from the monohalogenated cycloparaffins 
exhibit a similar order of reactivity to those derived from straight chain com¬ 
ponents. 


Shoruigin, Isagulyantz, Guseva, Poliakov, and Ossipova, French Patent 738,277, 1932; Chem. 
Ahs., 1933, 27, 1638. 

Bull. soc. chim. Belg., 1933, 42, 229; Chem, Ahs., 1933, 27, 5052. 

“ French Patent 326,665, 1902; sec also Z, attgew. Chem., 1903, 16, 37. 

Collctas, Les matieres grasses, 1914, 7, 4151; J.S.C.I., 1914, 33, 972. 

Ghira, Gapetta chim. ital., 1894, 24 (1), 44; cf. Cahours, Ann., 1862, 122, 65. 

Iluckton, Ann., 1859, 109, 222; ibid., 1859, 112, 226; Frankland and Lawrance, J.C.S., 1879, 
35, 245. 

“c Pfeiffer and Truskicr, Ber., 1904, 37, 1127. 

Midglcy, U. S. Patent 1,622,228, Mar. 22, 1927; Brit. Chem. Abs. B, 1927, 349; British Patent 
216,083, 1923; J.S.C.I., 1925, 44, 299B; Calinfraert, U. S. Patent l,o22,233, Mar. 22, 1927; BHt. 
Chem. Abs. B, 1927, 428; all three patents assigned to General Motors Corp. Calcott and FngHsh, 
U. S. Patent 1,652,812, Dec. 13, 1927; Brit. Chem. Abs. B, 1928, 157; Calcott, Parmelee and Lorn- 
man, U. S. Patent 1,664,021, Mar. 27, 1928; Chem. Abs., 1928, 22, 1677; British Patent 280,169, 1926; 
Brit. Chem. Abs. B, 1928, 893; French Patent 638,103, 1927; Chem. Abs., 1929, 23, 275; Calcott 
and Baudt, U. S. Patent 1,692,926, Nov. 27, 1928; Brit. Chem. Abs. B, 1929, 427; Amick, Downing 
and Parmelee, U. S. Patent 1,907,701, May 9, 1933; Chem. Abs., 1933, 27, 3724; all patents assigned 
to £. I. duPont de Nemours and Co., Inc. Kraus and Callis, U. S. Patents 1,694,268, Dec. 4, 1928; 
Brit. Chem. Abs. B, 1929, 355; U. S. Patent 1,697,245, Jan. 1, 1929; Brit. Chem. Abs. B, 1929, 427; 
both patents assigned to Standard Oil Development Co. 

Daudt, British Patent 279,106, 1927; Brit. Chem. Abs. B, 1928, 748; German Patent 533.779, 
1927; Chem. Abs., 1932, 26, 738; both patents assigned to E. I. duPont de Nemours and Co., Inc. 

An electrolytic method for the preparation of lead tetraethyl is described by Calingaert. U. S. 
Patent 1,539,297, May 26, 1925; as.signed to General Motors Corp.; J.S.C.I., 1925, 44, 652B. The 
technical utilization of tetraethyl lead is discussed by Kalichevsky and Stagner. “Chemical Refining of 
Petroleum,” Chemical Catalog Co., Inc., New York 1933, 283. The relation between aromatic, tetra¬ 
ethyl lead, and octane equivalents and their determination, and the characteristics of gasolines and 
the amounts of added tetraethyl lead are discussed by Sachanen and Tilicheyev, Chemistry and 
Technology of Cracking, translated by Boehtlingk, Brown and Steik, Chemical Catalog Co., Inc., 
New York, 1932, 213-217. 
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Other Reactions of the Alkyl Chlorides and Monochlorinated Cyclo¬ 
paraffins 

A number of alkyl chlorides can be readily nitrated by dilute nitric acid to 
furnish nitro-derivatives. For example, Konovalov prepared a chloronitro- 
isobutane of the structure 

CH, 

\(NOOCH,Cl 

au 

by nitration of isobutyl chloride at 70° to 100° C. The production of resinous 

or viscous oils, which may be used in varnish or pyroxylin compositions, has 

betn described by Bielouss.^® The procedure consists in chlorinating a mineral 
oil distillate of the paraffin type, specific gravity not less than 0.88?, until about 

20 per cent by weight of chlorine has been absorbed. The chlorinated oil is 

then nitrated, employing a mixture of nitric and sulphuric acids, at temperatures 
below 55° C 

According to Schrauth,”^ carboxylic acids may be made by fusing monochlo- 
rinated petroleum fractions with alkalies at 200° to 300° C. in such a manner as 
to avoid high pressure. The temperature is at first maintained at 200° to 230° C. 
and later raised to 300° C. The products obtained after 6 to 9 hours contain 
dry, odorless soaps soluble in hot water, with good lathering properties. The 
excess of alkali may be neutralized with mineral acid and the fatty acids ex¬ 
tracted by means of steam or water. Hydrogen is evolved during the fusion. 
Under these conditions, cetyl chloride is said to be converted into palmitic acid. 
It appears probable that this reaction proceeds through the intermediate formation 
of an olefin which then combines with the alkali with the production of an alkali 
salt of a fatty acid and evolution of hydrogen. The series of reactions may be 
represented as follows: 

RCHaCHaCl ->■ RCH—CH, + (HCl) 

RCH=CH, 4- NaOH + HaO —RCHaCOONa + 2Ha 

Fatty acids are said to result also on heating olefins with water and alkali hydrox¬ 
ides, phenolates, naphthenates or other weak-acid salts, to 360° C. under pressures 
of about 46 atmospheres.®^ Sodium propionate may be formed from propylene 
in this manner, and from 2 liters of ethylene measured at 20° C. at 25.5 atmos¬ 
pheres were obtained 71.5 grams of acetic acid. In carrying out the process, for 
example, 200 grams of water, 65 grams of sodium hydroxide and 46 grams of 
ethylene are heated in an autoclave in the presence of an inert oil for 1 hour 
at 360° C. under a pressure of 25 atmospheres. The products consist of 40 
grams of gasoline and 81 liters of a gas containing 65.4 liters of hydrogen and 
72 grams of acetic acid. 

The later discovery that the lower alkyl chlorides can be condensed with 
carbon monoxide to furnish carboxylic acid chlorides according to the reaction 

CH,CH-CO —CH,COCl 

•• U. S. Patent 1,519,017, Dec, 9, 1924; assigned to H. A. Gardner. 

•^Schrauth, German Patent 327,048, 1914; J.S.C.I., 1921, 40, 227A. 

**Bataafsche Petroleum Maatschappij, British Patent 355,866. 1930, Brit. Chem. Abs. B, 1932, 56; 
German Patent 560,907, 1930; Chcm. Abs., 1933, 27. 1006; French Patent 690,935, 1930; Chem. Abs., 
1931. 25. 1259. 
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would appear to offer a definite t*echnical method of application of these alkyl 
chlorides in the synthesis of numerous organic products. According to Frolich 
and Wiezevich,®* this reaction proceeds, in the case of methyl chloride, at 700® 
to 800® C. with an efficiency of over 75 per cent, though the conversion per single 
passage is limited. A number, of catalysts for effecting thi^ combination have 
been mentioned by Steinhauser.®® * These include boric acid, phosphoric acid, 
or an alkali borate or phosphate. 

Oxygenated organic compounds are said to result from the action of carbon 
monoxide on low-molecular weight hydrocarbons, their monochlorides or ethers 
in the presence of anhydrous aluminum chloride.®*® From butyl chloride and 
carbon monoxide a product of the formula QH^oOs was obtained. 


Reactions of Dichlorinated Paraffins and Cycloparaffins 


The constitution of the dichloro-compouiids produced by the substitutive chlo¬ 
rination of paraffins and cycloparaffins is known only in a relatively few cases. 
This fact limits the utility of any comprehensive account of the reactions of dichlo¬ 
rinated paraffins and cycloparaffins from the viewpoint of the industrial applica^ 
tion of such substances. Only a few of the obviously important reactions of 
these compounds will therefore be discussed. The 1,2-dichloro-compounds, or 
olefin dichlorides, are treated in Chapter 20. 

Under the influence of light, asymmetric-dichloroethylene (CK2*C^4) yielded 
a completely saturated polymer, the mol^ular weight of which corresponded to 
about 50 to 100 original molecules.®*** When heated to above 120° C. the polymer 
charred and liberated hydrogen chloride. A mixture of hydrocarbons resulted 
on heating 1.5 grams of the polymer with 1 gram of red phosphorus and 7 
grams of 70 per cent hydriodic acid. Extraction of the hydrocarbon mixture 
with boiling benzene gave a soluble fraction having a melting point of about 
111° C., which corresponded to about CiooH 202 » *ind an insoluble portion melting 
at 116° to 117° C. and corresponding to CifloHa 22 * Further purification by dis¬ 
tillation with soda-lime and extraction with ether resulted in the resolution qf 
two hydrocarbons melting at 74° to 75° C. (CgaH^*) and 95° C. (CgoHigo), 
respectively. Reduction of the polydichloroethylene with zinc dust and acetic acid 
in a stream of hydrogen chloride furnished a polymer (QHCl),. When heated 
with aniline for 14 days polydichloroethylene yielded an almost completely halo- 
gen-free benzene-soluble product (CH 2 .C=NC 6 H 6 )x. Sodium methoxide or 
ethoxide, trimethylamine, pyridine, or quinoline, however, failed to completely 
eliminate the chlorine from the polymer. 

Perhaps the most important property of the dihalogen derivatives is their 
decomposition with the formation of diolefins and loss of two molecules of 
hydrogen chloride, according to the scheme: 

CnH^CU —«2HC1 + 

This decomposition can be brought about by the action of alkalies or by 
purely thermal means. Very frequently the process can be cut short at the 
intermediate stage, i.e., with the production of a monochlorinated olefin. Thus, 


“/nd. Eng. Chem., 1931, 24, 13. 


•* German Patent 561,399, 1928; Chem. Abs., 1933, 27, 1007; U. S. Patent 1.911.589 Mav 30 
1933; Chem. Abs., 1933, 27, 3950; British Patent 308,666, 1928; Brit. Chem. Abs. B, 1930 SOS- 
all patents assigned to I. G. Farbenindustrie A.-G. * * 


^258; Hopff and Dunkel, German 


***^£.•1* 1^*28; Chem. Abs., 1933, 27. 2691; both patents assigned to I. G. Farbenindustrie A.-G 

•«» Staudinger and Feisst, Helv. Chtm. Acta, 1930, 13, 832; Chem. Abs., 1931, 85, 487. 
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ethylene dichloride can be converted into vinyl chloride by passing through a 
pumice-filled tube at 600® C., while at higher temperatures acetylene becomes the 
main product. 

For the elimination of hydrogen chloride from various chloro-derivatives of 
hexane and heptane by thermal treatment in the presence of various contact 
materials, such as unglazed porcelain alone or treated with barium chloride, 
Faragher and Garner found that the dichloro-compounds were less satisfactory 
thait the monochlorides. There was much more extensive decomposition and 
greater difficulty in separating all the chlorine. from dichloro-compounds. Table 
140 shows the yields and iodine values of the products obtained by Faragher and 
Garner on decomposing a dichlorohexane, d“® 1.067, at various temperatures in 
the presence of the above catalysts. 

Table 140 .—Decomposition of Dichlorohexane, 






Condensate 

Catalyst 

Temp. 

Yield 

j20 

Iodine No. 


® C. 

Per Cent 

0 4 


1 

r 350 

75 

0.874 

188 

Unglazed porcelain alone .j 

1 400 

1 450 

95 

90 

0.896 

0.875 

160 

176 


i 500 

— 

0.876 

170 


r 200 

88 

0.996 

64 

Unglazed porcelain + BaCU. ' 

1 300 . 

88 

0.942 

123 


1 400 

84 

0.920 

142 


(The theoretical iodine number for a hexadietie is 620.) 

In the course of their work on the production of drying oils from higher 
molecular weight petroleum hydrocarbons, Gardner and Bielouss®^ observed that 
the dissociation point of the polychloro-compounds, derived from these hydro¬ 
carbons, lies between 120° C. and 250° C. and that practically complete dechlorina¬ 
tion can be effected by heating them to 250° C. without the aid of any other 
agents. Here again, liowever, the iodine numbers of the resulting hydrocarbons 
were always considerably lower than the calculated values, probably on account of 
cyclicization. 

The dichloro- and trichloro-derivativcs of cyclohexane were found by Faragher 
and Garner to be more readily decomposed than the chlorides of the paraffin 
hydrocarbons. Thermal treatment of a dichlorocyclohexane, of d^J 1.179, gave 
products of the following iodine numbers (Table 141) when subjected to the 
action of unglazed porcelain and alumina, respectively, at various temperatures. 
The theoretical iodine number of the expected dihydrobenzene is 317. 

Table 141. — Decomposition of Dichlorocyclohexane, 

Iodine Number of the Products 


Temperature “ C. Unglazed Porcelain Alumina 

200 113 132 

250 146 167 

300 175 170 

400 188 117 


* Boeseken and Bastet, Rcc. trav. chim., 1914, 32, 184; Baxter, Edwards and Winte-, British 
Patent 363,009, 1930; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. Abs. B. 1932. 331 
1921, 43, 1715. ' ’ * 

Ini, Eng, Chem., 1922, 14, 619. 
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Decomposition of a trichlorocyclohexane (d*J 1.266) at 250° C. in the presence 
of unglazed porcelain furnished a 10 per cent yield of benzene, determined by 
conversion into m-dinitrobenzene. 

One of the earlier contemplated uses of the above reactions was for the 
production of certain conjugated diolefins, such as isoprene, capable of being 
polymerized to rubber-like products. Graul, Hanschke and Webel described 
the preparation of isoprene and similar diolefins by treatment of dichlo- 
rinated derivatives of pentane and hexane with catalysts, such as alumina and 
barium chloride at elevated temperatures and under reduced pressure.^*®* Schmidt, 
Hochschwender and Eichler also eliminated hydrogen chloride from mono- 
and dichlorocyclohexanes by thermal treatment in the presence of catalysts. Chlo¬ 
rination of a fraction of Caucasian petroleum* of boiling point 68° to 73° C. is 
said to yield a dichloro-methylcyclopentane w'hich may be resinified to a glassy 
solid, almost devoid of color, by heating with zinc chloride in glacial acetic 
acid.^° 

The chlorine atoms in di- and poly-chlorinated paraffins may be substituted 
by hydroxyl, alkoxy-, cyano-, acetoxy-, phenoxy-, amino-, and other groups using 
reactions similar to those employed in the case of the monochlorides. Under 
some conditions, however, while one chlorine atom is replaced by another group, 
a second chlorine atom is eliminated in the form of hydrogen chloride so that 
an unsaturated product is obtained.^’ Bosshard and Strauss have described 
the conversion of a dichloroparaffin, melting point 40° to 60° C., and obtained 
by the chlorination of paraffin wax, into a phcnoxychloroparaffin by heating it 
with phenol and potassium carbonate. 

The manufacture of certain nitrogemus derivatives of the higher paraffin 
hydrocarbons has been described 'by the L G. Farbenindustrie A.-G."^* Halo- 
genated derivatives of paraffins of more than 8 carbon atoms are heated with 
ammonia in aqueous or alcoholic solution preferably under pressure. Instead 
of ammonia, substances capable of yielding this compound may be used, such as 
ammonium carbonate or urea, together with a catalyst, such as copper or a cop¬ 
per compound. Methods have also been proposed for making siilphomtcd 
derizmtives of higher paraffin hydrocarbons. These higher paraffins (above 
CgHia) are halogenated to introduce more than two halogen atoms per molecule 
and the halogenated products are treated with aqueous or alcoholic solutions or 
suspensions of alkali or alkali carbonates, and finally with a sulphonating agent in 
the presence or absence of a diluent (carbon tetrachloride) or of compounds 
which assist the reaction (e.g,, fatty acids or their anhydrides or chlorides). 
Wetting agents have also been prepared by condensing glycol with chlorinated 
petroleum in the presence of* sodium or with piperidine or p-aminophenol in the 
presence of copper. 

•*U. S. Patent 1,298,929, Apr. 1, 1919; assigned to Alien Property Custodian; Chem. Abs., 1919, 
13, 1954; Badische Anilin- und Soda-Fabrik, French Patent 434,586, 1911; Chem. Abs., 1912, 6, 2313; 
French Patent 435,312, 1911; Oiem. Abs.. ^1912, 6, 2548. 

The production of isoprene by these methods is mentioned in Chapter 4 and the polymerization 
of isoprene to synthetic rubbers, in Chapter 26. 

•See footnote 21. 

"British Patent 23,543, 1912; J.S.C.I., 1913, 32, 876. 

" The same phenomenon occurs with other di- and poly-halogen products. Thus isobutylene dibro¬ 
mide reacts with sodium acetate to furnish 33% of isobutenyl acetate, CH* = C(CII.-!)CiroOOCCH 3 . 
Trimethylene dibromide reacts similarly. (Krassoursky and Schenderowitch, Ukraine Chem" J., 1925, 
1, 633; Brit. Chem. Abs. A, 1926, 1022.) 

"German Patent 344,878, 1923: assigned to Elektrochemische Werke G.m.b.H. 

" British Patent 339,962, 1929; Brit. Chem. Abs. B, 1931, 194. 

"I. G. Farbenindustrie A.-G., British Patent 344,829, 1929; Chem. Abs., 1932, 26, 267; British 
Patent 352,989, 1930; Brit. Chem. Abs. B, 1931, 1090; French Patent 40,987, 1931; Chem. Abs.. 1933, 
27, 1524; addition to French Patent 703,466, 1930; Chem. Abs., 1931, 25. 4414; see Chapter 46 for 
more complete details of the production of sulphonated hydrocarbons. 

"•I. G. Farbenindustrie A.-G., French Patent 709,626,* 1931; Chem. Abs., 1932, 26, 1403. 



818 


CHEMISTRY OF PETROLEUM DERIVATIVES 


The products obtained by heating poly-chlorinated paraffin hydrocarbons of 
more than 8 carbon atoms, with alkalies in aqueous or alcoholic media, best 
under pressure and in the presence of catalysts, are said to be mainly unsaturated 
hydrocarbons containing one or more hydroxyl groups. These products are re¬ 
ported to be valuable as greasing and lubricating agents in the leather and textile 
industries. They may be sulphonated to produce wetting and emulsifying agents.^* 
Curme and Lommen^^ obtained ethylenediamine by treating dichloroethane 
with a large excess of ammonia. Aliphatic diamines may also be prepared by a 
similar reaction using one or more oxides or salts of such metals as copper and 
zinc, capable of forming complexes with the diamine, under heat and pressure.’^^ 
By reacting dichloroethane with an excess of aniline at 115° C. in the presence 
of a small proportion of water and a large amount of NN'-diphenylethylene- 
diamine, Morton^* obtained aromatic derivatives of 1,2-diaminoethane, melting 
at 65° C. 

”1. G. Firbenindustrie A.-G., French Patent 699,877, 1930; Ckem. Abs., 1931, 25, 3480. Cf. 
French Patent 734,943, 1932; Chem. Ahs,. 1933, 27, 1116. 

** U. S. Patent 1,832,534, Nov. 17, 1931; assigned to Carbide & Carbon Chemicals Corp.; Brit. 
Chem. Abs. B, 1932. 973. 

"Goodyear Tire and Rubber Co., French Patent 739.317, 1932; Chem. Abs., 1933, 27, 2159; 
British Patent 393,093, 1932; Brit. Chem. Abs. B, 1933, 777. 

"U. S. Patent 1,836,486. Dec. 15, 1931; Brit. Chem. Abs. B. 1933, 216. 



Chapter 35 

Extraction of Nitrogen Compounds from Petroleum 

In coal oil and shale oil there are present aromatic compounds of nitrogen 
which can be identified with comparative ease^ Their analytical constants of 
identification have long been established. This, however, is far from being true 
in the case of the nitrogen compounds of petroleum for here are presented an 
astonishing variety of nitrogen bodies of unknown structure many of which, ac¬ 
cording to present indications, fall into the class of hydroaromatics. 

The study of this array of hydroaroniatic bases opens to chemists a new 
domain of great scientific interest and possible practical value. For hydroaro¬ 
matic bases are closely allied to the alkaloids. To change hydroaroniatic bases 
to alkaloids it is only necessary to make a proper placement of oxygen in the 
molecule. 

‘Further, indications point to the presence in petroleum of bases containing 
naphthene rings of 5 carbon atoms, particularly polycyclic compounds composed 
of naphthene and aromatic or hydroaromatic nuclei. Following a common prac¬ 
tice in referring to naphthenic acids these naphthene compounds of nitrogen may 
be designated naphthenic bases. In due course there may be expected an appropri¬ 
ate correlation between naphthenic bases and their corresponding hydrocarbon 
relatives. 

The nitrogen content of petroleum oils is rather low; in most instances being 
about 0.1 per cent or less.^ The two extremes however seem to be represented 
by American oils. The Pennsylvania oils have the lowest nitrogen content, 0.008 
per cent having been reported,- and the California oils ® contain the highest per¬ 
centage of nitrogen. Japanese and South American oils also appear to have a 
nitrogen content considerably higher than the average. Paraffin base oils, like 
those from Pennsylvania, which show such a small nitrogen content, can prob¬ 
ably be considered as practically nitrogen-free or as containing only a trace of 
nitrogen, as such nitrogen determinations are well within the experimental error 
of the analysis. Poth, Armstrong, Cogbrun and Bailey^ in their investigation 
of the nitrogen content of a large number of California crude oils found the 
maximum quantity to be about 0.82 per cent. On the assumption that the average 
molecular weight of the nitrogen compounds was represented by the formula 
C 10 H 13 N, which was admitted to be probably low, Mabery has suggested that 
the percentage of nitrogen in an oil should be multiplied by 10 to give the per¬ 
centage of nitrogen compounds. 

By distillation in vacuo of nitrogen bases extracted with sulphuric acid from 
California petroleum, Mabery ” obtained several fractions, which corresponded 
in analyses and molecular weights with the following: ® 

* Gurwitsch-Moore, "Scientific Principles of Petroleum Technology," D. Van Nostrand Co., Inc., 
New York, 1932, 170. 

*Bcilby, JS.C.L, 1891, 10, 120. 

* Mabery. J.S.C.I., 1900, 19, 502. reported 2..19% nitrogen in some California oils. 

*Ind. Evg. Chem., 1928, 20, 83. 

“ Loc. cit. 

* There appeared to be some doubt as to the number of hydrogen atoms in the molecule. Mabery 
and Wesson iJ.A.C.S., 1920, 42, 1015) stated that the final main fractions, obtained by distillation at 
50 to 90 mm. pressure, were as here given. 
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B.P. 

Formula 

B.P. 

Formula 

•c. 


•c. 


130-140 . 

. ChHhN 

223-225 . 

. C«H»N 

197-199 . 

. CmH«N 

243-245 . 

. CwHwN 

215-217 . 

. G4Ht.N 

2>0-275 . 

. CitHsiN 


The bases dissolved in acids to form salts which could be easily decomposed. 
Crystalline precipitates could be formed with platinum chloride though the plati¬ 
num content was about 2 per cent lower than the calculated value. Neither the 
picrates nor oxalates were well-defined salts. The only product which could 
be identified from oxidation with chromic acid was a small quantity of acetic acid, 
which was obtained from the bases containing methyl side chains. With potas¬ 
sium permanganate in neutral or alkaline solution a part of the nitrogen was 
evolved as ammonia, while in acid solutions all of the nitrogen was evolved as 
nitrogen. The bases formed quaternary salts when heated with ethyl iodide. 
While no definite structures could be given for any of the bases, the evidence 
seemed to indicate the existence of a tetrahydroquinoline ring as a part of the 
molecule, and also a benzene ring. 

Later Mabery and Wesson ^ oxidized some of these fractions With neutral 
potassium permanganate and obtained oxidation products which could be sepa¬ 
rated into alcohol-soluble and alcohol-insoluble portions. The alcohol-insoluble 
portions were dissolved m hot water, from which insoluble silver salts were Ob¬ 
tained. Their analyses led Mabery and Wesson to believe them to be the tetra- 
silver salts of pyridine pentacarboxylic acid.® This conclusion appeared to be 
confirmed when the corresponding barium salt on dry-distillation yielded a dis¬ 
tillate whose principal component was pyridine. From the soluble portions of 
the oxidation products, silver salts were separated, the analyses of which indicated 
them to be di-silver salts of methylpyridine tetracarboxylic acid. 

Oxidation of the fractions with permanganate failed to yield appreciable quan¬ 
tities of aliphatic acids; the small quantities which were formed possessed the 
properties of the lowest molecular weight acids, acetic and propionic. These 
facts would tend to argue against the presence of any side chains of consider¬ 
able length in the molecule. 

Oxidation with chromic acid followed by the dry distillation of the calcium 
salt yielded a product which, from the melting point of its picratc,® was prob¬ 
ably )8-methylquinoline. On the assumption that the compound formed during the 
distillation of the calcium salt was ^-methylquinoline then this would indicate the 
formation of )8-methyIcarboxyquinoIine (by oxidation) as this substance is known 
to be resistant to oxidation, in certain instances, before disruption of the quino* 
line molecule takes place. 

On treating the bases with reducing agents, such as tin and hydrochloric acid, 
zinc and acetic acid, sodium amalgam and alcohol, not only was the nucleus 
hydrogenated, but the nitrogen was reduced from the tertiary to the secondary 
state. The latter condition was indicated by the formation of a nitroso-amine 
when the reduced base was treated with nitrous acid. 

When dissolved in organic solvents and treated with either bromine or iodine 

^ J.A.C.S., 1920, 42, 1014; Chem. Abs., 1920. 14, 1831. 

*On attempting to prepare the free pyridine carboxylic acids from their salts Mabery and Wesson 
reported iJ.A.C.S., 1920, 42, 1021) that '*only semi-liquid or amorphous products were obtained, 
however, in place of the acids.” Hantzsch {Ann., 1882, 215, 62) reported that after evaporation of a 
concentrated solution of pyridine pentacarboxylic acid to a syrupy consistency on a water bath the 
liauid slowly solidifies to a mass of microscopic crystals on cooling. He also emphasized the 
difficulty of obtaining salts of this acid free of potassium. Weber (Ann., 1887, 241, 15-16) stated that 
bv the decomposition of the silver salt, free of potassium, with hydrogen sulphide he was able to 
obtain pyridine pentacarboxylic acid with 3 molecules of water from an aqueous solution. It is 
possible therefore that Maberv and Wesson were not working with the pure acids. 

*No other method for the identification of this product was reported. 
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the original bases apparently formed addition compounds, as well as sub¬ 
stitution products. These same bases also reacted with phthalic anhydride in the 
presence of anhydrous zinc chloride to form phthalones, while fuming sulphuric 
acid converted them to sulphonated compounds. Platinic chloride reacted with 
the bases to form chloroplatinates, though on attempting to recrystallize these 
salts from hot water, decomposition was noted. Attempts to break the nitrogen 
ring, using von Braun’s method,®* that is, benzoylation of the base followed 
by treatment with phosphorus pentachloride, yielded negative results. 

From the results of their wbrk Mabery and Wesson drew the following con¬ 
clusions. ( 1 ) These bases consist principally of alkylated quinolines or iso- 
quinolines.^® ( 2 ) 1 "hree alkyl groups are unitect to the a, and y-carbon atoms 
of the nitrogen ring. In the lowest member of the series, C 12 H 13 N, these three 
side chains must be methyl groups since the quinoline radical accounts for 9 
carbon atoms. (3) Phthalbne formation requires a —CH^ or —CHg group 
in the a- or y-position in the nitrogen ring; (4) The non-formation of high 
molecular weight aliphatic acids as oxidation products indicated that none of 
the side-chains were over 4 carbon atoms in length. (5) The other reactions, 
such as those with halogens, with reducing agents, with fuming sulphuric acid, 
etc,, also conform with these conclusions. 

It is also pointed out by Mabery and Wesson that “all of the fractions of 
the series of bases represent mixtures which can be fairly well separated into 
stages as regards molecular weights, but are difficult to separate into individual 
substances. The facts cited in experimental evidence for the character of the 
compounds represents what might be expected from a mixture of quinoline and 
IKJssibly isoquinoline derivatives, a small part more, a small part less highly 
alkylated than the average, and containing perhaps a small percentage of hydro¬ 
genated nuclei or of pyridine derivatives.” 

Bailey,^- however, points out that very little or practically none of the nitro¬ 
gen compounds in crude oils can be extracted with dilute acid, indicating that 
such compounds are of a non-basic character. The distillates from such crude 
oils, however, contain nitrogen compounds which are basic, together with com¬ 
pounds which are inert toward acids. These basic compounds no doubt result 
from the decomposition of more complex substances during distillation, and 
generally the higher the temperature of distillation the greater the nitrogen content 
of the di.stillate. 

The complexity of these nitrogen compounds is also shown by the fact that 
exhaustive fractionation of kerosene (California) bases boiling from 180° to 
335° C. failed to yield any component in a pure form. Furthermore, that a 
number of basic compounds w'as present in each fraction was indicated by the 
fact that picrates which separate in a crystalline form were not obtained (except 
from one fraction boiling around 276° C.). However by extracting with a buf¬ 
fered acid solution, and'then fractionally precipitating by the addition of sodium 
hydroxide, it was possible to concentrate several products which yielded crystal¬ 
line salts, and were apparently in a pure form. 

That the failure to isolate pure substances by fractional distillation was not 
due to the formation of constant boiling mixtures is indicated by the following 
consideration. So far fractional distillation has yielded a mixture of products 


J904, 37 . 2818. . , ^ . 

Cf.. Maljery’s earlier views concerning the structure of these bases (JS.C.L, 1900, 19, 505). 

“ I’.ailcy (private coiuimmication) h.is reported that the hydroaromatic base, CmHaaN, obtained 
from a petroleum distillate condenses with phthalic anhydride exactly as quinaldine does. As this 
base is not a quinoline derivative, phthalone formation apparently, therefore, cannot be taken as indica¬ 
tion of the structure of the molecule. 

** Poth, Armstrong, Cogburn and Bailey, Ind. Eng, them., 1928, 20, 83; Poth, Schulze. King, 
Thompson, Shagle, Floyd and Dailey, J.A.C.S., 1930, S2, 1240. 
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which, at atmospheric pressure, boil within a range of a few degrees. Also the 
fractional distillations have been carried out at low pressures, to avoid decom¬ 
position of the nitrogen basest and it is not improbable that with the use of a re¬ 
flux column it is possible to separate bases in the fractions with components boiling 
within a range of two degrees. In fact from one fraction of bases two compounds 
having the formula CuHiaN and boiling at 280.6® C. and 278.9® C. (both at 
746 mm.), respectively, and also the substance CieHajN boiling at 278.2® C, 
have been obtained in pure conditions. The residual bases, after the removal of 
these three compounds, boiled at a constanit temperature. 

While these basic nitrogen compounds are extracted by the sulphuric acid 
used in refining,^® the isolation of such compounds from the acid extract would 
prove expensive and seriously interfere with plant routine. There is also the 
possibility of sulphonation, oxidation or polymerization of the nitrogen com¬ 
pounds by the acid. Bailey and his co-workers therefore used the sulphur diox¬ 
ide extract obtained by the Union Oil Company of California in the refining of 
kerosene distillates by the Edeleanu process. Sulphur dioxide acts merely as a 
solvent, and, after its recovery, the residue contains the nitrogen bases mixed 
with a large quantity of hydrocarbon oil. From this residue the nitrogen bases 
were extracted with dilute sulphuric acid and the water-insoluble bases obtained 
by the addition of sodium hydroxide.^* In this manner 50 liters of water-in¬ 
soluble bases were obtained from 150 barrels of residue. These bases contained 
a small amount of hydrocarbon oil and from 0.3 to 0.6 per cent of sulphur. 

A number of the individual nitrogen bases have been isolated and several 
identified. The preparation and properties of the latter will be described briefly. 

The first of the nitrogen compounds to be identified was 2,3,8-trimethylquino- 
line,^* which comprises about 18 per cent of the fraction boiling at 276® to 
277® C., at atmospheric pressure. The other compounds which have been iso¬ 
lated from this same fraction are the isomeric compound C 12 H 18 N, and the base 
having the formula CioHjsN. The separation of 2,3- as well as 2,4-dimethyl- 
quinoline from the fraction boiling around 265® C. has also been announced. 
These are well-known synthetic products which had not been obtained previously 
from a natural source. 

One method of isolating the 2,3,8-trimethylquinoline was by dissolving the 
fraction in 50 per cent acetic acid and then precipitating it as the picrate. Mixed 
with this is the picrate of the substance CioHa^N; in contrast to the former, it 
is readily soluble in both benzene and alcohol, and separation of these two 
picrates was therefore easily eflFected. Another method of isolation was by 
means of its acid sulphate. This was obtained by treating the particular frac¬ 
tion with 50 per cent sulphuric acid. Associated with this sulphate is a small 
quantity of the sulphate of another base, QgHiaN. This latter compound, not 
yet identified, is an odorless solid, melting at 43® C. and boiling at 278.9® C. 
(748 mm.). 

To prepare the free base either the picrate or the sulphate is heated with 
ammonium hydroxide, and the base separates as an oil. The base is then dis¬ 
solved in ether, the solution washed and the ether allowed to evaporate. Re¬ 
crystallization from 50 per cent alcohol yields crystals melting at 55® to 56® C. 
and boiling with partial decomposition at 280® C. (at 747 mm.). 

Proof of the structure of this new base was confirmed through its synthesis, 
from tiglic aldehyde and o-toluidine in the presence of hydrochloric acid.^® De- 

»• Campbell (U. S. Patent 1,907,318, May 2, 1933; Chem. Ahs., 1933, 27, 3601), for example, 
decolorized hydrocarbons by extraction of the bases with sulphuric acid. 

M Sec also. Ihrig, U. S. Patent 1,671,721, May 29, 1928; assigned to S. E. Campbell and to 
Aasociated Oil Co. 

King and Bailey, J,A.C.S., 1930, S2, 124S. ^Cf. Rohde, Ber., 1887, 20, 1911. 
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rivatives of the synthetic product, such as the sulphate, hydrochloride, nitrate, 
and picrate, as well as a number of its metallic salts such as those with platinum 
and gold chlorides, were found to be identical with those prepared from the 
kerosene base. 

Other reactions also confirmed the structure of the base. Its failure to react 
with methyl iodide to form the quarternary ammonium salt indicated steric hin¬ 
drance due to substituents in the 2 and 8 positions. The presence of methyl 
groups at the 2 and 3 positions was indicated by the fact that the base condensed 
with two and not three molecules of formaldehyde. Oxidation of this base with 
chromic acid, followed by distillation over soda-lime yielded the well-known 
2,3-dimethylquinoline. This was further evidence of tihe presence of methyl 
groups in the 2 and 3 positions. Similarly oxidation of the formaldehyde deriva¬ 
tive yielded a dimethylquinolinic acid, which in turn on distillation from soda-lime 
yielded 3,8-dimethylquinoline. The synthesis of this new quinoline, by Bailey 
and King, from o-toluidine, propinoic aldenyde and methylal is further proof of 
its structure. 

It is of interest to note that an examination of the different distillation frac¬ 
tions failed to reveal any ca.se of optical activity. 

The hydroaromatic base of the formula C„H,.N is of unusual interest be¬ 
cause it represents a new type ot nitrogen compound of the cyclopentane type 
and is probably the forerunner of structurally similar bases occurring in petroleum 
distillates. The base CiqHjsN is obtained from the picrate by decomposing with 
ammonium hydroxide,washing well with water, and drying in a current of 
air at 100° C. As a final purification the product can be distilled at low pres¬ 
sures (10 to 15 mm.). The substance is a colorless, odorless, optically inactive 
oil, which is only very slightly soluble in water but soluble in the usual organic 
solvents. It boils at 278.2° C. at 746 mm. pressure, and has the following physi¬ 
cal constants: d^^ 0.9391 and n^g 1.5129. 

The structure assigned to this compound is 



This compound is therefore a derivative of the substance, 


(7)H 


( 8 ) 

H 

./i\ 


H(l) 


( 6 ) 

H, N H. 
(S) (4) (3) 


” Thompson and Jlailey. J.A.C.S., 19.31. 53. 1002. 

“This formula, and also formulas (1) and (II) for products obtained hy the action of nitric 
acid on this base, give a better interpretation than the ones formerly assiRned iJ.A.C.S., 1931, S3. 
1002) because of the fact that the CieH^N base behaves as a completely saturated molecule. Private 
communication from Dr. Bailey. See also Armendt and Bailey, J.A.CS., 1933, SS, 4145. 
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for which the name pyrindacine has been adopted. The systematic naming of the 
compound would therefore be decahydro-3,8-dimethyl-5,7“niethano-4,8- 

ethanopyrindacine. In view ol the large number of bases which occur in petro¬ 
leum distillates it is possible that the product CjoHgsN is one of a scries of 
naphthene compounds of nitrogen, or naphthenic bases. 

This compound C 10 H 25 N, is unusually stable toward permanganate in both neu¬ 
tral and alkaline solutions, and also toward oxidation with chromic acid in sul¬ 
phuric acid solution. It is, however, quite readily attacked by permanganate in an 
acid solution. It can also be oxidized by fuming sulphuric acid yvith the evolution 
of sulphur dioxide when the mixture is heated just above 200® C. Its reaction 
with hot nitric acid (specific gravity 1.260) yielded several products which were 
of aid in establishing its structure, and which are discussed a little later. 

As it is a basic compound it forms the usual salts such as the hydrochloride, 
nitrate, acid sulphate and picrate, as well as metallic salts such as those with 
platinic chloride, ynercuric chloride and zinc chloride. Heated with methyl iodide 
it yields quantitatively the methiodide derivative. Results thus far obtained in¬ 
dicate that it can be neither hydrogenated nor dehydrogenated. 

Both the naphthenic base (CiaHosN) and 2,3,8-trimethylquinoline form loose 
addition products with bromine, though their behavior is slightly different. The 
naphthenic base, when dissolved in chloroform, excess bromine added, and the 
chloroform evaporated, yields a red, oily residue. The addition of picric acid to 
an alcohol solution of the residue yields the picrate of the original base. When 
treated with bromine water the naphthenic base forms a viscous, red-brown gum 
soluble in glacial acetic acid, and which is converted to the original base by 
sodium hydroxide solution. Both of these reactions indicate a loose combination 
of the bromine with the base. The 2,3,8-trhnethylqmmlinc, when dissolved in 
chloroform and bromine added, immediately yields a light yellow ncedle-like 
product. This crystalline product is converted to the original compound when 
treated with a solution of sodium hydroxide. 

An unusual property of a saturated hydrocarbon is the nitration of methylcyclo- 
pentane with the formation of a mono-nitro derivative. Here the reactive hydro¬ 
gen is joined to the tertiary carbon in the five-membered ring. Under similar 
conditions the CjoHagN base yields a dinitro compound, CioHo 3 (N 0 . 2 )oN, which 
suggests that two cyclopentane complexes are involved in this reaction. (See 
formula I.) 
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A second product of the action of nitric acid on the naphthenic base has the 
composition C,oH 2 oO„N 4 . Titration showed this substance to be a mono-basic 
acid, due to the oxidation of the methyl in position 8 to a carboxyl, and three 
iiitro groups entering the molecule are tentatively assigned to positions 3 , 5 , and 7 , 
respectively. 

Another product of the nitric acid reaction is berberonic acid, identified by 
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comparison with berberonic acid prepared by oxidation of the alkaloid berberine 
with nitric acid.^®» The formation of this acid under similar conditions from 


COOH 

HOOC-(Ah 


-COOH 


N 

berberonic acid 


an alkaloid and from the hydroaromatic base* must be accepted as a proof that 
the nitrogen in both compounds is present in a six-niembered ring. 

There are certain interesting structural relationships between the pyrindacine 
base and other natural products. One of its ring nuclei is quinuclidine, 
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and the same complex has been established as present in the alkaloids, quinine 
and cinchonine. 

The cyclopentane ring with a methylene bridging as pictured in the formula 
of the naphthenic base brings out a structural analogy in this part of the molecule 
with the newly discovered bi-cyclic naplithenic acids.^® The isolation of the 
aromatic base, 5,6-dihydropyrindine 


H 




H, 

H, 


N H, 


from shale oil,*^ along with its subsequent synthesis,®^ strengthens the claim of 
the pyrindacine structure of the CieHjgN base. 

Later, Perrin and Bailey developed a method for the separation of aromatic 
from non-aromatic bases which they term ‘‘cumulative extraction”. The resolu¬ 
tion is dependent on the solubility of the hydrochlorides of non-aromatic bases 
as compared with a lesser solubility of aromatic base hydrochlorides in chloro¬ 
form or ethylene dichloride. Accordingly the bases are dissolved in an excess of 
1:1 hydrochloric acid and the solution is extracted with the organic solvent. The 
aqueous layer, which contains a high concentration of aromatic base hydrochlo¬ 
rides, is extracted several times with chloroform, and the chloroform layer with 
water. The process is controlled by refractive index determinations. For the 
separation of aromatics from small amounts of non-aromatics the bases may be 

C/. Mayer, Monatsh,, 1892, 13, 344; Ber., 1892, 25, Ref. 582; Ckem. Soc, Ahs., 1892, 62, 1357. 

*• Von Braun, Deuser, Heymons, Mannes, May, Reuter, Anton, Keller, Friehmclt, Schorning, 
Ann., 1931, 490, 100; Brit. Ckem. Abs. A, 1931, 1396; Chem. Abs., 1932, 26. 2306; von Braun, 
Z. angew. Ckem., 1931, 44, 661; Ckem. Abs., 1932, 26, 584; Nat. Pet. Netes, 1932, 24 (8), 28; Ckem. 
Abs^ 1932, 26, 4702. 

M£guchi, Bnli. Ckem. Soe. Japan, 1928, 3, 239; Ckem. Zentr., 1929, 100, 331. 

** Thoti^son and Bailey. J.A.C.S., 1931, 52, 1002. 

**J.A.C.S., 1933, SS, 4136. 
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converted in acetone solution to sulphates. The aromatic sulphates separate from 
this solvent in crystalline form. 

By employing the method of cumulative extraction, Perrin and Bailey iso¬ 
lated 2,4,8-trimethylquinoline, and Lake and Bailey,-* 2,8-dimethylquinoline from 
the kerosene bases. 2,4,8-Trimethyl quinoline was obtained from an extraction of 
a fraction of the bases of boiling point 273° C. Its hydrochloride is readily 
soluble in water and the sulphate in acetone; it was separated from the accom¬ 
panying 2,3,8-trimethylquinoline by use of these solvents. The picrate, which 
crystallized from alcohol in slender rectangular plates with melting point 193° C. 
was isolated. The phthalone of 2,4,8-trimethylquinoline was formed by heating 
the base with phthalic anhydride for three hours at 200° C, dissolving the melt 
in concentrated sulphuric acid and pouring it onto crushed ice. The phthalone 
crystallized from alcohol in yellow microscopic needles melting at 282° C. 

The isolation of 2,8-dimethylquinoline was accomplished by cumulative ex¬ 
traction of a 253° to 256° C. fraction of kerosene bases. From 6420 cc. of bases, 
285 cc, of aqueous solution was obtained, which represented 4.6 per cent of the 
initial material. This was evaporated to a small volume and chilled. The smeary 
mixture was washed with a small amount of cold acetone and the residue recrystal¬ 
lized from alcohol. The yield of practically pure hydrochloride was 32 grams 
(0.4 per cent). Derivatives prepared were the acid sulphate, perchlorate, mer¬ 
curic chloride salt and phthalone. 

Biggs and Bailey,** continuing the investigation, isolated 2,4- and 2,3-dimethyl- 
quinoline by extraction with sulphur dioxide. Sulphur dioxide forms addition 
compounds with both aromatic and non-aromatic bases; some of these compounds 
are fairly stable whereas others dissociate rapidly at room temperature. A par¬ 
tial separation of the bases was accomplished by taking advantage of this differ¬ 
ence in reactivity. After, a sulphur, dioxide separation of a fraction of kerosene 
bases of boiling point 263° to 267° C., one portion of the bases was treated with 
an alcoholic solution of picric acid. The precipitant was washed with alcohol, 
and leached with hot glacial acetic acid. 2,4-Dimethyl quinoline picrate separated 
in long orange-colored needles and was then recrystallized from 95 per cent 
alcohol. A product melting at 194° C. was obtained. It was found to be identical 
with 2,4-dimethylquinoline, synthesized according to a method by Fischer.*® 

The picrates difficultly soluble in glacial acetic acid were recrystallized from 
that solvent. Microscopic hexagonal prisms melting at 231° C. were formed. 
This base, liberated from the picrate, proved identical with 2,3-(limethylquinoline 
synthesized by a method of Eliasberg and Friedlander.*® It is a white crystalline 
solid melting at 67° C. and boiling at 273° C. (750 mm.). 

Armendt and Bailey investigated the fraction of kerosene bases within the 
boiling point range 215° to 216° C. They isolated a base CigHoiN by fractional 
crystallization of picrates. The base was a colorless oil, with not unpleasant 
odor, insoluble in water and miscible in all proportions with common organic 
solvents. Its melting point was 24.5° C; boiling point, 225.6° C. at 750 mm. 
The mercuric chloride, the chloroplatinate, acid-sulphate, and picrate were pre¬ 
pared. The base was not identified, however. Its reactions and behavior were 
compared with the base CioHaoN, previously mentioned, described by Thompson 
and Bailey.** Neither of these bases could be hydrogenated or dehydrogenated 

^J.A.C.S., 1933, 55, 4143. 

1933, S3, 4141. 

1886, 19, 1037. 

»Ber., 1892, 25, 1754. 

”J.A.C.S., 1933, 55, 4145. 

" Loe. cit. 
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and prolonged heating with alkaline permanganate had no oxidizing effect. Al¬ 
though tlie CieH^sN compound reacted with methyl iodide, the methiodide of 
C 13 H 21 N was not formed under similar conditions. The following formula was 
selected provisionally for the compound QsH,xN: 


H 

C 



It is certain that petroleum distillates, and this applies especially to California 
petroleum, contain a host of hydroaromatic bases. Bailey is of the opinion that 
many of them are of the pyrindine or pyrindacine type and that they will be 
found to differ from one another in the state of saturation, in the position of 
double bonds, in the number and position of side-chains and in the nature of 
bridging in the ring nuclei. In any event, it is highly probable that the impor¬ 
tance of the cyclopentane complex, i.e., naphthenic structure, will be brought into 
greater prominence as the true nature of the petroleum hydroaromatic bases is 
revealed. 

Just why hydroaromatic bases should come from petroleum and be absent in 
coal, shale and bone distillates is a puzzle for which no explanation so far has 
been offered. Furthermore, it is of interest to note that none of the arojnatic 
bases, so far encountered in the investigation of kerosene bases by Bailey and 
his co-workers, has been obtained previously from any other natural source. 

In spite of the satisfactory interpretation of the reactions of the base CioHogN, 
by means of the structure assigned, there are still several other trinuclear cyclic 
arrangements possible. In the absence of the synthesis of this base absolute proof 
of the structure presents a very difficult problem in orientation. 

Nitrogen compounds belonging to the pyridine series have been isolated by 
Eguchi from one fraction obtained on the distillation of Fushun (Japanese) 
shale tar. No primary or secondary bases were found and only traces of pyrroles. 

The crude shale tar was separated into the following fractions: 3 per cent 
boiling up to 200° C.; 25 per cent from 200° C. to 250° C.; 27 per cent from 
250° C. to 300° C.; 23 per cent from 300° C. to 350° C.; and 22 per cent residue. 
On extraction with 30 per cent sulphuric acid 106 liters of the fraction boiling 
from 220° C. to 250° C. yielded 3550 cc. of bases. Of these bases a fraction of 
1965 grams, boiling up to 200° C., was further separated into 56 fractions, and 
the nitrogen bases separated from the various fractions by means of the addition 
compounds formed with ^mercuric chloride. Identification was obtained by oxi¬ 
dizing the compounds to their corresponding carboxylic acids, and also by com¬ 
parison of their physical properties with those of synthetic materials. The 
fraction boiling from 128° to 130° G. yielded 2 -methyl pyridine; that boiling from 
143° to 144° C. gave 2,6-dimethylpyridine; the one boiling from 158° to 160° C. 
yielded both 2,4-dimethyl- and 2,6-methylethyl pyridine; while 2,4,6-trimethyl- 
pyridine was obtained from the fraction boiling between 170° and 172° C. 

•Bn//. Chem, Soc. {Japan), 1927, 2, 176; Chem. Abs., 1927, 21, 3196; Brit. Cham. Abt. B, 
1927, 696. 
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Later Eguchi devised a method for the separation of various methyl pyri- 
dines based on the carefully controlled fractional precipitation with picric acid 
and the purification of the various picrate fractions. Applying this method to 
the various low-boiling fractions of nitrogen bases from the Fushun shale tar 
he was able to obtain a series of pyridine derivatives particularly rich in a- and 
y-alkyl derivatives. The majority of these were methyl derivatives, though from 
the last fraction boiling at 200° to 202° C. a new base called pyrindane 
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V\/ 


■CH, 

CH. 


N CH, 


was obtained. Bailey,®^ however, has suggested the name pyrindine for the com¬ 
pound 

^-hCH 


K CH, 


CH 


and according to his system of nomenclature pyrindane would become 5,6-dihydro- 
pyrindine (r/. pyrindacine). The synthesis of 5,6-dihydropyrindine, using cyclo- 
pentanone as the initial material, was accomplished later by Thompson®* and 
further confirmation of the structure, as suggested by Eguchi, was thus obtained. 

Likhushin removed as much as 0.26 per cent of nitrogen compounds from 
oil and acid separated from acid sludge. The nitrogen compound separated from 
the sulphuric acid had the composition: 51.33 per cent carbon, 6.42 per cent 
hydrogen, 2.49 per cent nitrogen and 41.87 per cent sulphuric acid. Another oil, 
yellow in color and with a pyridine-like odor, which was separated by steam dis¬ 
tillation of the neutralized acid, contained 81.95 per cent carbon, 10.12 per cent 
hydrogen and 8.40 per cent nitrogen. This latter oil was believed to consist of 
a mixture of pyridine and quinoline compounds. 

The extraction of nitrogen bases from other petroleum distillates and their 
industrial application has also been suggested. For example, the crude gasoline 
obtained from the first distillation of petroleum oil is extracted with 25 per cent 
sulphuric acid, and after separation of the acid and distillate the former is made 
alkaline and distilled. The nitrogen bases thus obtained after distillation can 
be used as one of the components of insecticides.®® The same use can be made 
also of such bases obtained from the sulphur dioxide extract obtained in the 
refining of heavier distillates,such as kerosene. The bases obtained from Cali¬ 
fornia gas oil by acid extraction followed by steam distillation of the extract are 
further purified by redistillation or treatment with oxidizing agents. Lubricating 
oils are said to be improved by the addition of 1 per qent of such bases.®® As 
they are added in such small quantity their effect is possibly that of an anti- 


Cketn. Soc. (.Japan), 1928, 3, 227; Chcm. .Abs., 1929, 23, 391; Brit. Chem. Ahs. B, 

1929, 6. 

*^J,A.C.S., 1931, 53, 1004. 

^J.A.C.S., 1931, S3. ^160. 

Repts. of the Sci.-Tech. Council of the Petroleum Industry, Session of the Refinery Sect, in 
Baku in 1929; Chcm. Abs., 1931. 25. 5755. 

** Ihrig, U. S. Patent 1,686,136, Oct. 2, 1928; assigned to S. E. Campbell and Associated Oil Co.; 
1923 22 4789 

** Associated Oil Co., British* Patent 287,371, 1927; Brit. Chem. Abs. B, 1928, 382. 

*» Ihrig, U. S. Patent 1,768,910, July I, 1930; Brit. Chem. Abs. B, 1931, 332. 



EXTRACTION OF NITROGEN COMPOUNDS FROM PETROLEUM %29 


oxidant, or inhibitor; as a large group of nitrogen compounds, particularly the 
organic base type, are known to inhibit the autoxidation of lubricating oil. (See 
Chapter 40.) 

Orelup observed that nitrogen bases from oil shale residues can be used 
to stabilize cracked petroleum distillates. 

Still another use for these nitrogen bases is as inhibitors in pickling solutions. 
Voorhees has prepared a pickling acid from the sludge obtained in the treating 
of light distillates such as cracked gasoline or kerosene. The sludge is diluted 
with water to a concentration of about 35 to 40 per cent sulphuric acid; the acid 
is then removed from the tarry material which separates and is deodorized by 
steaming. Afterwards this acid can be diluted to the proper concentration for 
pickling, usually about 6 per cent, and used alone or it can be mixed with pure 
acid and the mixture used as a pickling solution. As basic nitrogen compounds, 
such as quinolines, isoquiiiolines and acridines, are known to be inhibitors in the 
pickling process there is little doubt that some basic nitrogen compounds remain 
in the acid obtained from sludge and these are the active inhibitors. I.ater, 
Voorhees described the recovery of such bases from cracked petroleum oils 
and their use in baths for pickling metals. 

U. S. Patent 1,909,069, May 16, 1933; assigned to Patent Fuels and Color Cot p.; Chcm, Abs., 
1933, 27. 3810. . . 

•• U. S. Patent 1,793,146, Feb. 17, 1931; assigned to Standard Oil Co. of Indiana; Brit. Chcm. 
Abs. B. 1931, 931. 

” U. S. Patent 1,838,338, Dec. 29, 1931; assigned to Standard Oil Co. of Indiana; Brit. Chcm. 
Abs. B. 1932, 943. 



Chapter 36 

Oxidation of Petroleum Hydrocarbons. General Con¬ 
siderations. Use of Air, Oxygen or Ozone 

The wide variety of oxidation products of petroleum hydrocarbons and their 
production is a problem of great economic importance. As an illustration of the 
possibilities in this field, Egloff and Schaad ^ calculated from the amounts of 
the various paraffin hydrocarbons in commercial fuel gases that 2 X 10^® cubic 
feet per year of methane, ethane, propane and butane are available for con¬ 
version into oxidation products. The alcohols that could be made from such a 
quantity of gases would total billions of gallons. In addition to alcohols, other 
substances such as aldehydes or acids, could be made also by oxidation. As 
previously pointed out, alcohols are being made from the unsaturated gaseous 
hydrocarbons obtained in cracking operations.^ These unsaturated hydrocarbons 
are absorbed in sulphuric acid to form the acid esters which, by hydrolysis, yield 
alcohols. 

The oxidation of petroleum wax to produce high molecular weight acids has 
received a considerable measure of research and commercial attention. These 
acids may be converted to fats by esterification with glycerol or glycol. They 
may be used also in the manufacture of candles and soaps. Furthermore, if the 
oxidation of wax is not carried completely to the acid stage, intermediate products 
resembling true waxes are obtained. Such compounds present marked industrial 
possibilities. 

Acids have been made by the oxidation of high-boiling distillates. Such acids 
appear to be mixtures derived not only from straight-chain or paraffinic but from 
cyclic hydrocarbons as well. Other products which have been made by the vapor 
phase oxidation of some of the petroleum fractions are various solvents and 
oxidized kerosene. For instance, a liquid having a high solvent power for 
naphthalene has been so prepared.® Hydroxy-acids and unsaponifiable oxidized 
oils have been prepared by liquid and vapor phase oxidation. The utilization of 
the hydroxy-acids as starting materials for the manufacture of cheap varnish 
gums or paint film substitutes and of the unsaponifiable oxidized oils for lubricat¬ 
ing greases has been suggested.^ 

Artificial asphalts are made by the blowing 'of heavy pitch-like residues ob¬ 
tained on the distillation of certain crude petroleum oils with air or other oxidiz¬ 
ing gases.® The changes which take place during such an operation are obviously 
too complex to be well understood. Hausman ® states that it is essential to have 

»Oi7 and Gas /.. 1929, 27 (43). 156; Chem. Ahs.. 1929, 23, 3337. 

*See Chapters 13, 14, and 16. 

*von Piotrowski and Winkler, BrennstofF^Chem., 1933, 14, 208; Brit. Chem. Ahs. B, 1933, 611. 

«James, Chem. Met. Eng., 1921, 25, 1128; ibid., 1922, 26, 209; Furness, J.S.C.I., 1923, 42, 199; 
ibid., 1923, 42, 358. 

*See Hausman, Nat. Petr. News, 1932, 24 (36), 26: Sakhanov and Logvinova, Gross. Neft., 1931, 
I (6-7), 69; Chem. Abs., 1932, 26, 4943; Egloff and Levinson, J. Inst, Pet. Tech., 1933, 19, 504; 
Abson, Oil and Gas J., 1933, 31 (45), 69; Chem. Abs., 1933, 27, 3597; Mizusima and Yamada, 
Japanese Patent 93,247, 1931; Chem. Abs., 1933, 27, 1503. 

•Petroleum Z., 19.32. 28 (8) 1; Brit. Chem. Abs. B, 1933. 418. 
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raw materials containing hydrocarbons which, after cracking and polymerization, 
help in the formation of asphalts. He is of the opinion that even crude oils 
containing paraffin wax can be used for the production of asphalt.^ The lower 
boiling hydrocarbons present in blown asphalts can be removed by distillation, 
particularly with steam or under reduced pressure.® The subject of asphalt 
manufacture, however, is one of almost unlimited extent and no attempt to review 
it will be made here.® 

General Considerations 

Petroleum hydrocarbons can be oxidized in either the liquid or vapor phase, 
the determining factor in a large measure'being the type of hydrocarbon which 
is being treated. For hydrocarbons which are normally gases or low boiling 
liquids, vapor phase oxidation is almost universally used. For paraffin wax and 
heavy oils, liquid phase oxidation is used to better advantage. The temperatures 
employed vary from about 120® to 150® C. tor liquid phase oxidation, to cover 
500® C. for some vapor phase oxidation processes. Similarly, the pressures used 
cover a wide range. 

The most generally used oxidizing agent is air, though pure oxygen or ozone 
is sometimes substituted for it. The oxides of nitrogen, particularly the dioxide, 
either alone or mixed with air or oxygen, are also employed occasionally. In 
some processes these oxides appear to act only as catalysts, though in others they 
serve as actual oxidizing agents. 

When oxygen or ^ir is used as the oxidizing agent the products include 
alcohols, aldehydes, ketones, and acids. Further oxidation eliminates the carboxyl 
group, yielding carbon dioxide and a molecule containing one less carbon atom. 
With unsaturated hydrocarbons oxidation is often accompanied by a rupture of 
the molecule at the double bond. 

Two general theories have been offered for the mechanism of oxidation: the 
hydroxylation and the peroxide theories. According to the first theory, each 
hydrogen atom attached to a carbon atom is successively hydroxylated by the 
reacting oxygen. The second theory assumes that the oxygen and the hydro¬ 
carbon first form a peroxide, or moloxide (see Chapter 37) which is the active 
oxidizing agent. Experimental evidence has indicated that peroxide formation* 
takes place with both saturated and unsaturated hydrocarbons. Peroxides of 
saturated hydrocarbons, however, apparently have not been isolated, but peroxides 
of unsaturated hydrocarbons have been obtained. They play an important role in 
the autoxidation of various petroleum distillates. 

Ozone seems to react with saturated hydrocarbons in a manner similar to 
that of oxygen. With unsaturated compounds, however, it forms ozonides of 
definite composition, the ozone attaching itself to the molecule at the double bond. 
Decomposition of these ozonides is accomplished by heating or by hydrolysis, 
the resulting products usually being aldehydes or ketones. 

As an oxidizing agent nitrogen dioxide reacts rather slowly with saturated 
hydrocarbons, forming monobasic acids, which can then be further oxidized. 
The oxidation proceeds eventually to oxalic acid and carbon dioxide. Simul- 

' C/., for example, Burmah Oil Co., British Patent 364,666, 1930; Brit. Chem. Abs. B, 1932, <■ 
299; French Patents 722,881 and 722,883, 1931; Chem. Abs., 1932, 26, 4170. Tesch, British Patent 
370,367, 1929, (Void); Chem. Abs., 1933, 27, 2573. Limbach, Petroleum Z., 1930, 26, 683; Chem. 
Abs., 1930, 24, 4621. 

* See, for example, Bataafsche Petroleum Maatschappij, British Patent 363,972, 1930; Chem. Abs., 
1933, 27, 1744; Hausman, he. cit. 

* Abraham ("Asphalts and Allied Substances,** D. Van Nostrand Co., New York, 192C!) 
gives a comprehensive survey of the held. Poll, Brdbl uttd Teer, 1931, 7, 3SO; Chem. Abs., 1932, 
26, 1426. 
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taneously the nitrogen dioxide is reduced to nitric and nitrous oxides and ulti¬ 
mately to nitrogen.^® The reactions are generally, more easily effected with 
branched-chain than with straight-chain hydrocarbons. With olefinic hydro¬ 
carbons there are immediately formed the unstable isomeric nitrosates and pseudo- 
nitrosites, the formation often being accompanied by tlie polymerization of the 
olefin. With benzene in the cold, nitrogen dioxide slowly forms picric acid, and 
toluene is converted to trinitrotoluene. At the same time, toluene forms some 
nitronitrite compounds which may be decomposed by alkalies to yield various 
nitrocresols. In the presence of metallic salts such as aluminum or ferric 
chlorides, benzene forms addition products with nitrogen dioxide which can be 
decomposed by water. 

Electrolytic oxidation of petroleum hydrocarbons has been investigated to a 
limited extent.^^ The hydrocarbons are not conductors and must therefore be 
thoroughly emulsified with some electrolyte.’^ Low yields of products are usually 
obtained. Electrolytic oxidation and reduction appear to be more applicable to 
aromatic hydrocarbons, though even here these same objections hold.’® Fre¬ 
quently with aromatics it is difficult to control the course of the reaction. 

Other methods of oxidation are also available, though they probably have 
not been used to any great extent in commercial practice. Unsaturated com¬ 
pounds can be oxidized with neutr.al or alkaline solutions of potassium per¬ 
manganate. This results in the addition of hydroxyl followed by the formation 
of acids, the latter step resulting in a rupture of the molecule at the double bond. 
Although saturated hydrocarbons are not generally oxidized under these con¬ 
ditions, nevertheless this reagent does attack them if they are mixed with un¬ 
saturated compounds.’* Saturated hydrocarbons which contain tertiary carbon 
atoms appear to be oxidized in the presence of unsaturated hydrocarbons more 
readily than those containing secondary or primary carbon atoms. 

The use of chromyl chloride as an oxidizing agent has been suggested. 
Etard’® found that hexane from an American petroleum could be oxidized to 
yield a chlorohexyl ketone. Schulz investigated the oxidizing effect of this 
reagent on various fractions of a Boryslaw oil but, although reaction products 
were obtained, no definite compounds were isolated. Generally the higher the 
specific gravity of the fraction, the greater was the yield of oxidized products. 
From the highest boiling fraction he obtained a small quantity of a substance 
which reacted with Fehling^s solution and also reduced ammoniacal silver nitrate 
solution. All the oxidation products reacted with nitric acid to yield oily, non¬ 
cry stall izable acids. 

Petroleum hydrocarbons can be oxidized by passing their vapors over oxides 
of metals which are reducible or which exhibit more than one valence state. 
In this manner, Piotrowsky and Jakubowicz ” increased the olefin content of 
various fractions of Boryslaw crude oil by treatment with manganese dioxide 
at 550° to 600° C. The fraction boiling between 50° and 150° C. was completely 
converted to unsaturated hydrocarbons. 

Oxidation processes are generally aided by the presence of metals, metallic 
oxides, or their salts. Catalysts vary greatly in the way they influence the 

Schaarschmidt, Z. angew. Chem., 1924, 37, 933; Chem. Abs., 1925, 19, 942. See also, Schaar- 
Bchmidt and Hofmeicr, Ber., 1925, S8B. 1047; Chem, Abs., 1925, 19, 2634. 

“See, for example, Chance, U. S. Patent 1,298,889, Apr. 1, 1919; Chapter 9. 

“See, for example, Ges. fur Chem. Ind., Norwegian Patent 27,389, 1916; Chem. Abs., 1917, 
11. 236. 

“See, for example, Soc. anon, pour I'ind. Chim. a Bale, British Patent 15,750, 1915; Chem. Abs., 
1917, 11, 1366. 

“Kizhner, /. Russ. Phys.-Chem. Soc., 1913, 45, 1788; Chem. Abs., 1914, 8, 911. 

**Ann. chim. phys., 1881, (5) 22, 218; Chem. Soc. Abs., 1881, 40, 581. 

» Petroleum, 1910, 6, 189; Chem. Abs., 1911, 5. 587. 

Petroleum Z., 1923, 19, 5; Chem. Abs., 1923, 17, 1710. 
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oxidation of hydrocarbons. The specific catalysts suggested for a particular 
oxidation will be mentioned. Nevertheless, a few have been proposed for general 
oxidation reactions of hydrocarbons. Frazer,^® for example, recommended finely 
divided porous manganese dioxide prepared by treating a manganese compound 
with cold nitric acid. Chromium-mixed catalysts obtained by heating salts such 
as basic zinc ammonium chromate, zinc tetrapyridine dichromate, and manganese 
ammonium chromate have likewise been used for similar purposes, as well as 
ruthenium,®® magnesium, nickel, molybdenum or tungstic oxides,®^ aluminum, tin, 
zinc, iron, cobalt, or nickel borates or phosphates treated with halogen, or halogen 
acids.®® 

Krauch ®® made the following partial general*classification of catalysts: Carbon 
chains are split by vanadium, molybdenum, tungsten, uranium and their oxides. 
Copper, nickel, sulphur and selenium tend to promote dehydrogenation. Iron, 
though it lowers the cracking temperature and favors the dehydrogenation of both 
aromatic and hydroaromatic compounds, also promotes condensation reactions. 
Aluminum, which has been previously activated by treating it with solutions of 
certain metallic salts, often effects cleavage of the molecules at temperatures as 
low as 100° to 180° C. Aluminum chloride and boron trichloride, because of their 
polymerizing effect on olefinic hydrocarbons, are good catalysts for the manu¬ 
facture of lubricating oils.®^ Antiknock compounds, such as lead tetraethyl and 
iron carbonyl, are classed as negative catalysts. 

In this chapter are discussed some of the more general methods for the oxida¬ 
tion of petroleum hydrocarbons. Processes for the manufacture of specific com¬ 
pounds or for the oxidation of definite types of petroleum hydrocarbons are 
discussed in subsequent chapters. 


Oxidation of Gaseous Hydrocarbons 


Walter obtained formaldehyde by the oxidation of 1 volume of natural gas, 
containing principally methane, with 5 volumes of air and 2 volumes of steam. 
Similarly, formaldehyde was obtained also from ethylene and air; a large excess 
of ethylene was required to prevent the occurrence of explosions. A number 
of metals and metallic oxides were employed as catalysts: platinum, iridium, 
silver, palladium, uranium, vanadium, manganese, copper, cobalt, nickel, thorium, 
titanium and tungsten; lead oxide either alone or mixed with aluminum oxide or 
calcium oxide; molybdic acid and thallium oxide, both of which were rather 
volatile and not easily separated from the products of the reaction; mercury and 
arsenic, though volatile also, could be easily separated from the reaction products. 

According to Clancy,®® a catalyst for the oxidation of methane may be pre¬ 
pared by heating the cyanamides of qopper or silver to a temperature of 250° to 
350° C. in the presence of the ferrocyanide or ferricyanide of bismuth, calcium, 
cerium, cobalt, vanadium or molybdenum. 


« U. S. Patent 1,602,404, Oct. 12, 1926: Chem. Ahs., 1926, 20, 3786; cf. Frazer and Scalione. 
U. S. Patent 1,345,323. June 29, 1920; 1920. 39, S7lA, 

Lazier, British Patent 301,806, 1927; Brit. Chem. Abs, B, 1929, 235; cf. British Patent 
272,555. 1927; Brit. Chem. Abs. B, 1929, 163; both patents assigned to E. I. duPont de Nemours 

Badische Anilin* und Soda-Fabrik, German Patent 275,518, 1913; Chem. Abs., 1915, 9, 361. 
"Chkrlot. Compt. rend., 19.33. 196, 1224; Brit. Chem. Abs. A, 1933, 680. 

*•1. G. Farbenindustrie A.*G., British Patent 325,234, 1928; Brit. Chem. Abs. B, 1930, 373. 
“0»7 and Gas J., 1929, 27 (39), 156, 158, 160; Chem. Abs., 1929, 23, 2284. 


** See Chapter 5. « 

“ J. pr. Chem., 1895, 51. 107; German Patent 168,291, 1904; Chem. Zentr., 1906, 1, 1199; French 
Patent 360,785, 1905; J.S.C.I., 1906, 25, 493; British Patent 21,941, 1905; J.S.C.I.. 1906, 25, 1173. 
See also Glock, German Patents 109,014 and 109,015. 1899; Chem. Zentr., 1900, 2, 304. 

**U. S. Patent 1,425,576, Aug. 15, 1922; Chem. Abs., 1922, 16, 3369. 
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Sabatier and Mailhe found that hydrocarbons of both the methane and 
ethylene series could be oxidized with air or oxygen at low temperatures in the 
presence of metallic oxides to yield aldehydes and acids. The oxidations were 
somewhat difficult to control because of the explosions which took place when 
the temperature of the catalyst reached the point of incandescence. Ethane can 
be oxidized to yield acetaldehyde. As a general rule, however, the resulting 
aldehyde contains one less carbon atom than the original hydrocarbon. From 
ethane, for example, was obtained mainly formaldehyde ?md from butane, pro¬ 
pionic aldehyde. Acids are also formed, usually with fewer carbon atoms than 
the original hydrocarbon. Ethane, though it yields some acetic* acid, is oxidized 
principally to formic acid. 

The oxidation of hydrocarbons (such as those which occur in natural or 
refinery gases) chiefly to alcohols takes place in the presence of catalysts, under 
pressures of 1500 to 3500 pounds per square inch and at temperatures of 350° to 
600° C., according to Young. 2 ® The quantity of oxygen in the gas mixture should 
be low, not exceeding 15 per cent. Numerous catalysts can be used in this process, 
as for example, manganese, silver wire, platinum foil, cobalt-plated copper wire, 
chromium-nickel alloy, and vanadium pentoxide powder. Beall 2 ® oxidized natural 
gas hydrocarbons with air by subjecting the mixture to a pressure of 300 to 1250 
pounds per square inch and temperatures of 180° to 216° C. Platinum sponge 
or nitrogen oxides are employed as catalysts. The products •are a mixture of 
aldehydes, ketones, acids and alcohols. 

Oxygenated compounds are reported to be obtained when a mixture of methane 
and steam, together with carbon dioxide, hydrogen, or oxygen, is passed over 
metallic catalysts at 200° to 500° C., under pressures up to 500 atmospheres or 
more.®® The oxygenated compounds so produced, which may be varied according 
to gaseous mixture used, are alcohols, aldehydes, ketones, and acids. Among the 
catalysts which can be used are zinc, magnesium, calcium, aluminum, chromium, 
manganese, vanadium, molybdenum, titanium, iron, cobalt, nickel and rare earths, 
or their compounds such as sulphides, arsenides, phosphates, silicates or borates. 
The catalysts may also contain various chromates, tungstates or molybdates. The 
apparatus may be of copper, or lined with copper, or made of steel containing 
vanadium, manganese, nickel or cobalt. 

In a process developed by the I. G. Farbenindustrie A.-G., the catalytic oxida¬ 
tion of gases and vapors containing hydrocarbons of low molecular weight such 
as those obtained in the destructive distillation of coal yields acetic acid and its 
homologues, ketones, aldehydes, and alcohols together with propylene, butylene, 
butadiene and other olefins.*^ The hydrocarbon gases are mixed with gases such 
as carbon dioxide, steam or air, which supply oxygen for the reaction, and the 
mixture is subjected to a temperature of 500° to 800° C. in the presence of 
catalysts. These catalysts include manganese dioxide, vanadium oxide, the oxides 
of molybdenum, chromium, aluminum, and the carbonates of the alkali and alkaline 
earth metals. The olefins obtained in this process may be polymerized to sub¬ 
stances of high molecular weight, for example, lubricants, or polymerization 
products which are either plastic or elastic. 

” Compt. rend., 1908, 147, 16; Chem, Abs,, 1908, 2, 3057. Compt, rend, des travaux prisent^s an 
CongrPs au Clermont-Ferrand, 1908, I, 59. 

^ U. S. Patent 1,735,486, Nov. 12, 1929; assigned to Standard Oil Development Co.; Chem. Abs., 
1930, 24, 625; Standard Oil Development Co., British Patent 321,494, 1928; Chem. Abs., 1930, 
24. 2755. 

»U. S. Patent 1,859,193, May 17, 1932; assigned to J. C. W. Beall; Brit. Chem. Abs. B, 
1933, 377. See also Refiner, 1932, 11, 422; Chem. Abs.. 1932, 26, 6108. 

Dreyfus, British Patent 337,410. 1929; Chem. Abs., 1931. 25, 2152. 

*>1. G. Farbenindustrie A.*G., British Patent 305,603, 1927: Brit. Chem. Abs, B, 1929, 27$; 
Fren^ Patent 654,316, 1928; Chem. Abs., 1929, 23, 3796. 
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Burke and Fryling *- effected selective oxidation of hydrocarbons in the absence 
of a catalyst. They state that the temperature must be carefully controlled, being 
kept at a point where only partial oxidation takes place and any hydrogen or 
carbon monoxide present are unaffected. This temperature is generally about 
350° C. An aluminum reaction chamber is employed (aluminum having no 
catalytic action), and a pressure of more than 300 pounds per square inch is 
maintained. 

Oxidation of Liquid Hydrocarbons in the Vapor Phase 

Reactions which occur in the oxidation of hydrocarbons in the vapor phase 
are very sensitive to temperature, time of contact, pressure and proportion of 
constituents in the reaction zone.®® Continuous recirculation is advantageous in 
processes of this kind. Marek®** observed that aliphatic hydrocarbons require 
lower temperature, shorter contact time and lower oxygen concentration than 
aromatics. Increased pressures reduce the temperatures required for oxidation 
and stabilize the products but they also increase the possibility of explosion. 

In carrying out the oxidation of hydrocarbons to alcohols, acids, aldehydes, 
and other products, Frolich ®® heated the mixture of air and hydrocarbon to tem¬ 
peratures between 350° and 700° C., at pressures between 70 and 250 atmospheres. 
Thus, in the oxidation of butane with air, a mixture of the two gases is passed 
through a chamber partly filled with nickel catalyst. The pressure is maintained 
at 160 atmospheres and the temperature at 430° C. The products consist of ethyl 
and propyl alcohols, acetic acid and esters, with smaller proportions of acetalde¬ 
hyde and propionaldehyde, acetone, and methyl and butyl alcohols.®® Similar 
methods have been proposed by Pugh, Tauch and Warren,®^ Lewis,®® and Dearborn 
and Gray.®® Low molecular weight organic acids or anhydrides such as acetic an¬ 
hydride, can be mixed in as diluents to avoid danger of explosion.^® 

For the oxidation of gasoline vapors, Freund employed an iron tube packed 
with petroleum coke (which had been previously ignited) and conducted the 
mixture of gasoline vapors and air through this tube at temperatures of 400° to 
500° C. Two samples of gasoline were used: A Galician gasoline from Boryslaw 
crude oil (predominantly paraffinic in character), and a cracked gasoline (having 
a high content of unsaturated hydrocarbons) made from a crude oil obtained in 
the western part of the United States. Oxidation was found to increase with 
rising temperatures. It was also increased by prolonging the time of passage of 
the gases through the tube and by using a larger proportion of air in the gas 
mixture. With four successive passages of a given quantity of gasoline vapor 
through the tube at 400° C., about 30 per cent was converted into oxidation 
products, which included acids, phenols and other aromatic bodies, together with 

® U. S. Patent 1,911,746, May 30, 1933; assigned to Doherty Research Co.; Chem. Abs., 1933, 
27. 3941. 

“Beall, ReHner, 1932, 11, 463,495; Chem. Abs., 1932, 26, 6108; Wilken-Jorden, /. Chem. Met, 
Mining Soc. S. Africa, 1932, 32, 248; ibid., 1932, 33, 203; Chem. Abs., 1932, 26, 4941; ibid., 1933, 
27. 3065. 

Ena. Chem., 1932. 24. 110.3. 

“U. S. Patent 1,858,822, May 17, 1932; Chem. Abs., 1932, 26, 3803; British Patent 341,130, 
1929; Brit. Chem. Abs. B, 1931, 333; German Patent 554,780, 1929; Chem. Abs., 1932, 26, 5963; 
French Patent 682,979, 1929; Chem. Abs., 1930, 24, 4519; all patents assigned to Standard Oil 
Development Co. See also, Frolich and Wieievich, Ind. Eng. Chem., 1932, 24, 13. 

“C?. also Young, U. S. Patent 1,735,486, Nov. 12, 1929; Chem. Abs., 1930. 24. 625. 

" U. S. Patent 1,812,714, June 30, 1931; assigned to Standard Oil Development Co.; Brit. Chem. 
Abs. B. 1932. 635. 

>• U. S. Patent 1,870,816, Aug. 9, 1932; assigned to Standard Oil Development Co.; Chem. Abs., 
1932, 26. 5738. 

“TJ. S. Patent 1,861,956, June 7, 1932; assigned to The Texas Company. 

Luther and Klein, German Patent 572,896, 1933; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1933. 27. 4238. 

^Z. angew. Chem., 1927, 40, 368; Chem. Abs., 3927, 21, 2117. 
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unsaturated compounds, esters, water and carbon dioxide. Under the same con¬ 
ditions the American gasoline, because of its unsaturated character, yielded a 
larger proportion of oxidation products than the Galician gasoline. A relatively 
large amount of acetic acid was found among the oxidation products of the 
American gasoline. Purely pyrolytic reactions were shown to take place by 
substituting nitrogen for the air, a larger proportion of unsaturated hydrocarbons 
being thus formed. 

Employing a somewhat lower temperature (250° C.), Candea^- observed the 
formation of aromatic compounds when the vapors of Rumanian gasolines 
(which boiled up to 150° C.) and air were passed over a catalyst. Iron oxide 
(F^Os) appeared to be the best catalyst and the highest yield of aromatics ob¬ 
tained was 6.4 per cent. This reaction appears to be dehydrogenation, other 
examples of which are discussed in Chapter 39. 

Results on the vapor phase oxidation of hydrocarbons have been reported by 
Shimose.^® In his work he found that maleic acid (together with some carbon 
dioxide and formaldehyde) was the principal product of the oxidation of n-pen- 
tane, n-heptane, n-octane, 2-aniylene, 2-isoamylene, diisoaniylenc and cyclohexane 
with air. The same substances were also obtained by the oxidation of gasoline 
vapors. The catalysts used were the oxides and salts of vanadium, molybdenum, 
uranium, chromium and manganese. 

To obtain oxidation products from petrpleum hydrocarbons with boiling ranges 
higher than those of gasoline, two general methods have been used: (1) the 
direct oxidation of the hydrocarbons in the vapor phase, and (2) the cracking 
of such hydrocarbons followed by the vapor phase oxidation of the lower-boiling 
products thus formed. 

Walter oxidized a petroleum distillate boiling above 300° C. by passing the 
vapors together with air and steam over a heated catalyst of copper deposited on 
asbestos. The products of the reaction were acetic acid and its homologues, and 
aldehydes. 

James produced aldehydes and aldehyde-acids by the passage of a mixture 
of hydrocarbon vapors and air through a heated reaction zone containing catalysts. 
The temperature of the reaction zone varied from 230° to 500° C., being de¬ 
termined by the type of petroleum distillate undergoing oxidation. Steam may 
be used as a diluent for the gas mixture. Catalysts used included the oxides of 
metals which are capable of exhibiting more than one valence state, as for 
example, molybdenum, vanadium, and uranium. In carrying out the process, the 
oil and air are both led into a heating and mixing vessel. The heated mixture 
of hydrocarbon vapors and air is then passed through a screen of the catalytic 
material and from there into a condenser. The time of contact of the vapors 
with the screen is of the order of 0,3 second. 

For example, when a mixture of air and the vapors of a Pennsylvania 
petroleum fraction, 90 per cent of which distilled between 250° and 324° C., was 
conducted over a molybdenum oxide catalyst at a temperature of 310° to 320° C., 
the condensate was reported to consist of 28 per cent by volume of aldehydes and 
46 per cent by volume of aldehyde-acids.^® The portion of such condensates 
boiling up to 300° C. could be mixed with benzol, alcohol or gasoline and used 
as a motor fuel. The soaps obtained by extracting portions boiling above 300° C. 

«Afon. pitrole Roumain, 1924, 23. 1295; Chem. Ahs., 1924, 18. 3472. 

^ Sci. Papers Inst. Phys. Chem. Research {Tokyo), 1931, IS, 251; Chem. Abs., 1931, 25, 4694. 

** Loc. cit. 

«U. S. Patent 1,697,653, Jan. 1, 1929; Chem. Abs., 1929, 23, 1136; Reissue 18, 522, July 12, 
1932; Chem. Abs., 1932, 26, 4611. U. S. Patent 1,716,272, June 4, 1929; see also Byrnes, British 
Patent 138,113, 1920; J.S.C.I., 1921, 40, 636A; British Patent 209,128, 1922; Chem. Abs., 1924, 
18. 1565. 

Janies, U. S. Patent 1,697,653, Jan. 1, 1929. 
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with sodium or potassium hydroxide solutions exhibited detergent properties. 
The corresponding calcium and aluminum soaps were considered appropriate for 
water-proofing materials. The residue, after the alkali-extraction, contained 
alcohols, aldehydes and waxes and was said to be utilizable for a lubricant. 
Either before or after the removal of the aldehyde-acids with alkaline solutions, 
the product was stated to be thickened or resinified by dry hydrogen chloride, 
anhydrous zinc or calcium chloride, or phosphoric acids. These resinous sub¬ 
stances were acidic in nature and could be converted into calcium or sodium 
soaps.*^ 

The separation of the aldehydes and aldehyde-acids obtained , in this process 
may be effected by converting the acids to salts, for example, the insoluble calcium 
salts.**® After separation of the acids, the residual aldehydes and hydrocarbons 
can be returned to the system for further oxidation. Any unsaturated oxygenated 
product can be converted to the corresponding saturated compound by hydro¬ 
genation or halogenation.^® 

The operation of a plant for the oxidation of petroleum vapors on a com¬ 
mercial scale has been described by Bitler and James.®® 

Other methods have been suggested for the oxidation of petroleum vapors. 
For instance, Martin oxidized the vapors by mixing them with oxygen and 
subjecting the mixture to the influence of ultraviolet light. The products, after 
being condensed, are stated to be usable as frothing agents. Egloff and Morrell 
suggested conducting the mixture of hydrocarbon vapors and oxidizing gas 
through a heated zone in which the mixture is subjected to a high-potential 
electrical discharge under pressure. With some types of hydrocarbon vapors, 
the presence of aluminum chloride or ferric oxide promotes the reaction. The 
use of oxidizing gases such as air, oxygen, ozone and the oxides of nitrogen, 
leads to the production of oxygenated compounds such as alcohols, aldehydes, 
ketones and acids. 

The second method of obtaining oxidation products from petroleum hydro¬ 
carbons, that is, cracking the distillate and then oxidizing the lighter products 
is exemplified by the processes developed by Ellis. In one procedure he cracked 
kerosene, for example, at 800° to 900° C., under a pressure of 10 to 20 atmos¬ 
pheres, obtaining lighter products with a large content of aromatics. These 
lighter products, together with air possessing a constant moisture content, are 
passed over a catalyst kept at 300° to 400° C. Chromium oxide, vanadium oxide, 
molybdenum oxide, iron chromate and similar compounds supported on a carrier 
such as asbestos or pumice serve as catalysts. The volume of oxygen used is such 
that the oxygen content of the gas mixture is about 20 per cent, which is very 
much less than that required for complete combustion. The oxidation products 
are passed through an air condenser which allows separation of the higher boiling 
constituents, then through a scrubbing tower in which the water-soluble products 
are collected, and finally through oil scrubbers. The aqueous solution from the 
scrubbing tower contains not only monobasic acids such as acetic acid and its 
homologues, but also dibasic acids. When the kerosene, however, is cracked at 
slightly lower pressures (at 4 to 5 atmospheres) and the catalyst is maintained 

« Ryrnes, British Patent 173,750, 1921; Chem. Abs., 1922, 16, 1503. 

“James, U. S. Patent 1,681,185, Aug. 21, 1928; Chem. Abs., 1928. .12, 3667. See also U. S. 
Patent 1,753,517, Apr. 8, 1930; Ck^m. Abs., 1930, 24, 2591. French Patent 520,828, 1921. U. S. 
Patent 1,912,484, June 6, 1933; Chem. Abs., 1933, 27, 4239. 

“James, U. S. Patent 1,681,238, Aug. 21, 1928; Chem. Abs., 1928, 22, 3667. 

^•Chem. Met. Eng., 1928, 35. 156. 

“ U. S. Patent 1,678,403, July 24. 1928; assigned to Minerals Separation North American Corp.; 
Chem. Abs., 1928, 22. 3523; cf. also U. S. Patent 1,510,150, Sept. 30, 1924. 

“ U. S. Patent 1,710,155, Apr. 23, 1929; assigned to Universal Oil Products Co.; Chem. Abs., 
1929 23 2820 

»»U.*S. Patent 1,516,720, Nov. 25, 1924; assigned to Ellis-Foster Co.; J.S.C.I., 1925, 64B. 
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at slightly higher temperatures (400® to 500® C.) for example, in addition to 
organic acids there are also obtained aldehydes or aldehyde-acids.®^ 

Ellis ®® found that the oxidation proceeds more slowly and can be controlled 
more readily if the hydrocarbon-air-water vapor mixture is cooled just before 
it enters the reaction chamber so that it comes in contact with the catalysts as a 
mist. This method of oxidation of hydrocarbon vapors, particularly those from 
cracking petroleum products, leads to the formation of aromatic derivatives, 
especially phthalic anhydride. The yield of the latter depends to a large degree 
upon the proportion of naphthenes present in the original oil. Extraction of the 
original oil with alcohols, sulphur dioxide, or other solvents at lov/ temperatures 
makes it possible to separate many of the paraffin hydrocarbons. Such extracted 
oils, containing a higher proportion of naphthenes, give on oxidation a larger 
yield of aromatic derivatives. 

With silver, copper, or aluminum, a temperature between that of black and 
dull red heat, (that is, slightly below 538® C.) aldehydes are the predominating 
reaction products.®® Gases such as carbon dioxide can be used as well as air. 
Formaldehyde is the principal aldehyde formed, together with small quantities of 
acetaldehyde, acrolein and benzaldehyde. The small quantities of acids produced 
consist mainly of formic, propionic, benzoic, citraconic, maleic, and phthalic acids. 

In oxidizing gaseous products which contain a large percentage of un¬ 
saturated compounds (20 per cent or more) obtained in the cracking of petroleum 
distillates, Ellis found that, by carefully regulating the quantity of air used, 
it is possible to obtain monobasic acids such as acetic, propionic, and butyric. 
Increasing the quantity of air results in the production of oxalic, succinic, malic, 
maleic, and similar dibasic acids. During oxidation the temperature of the 
catalyst should be kept between 400® and 500® C. It is possible, however, to carry 
out the oxidation at lower temperatures provided the pressure is greatly increased. 

In a process developed by Palmer ®® the oil or gas is first cracked to yield 
more active hydrocarbons, that is, unsaturated hydrocarbons. These are partly 
oxidized with steam, air> or oxygen in the presence of a catalyst (platinum or 
vanadium on asbestos) at 300° to 700° C. After the precipitation of tar, the 
products are recovered and partially separated in a series of condensers. Alde¬ 
hydes appear to be the main oxidation products. The residual gases can be used 
for the production of carbbn black. 

Oxidation during cracking, however, can be made so extensive that carbon 
monoxide and dioxide, nitrogen and hydrogen result.®® Thus, gas oil, when mixed 
with air and steam and cracked in the presence of an iron-chromium alloy, yields 
these gases. The greater part of the carbon monoxide is then oxidized to carbon 
dioxide by passing the gas mixture over a ferric oxide catalyst. The remaining 
carbon monoxide is oxidized by adding the requisite quantity of air and conduct¬ 
ing the gaseous mixture over mixed oxides of iron and chromium capable of 
preferentially oxidizing the carbon monoxide. The carbon dioxide is removed 
with alkaline solutions and the resulting mixture of hydrogen and nitrogen can be' 
used for the production of ammonia.®® 

Ellis, U. S. Patent 1,697,264, Jan. 1, 1929; assigned to Ellis-Foster Co.; Chem. Abs., 1929, 
23, 1259. 

*»U. S. Patent 1,697,262, Jan. 1, 1929; assigned to Ellis-Foster Co.; Chem. Abs., 1929, 23, 1259; 
U. S. Patent l,697j263, Jan. 1, 1929: assigned to Ellis-Foster Co.; Chem. Abs., 1929, 23, 1259. 

••Ellis, U. S. Patent 1,697,265, Jan. 1, 1929; assigned to Ellis-Foster Co.; Chem. Abs., 1929, 
23, 1259. 

•*^11. S. Patents 1,697,266 and 1,697,267, Jan. 1, 1929; both assigned to Ellis-Foster Co.; Chem. 
Abs., 1929, 23, 1259. 

••U. S. Patent 1,699,627, Jan. 22, 1929; Chem. Abs., 1929, 23, 1260. 

••Nitrogen Corporation, British Patent 163,703, 1921; Ch,cm. Abs,, 1922, 16,* 799. 

•• The production of hydrogen by the action of steam on saturated hydrocarbons is discussed 
in Chapter 10. 
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Oxidation in the Liquid Phase 

The methods for oxidizing liquid hydrocarbons may be grouped into three 
main divisions: (1) oxidation during distillation, (2) oxidation at high tempera¬ 
tures (about 400® C.) while keeping the liquid under pressure, and (3) oxidation 
at relatively low temperatures (about 200® C.) and under atmospheric or slightly 
increased pressure. The first two methods are, of course, appKcable to nearly all 
types of distillates, but the last method can be used only with high*boiling dis¬ 
tillates. Heat is evolved during the oxidation of the hydrocarbons. 

Liquid-Phase Oxidation During Distillation 

In the Dubbs process, oil is heated in a still to a temperature somewhat 
lower than its boiling point and air is introduced through a perforated pipe near 
the bottom of the still. After the reaction has started, the heat generated is 
sufficient to maintain the temperature and cause distillation of the lighter hydro¬ 
carbons ^rmed. This process is essentially a dehydrogenation, the temperature 
being so regulated that hydrogen of the hydrocarbon combines with the oxygen. 
If steam is introduced w’th the air, discoloration of the residue in the still is 
prevented to a large degree. 

A similar process has been proposed by the Societe Anonyme des Combustibles 
Industriels for the oxidation of hydrocarbons such as coal tar, wood tar, and 
schist oils. Air enriched with oxygen or ozone can be used in the oxidation, the 
heat generated being sufficient for continuing the process. The distillates are 
said to be usable as lubricating oils. The temperature of distillation can be 
lowered, of course, by reduction of pressure. 

The production of mineral frothing agents is accomplished by oxidizing 
petroleum distillates in the presence of carbon. Martin passes the oil and air 
over heated coke or charcoal in a retort and condenses the vapors in a series of 
condensers. A temperature of 400® C. is used when the oxidation is carried out 
in the presence of coke, and 350® C. with charcoal. The oily product which 
separates in the condensers can be employed as a frothing agent. Steam or water 
is introduced at the beginning of the operation to minimize the danger of explo¬ 
sions. An excessive quantity must be avoided as the condensed oxidation products 
easily form emulsions with water which are difficult to separate. 

In the process developed by Brewster the oil is maintained at the conversion 
temperature (380® to 405® C.) under a pressure of 4 to 5 atmospheres and air is 
supplied to the still. The evolved vapors are passed through a stripping column 
in countercurrent heat exchange with incoming oil which is thus preheated. The 
condensed heavier fractions are returned to the still. 


Liquid-Phase Oxidation at High Temperatures and Pressures 

An example of liquid-phase oxidation at high temperatures and pressures is 
the Penniman ®® process. Crude petroleum, or its distillates, is mixed with pow- 

«U. S. Patent 1,100.717, June 23, 1914; Chem, Abs., 1914, 8. 2942. 

“British Patent 16,182, 1905; also French Patent 349,214, 1905; 1905, 24, 686. 

“ U. S. Patent 1,510,150, Sept. 30, 1924; assigned to Minerals Separation North American 
Coro.; Ckem. Abs., 1925, 19, 29. 

“ U. S. Patent 1,694,092, Dec. 4, 1928; assigned to Standard Oil Co. of California; Brit. Chem. 
Abs. B, 1929, 234. 

“British Patent 252,327, 1925; Chem. Abs., 1927, 21, 1546. British Patent 255,020, 1925; 
Chem. Abs., 1927. 21, 2793; British Patent 256,922, 1925; Chem. Abs., 1927, 21, 3126; British Patent 
257,886, 1925; Chem. Abs., 1927, 21, 3123. 
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dered coal, coke or peat, and then oxidized by passing air through a heated body 
of the material. With gas oil, for example, the oil is first heated in a still to 
260® C. (500® F.) under a pressure of 20 atmospheres. On introduction of air 
the temperature rises to 385® to 400® C. (725® to 750° F.). The distillate ob¬ 
tained during oxidation separates on standing into an upper water-insoluble layer, 
an intermediate layer, and a lower aqueous solution of organic acids. Acids, 
phenols and aldehydes may be extracted (in that order) from the upper layer with 
solutions of sodium carbonate, sodium hydroxide and sodium bisulphite, respec¬ 
tively. The residue from the upper layer is washed with water, treated with 
sulphuric acid, and then distilled to yield a motor fuel. The r^idue is returned 
to the oxidation still. From the acid extract, alcohols can be obtained by diluting 
with water and distilling. 

The lower aqueous layer obtained in the Penniman process contains acids 
(principally acetic) and aldehydes (largely acetaldehyde and propionic aldehyde) 
together with some ketones and alcohols. On distillation this layer yields acetalde¬ 
hyde and a liquid which can be either added to a motor fuel to increase its anti¬ 
knock properties or used as a solvent for shellac and other resins. The distilla¬ 
tion residue, after treating it with sulphuric acid, is steam-distilled to obtain gums. 

An examination of the aqueous distillate obtained in the oxidation of a Mid¬ 
continent gas oil distillate by air, using the Penniman process, was made by 
Swann, Howard and Reid.®** The aqueous distillate was separated into several 
fractions which were examined individually. An estimate of the quantities of 
organic substances in the water layer, per 1000 pounds of gas oil oxidized, was 
as follows: 

Acetaldehyde . 

Acetone 

Methyl acetate 

Methanol 

Dimethyl acetal, 

These quantities would, of course, vary considerably with different operating 
conditions. Aluminum chloride, or the oxides of manganese, lead, iron, chromium, 
vanadium, zinc, copper, or calcium may be used as catalysts. 

In the Cross process, the oil is heated to the conversion temperature and 
conveyed to a reaction chamber, the pressure being maintained at 400 to 750 
pounds. On the introduction of air or other oxidizing gas into the reaction 
chamber a considerable rise in temperature results. From the reaction chamber 
the oil passes to a still kept under reduced pressure. The evolved vapors are 
then fractionated. 

Luther and Wille®^* proposed to eliminate the formation of resinous by¬ 
products in the oxidation of hydrocarbons in the liquid phase by stopping the 
reaction before oxidation is complete, removing the products by extraction with 
methyl alcohol, and continuing the oxidation of the residue. 

A procedure in which heated air is passed through a nozzle into a low gravity 
oil, contained in a closed tank, has been developed by Persch.®* The air is forced 
into the oil in such a manner that the oil is atomized. The low-boiling products 
formed are condensed, flow back into the tank, and promote contact between the 
ga3 and the particles of atomized oil. After the oil has been sufficiently acted 

•^Ind. £fw. Chcm., 1931. 23, 1277. 

U. S. Patent 1,696,030, Dec. 18. 1928; assigned to Gasoline Products Co.; Chetn, Abs., 1929, 
23. 968. 

German Patent 524.354, 1925; Chem. Abs., 1931, 25, 3664; French Patent 680,351, 1929; Chem. 
Abs., 1930, 24, 3798; both patents assigned to I. G. Farbraindustrie A.-G. 

•U. S. Patent 1,453,479, May 1, 1923; Chem. Abs., 1923, 17, 2189. 


Ethyl alcohoH 

Ethyl acetate/. ^Ibs. 

Allyl alcohol. 3.5 lbs. 

Acetic acid . 7 lbs. 
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upon, the low-boiling products are separated by distillation with a current of air. 
A breaking-down of the complex hydrocarbons and their recombination in 
different proportions is said to be the mechanism of this process, the oxygen of 
the air probably assisting in the rearrangement. 


Liquid-Phase Oxidation at Relatively Low Temperatures and Pressures 

The blowing of petroleum residues converts them into asphaltic products with 
high melting points and viscosities and of good ductility. In one process®® high 
pressure air or steam or both is introduced into a still through a number of pipes 
extending to the bottom. The pipes are arranged in such a manner that a double 
circulatory motion of the residue in the still is obtained. Light volatile products 
which are formed ^re taken off at the top. The condensed vapors may be re¬ 
turned to the oil undergoing oxidation.^® The residues from cracked distillates 
are oxidized under reduced pressure by steam or air-blowing at 300® Bauer 
and Urman report that if the hot products are treated with super-heated steam 
or an indifferent gas, directly after oxidation, an improvement in quality is 
obtained. 

MacLachlan oxidized petroleum residue or heavy hydrocarbons mixed with 
natural or prepared asphalt by continuously circulating oxidizing gases and re¬ 
sulting fumes through the charge. Small additions of air or other oxidizing gas 
are continually made to replace that used in the oxidation. 

Rudigier^^ proposed the introduction of hot petroleum residuum, at a tem¬ 
perature of 215° to 225° C. (420° to 440° F.) into a tank. Air is admitted at 
the bottom of the tank through a perforated pipe. The temperature during 
oxidation rises to about 235° C. (456° F.). Any volatile products formed during 
oxidation are passed through a scrubbing tower and washed with a water spray. 
The wash water together with the entrained distillate is then run to a separator 
where the hydrocarbons are recovered. 

Distillation of volatile products during oxidation can be prevented by mixing 
petroleum residuum with a high-boiling coal tar and oxidizing at low tempera¬ 
tures.^® For example, the process can be started at 110° C. and finished at 220° C., 
the air being forced through the mixture at such a rate that all of the oxygen 
is absorbed. The operation can be made continuous by connecting several oxida¬ 
tion chambers in series so that any chamber can then be shut off, the charge with¬ 
drawn, and a fresh charge introduced. 

For the production of materials with rubber-like properties, Kirschbraun 
conducted petroleum residuum together with air through a long pipe coil in which 
the temperature is gradually increased from 200° to 350° C. It then passes into 
a receiving tank where, after agitation, the liquid oxidized asphalt is withdrawn. 

An apparatus in which the oxidation of heavy oils and pitches may be effected 
has been described by Gevers-Orban.^^ It consists of a cylindrical hori-^-ontal 

* Black and Rial, U. S. Patent 1,718,679, June 25, 1929; assigned to Pan American Petroleum 
Co.; Chem. Ahs.. 1929, 23, 4060. 

Card and Subkow, U. S. Patent 1,911,114, May 23, 1933; assigned to Union Oil Co. of 
Calif.; Chem. Abs.. 1933, 27. 4072. 

” Sakhanov and Logvinova, Grozni Neft.. 1931, 1 (6-7), 69; Brit. Chem. Abs. B. 1932, 1065. 

” Austrian Patent 118,641, 1930; assign^ to Galicyjskie Towariystwo Naftowe “Galicja” Sp. Akc.; 
Chem. Abs., 1930. 24. 5478. 

S. Patent 1,774,756, Sept. 2. 1930; Brit. Chem. Abs. B. 1931, 471. 

S. Patent 1,673,533, June 12, 1928; assigned to Standard Development Co. 

Hennebutte, U. S. Patent 1,044,175, Nov. 12, 1912; Chem. Abs., 1913, 7, 250; Canadian 
Patent 143,156, 1912; Chem. Abs., 1913, 7, 415. 

U. S. Patent 1,715,069, May 28, 1929; one-half assigned to Belknap; Chem. Abs., 1929, 23, 3571. 

”U. S. Patent 1,404,435, Jan. 24. 1922; Chem. Abs,, 1922, 16. 1147. See aUo Soc. Anon. 
Cava., German Patent 257,963, 1913; Chem. Abs., 1913, 7. 2681. 
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tank fitted with a horizontal shaft provided with paddles. An inlet nozzle for 
admitting the oxidizing gas is placed at one end near the top of the tank, and a 
connection is provided at the other end for leading the exit gases to a condenser. 
Heat is applied externally. With a tank about half full of oil, the rotation of the 
! paddles throws a spray of oil into the upper part. The oil is thus brought into 
intimate contact with the oxidizing gas. The more volatile constituents pass into 
the condenser and are recovered. As oxidation continues, the oil remaining in 
the tank becomes thicker. 

Petroleum residues can also be oxidized by causing the material to flow 
through a series of three cylindridal receivers countercurrent to a stream of air or 
air containing oxygen or ozone.^® No external heat is required inasmuch as oxida¬ 
tion proceeds with the generation of heat, which may be conserved by passing the 
gas directly from one receiver into another. With a partial vacuum, the latent 
heat of evaporation alone is sufficient to effect both dehydration of the tar and 
distillation of low-boiling hydrocarbons. The substances carried away by the 
gases can be condensed by passing them into cold tar or into vessels immersed in 
cold tar which is later treated. 

Turek^® found that tars or pitches which could not be used satisfactorily for 
the manufacture of artificial asphalts by blowing with air or oxygen were ren¬ 
dered adaptable if mixed with phenolic tars in such proportions that the resulting 
mixture had a phenol content of 12 to 24 per cent. This mixture can be oxidized 
with heated air in the presence of ferric oxide containing some sulphur. 

In an oxidation process developed by Mann and Chappell ®® heated petroleum 
oil, together with air, is passed over the suboxides of nickel, iron, or copper to 
produce aromatic compounds such as benzene, toluene and xylene. Mann and 
Chappell used temperatures which vary from 600® to 750® C. These are con¬ 
siderably higher than the temperatures employed in other processes mentioned 
in this section. They maintain the pressure at slightly less than 1 atmosphere. 
The proportions of air required vary from 500 to 800 cubic feet for each 15 to 20 
gallons of oil. The main reaction involved is considered to be a dehydrogenation. 
Conversion of 20 to 45 per cent of the oils to permanent hydrocarbon gases, 
and 40 to 75 per cent to aromatic hydrocarbons is said to be secured. 

The judicious use of oxidation or blowing is generally found to be the most 
desirable method of finishing petroleum asphalts, particularly those produced in 
pipe stills. There appears to be considerable need, however, for an investigation 
of the reactions which take place when various asphalt stocks are subjected to 
blowing. Some theoretical reactions have been hazarded but few detailed investi¬ 
gations have been conducted. It has never been definitely proven under what 
condition, if at all, oxygen is added to the hydrocarbons in the finished asphalt, 
or whether the process is one of dehydrogenation. The products obtained by 
blowing a poorly stripped asphalt differ in physical characteristics from those of 
an asphalt which has been carefully stripped of heavy oils. When such reactions 
are more thoroughly understood it may be possible to correlate them directly with 
the adaptability of asphalts for various purposes.®^ 

V* Rosen, British Patent 10,208, 1913;^ Chem. Abf,, 19M, 8, 3501. See also The Engineerinff 
Fuel and Co., Japanese Patent 32,121, 1918; Chem. Abs., 1918, 12, 2247. 

’•Turek, Austrian Patent 110,401, 1928; Chem. Abs., 1929, 23, 1263. 

S. Patent 1,214,204, Jan. 30, 1917; assigned to Standard Oil Co. of California; Chem, Abs., 
1917, n. 1039. 

Hubbard, J.S.C.I., 1929, 48, 108T. Huge! and Frangopol {Ann. Office not. Combust, liq., 1932, 

L 225, 417; Brit. Chem. Abs. B, 1933, 659) reported the presence of polycyclic hydrocarbons in 
ir pitch. Lahocinski {Preemysl Naftowy, 1933, 8. 229; Chem. Abs., 1933, 27, 4065) investigated 
the change in the asphaltene, resin, dil, and wax content of asphalts during oxidation. 
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Miscellaneous Processes 

Egloff and Morrell produced a liquid of lower boiling range together with 
oxidation products (aldehydes, alcohols, ketones and acids) by heating a petroleum 
oil in the presence of metallic oxides such as copper oxide or barium peroxide 
in a still under pressure to a temperature sufficient to cause vaporization. The 
vapor which is evolved is separated into lighter and heavier fractions. The latter, 
after condensation, are treated with an oxidizing gas (air, oxygen, ozone, or the 
oxides of nitrogen) and then returned to the still. Hydrogen, carbon monoxide 
and nitrogen are the products of oxidation of piethane or natural gas with the 
oxides of chromium, titanium, tungsten and molybdenum at 800° to 1000° C.^® 
Each of these metals are capable of forming several higher oxides which ar.: 
stable to hydrogen under the working conditions. The reduced oxide is recon¬ 
verted to the higher oxide by treating with air, steam or carbon dioxide. 

Herrmann and Baum®^ oxidized petroleum oil by burning a flame of oxygen 
and hydrogen (or other combustible gas) beneath the surface of the liquid. When 
the temperature of the liquid near the flame becomes high enough to allow it 
to burn with oxygen alone, the flow of hydrogen is discontinued. Ethylene and 
acetylene are formed together with liquid and gaseous products due to the crack¬ 
ing of the petroleum oil by heat liberated by the flame. Reaction may be ac¬ 
celerated by dissolving or suspending catalytic material in the liquid or using 
such materials in the construction of the burner This procedure is said to be 
applicable to the decomposition of other organic liquids, e.g., alcohols. 

For the oxidation of liquid hydrocarbons Esmarch proposed treating oils 
with air between the closely adjacent surfaces of water-cooled electrodes which 
produce high-frequency corona arc discharges. 

Since alcohols are frequently obtained in the oxidation of petroleum hydro¬ 
carbons some mention of the oxidation of these substances would not be out of 
place. Sabatier and Mailhe studied the oxidation of primary alcohols in the 
presence of oxides, particularly those of silicon, molybdenum, and tungsten, at 
temperatures between 250° and 350° C. At 300° C. some carbon dioxide was 
obtained in addition to aldehydes and acids. At about 350° C. those oxides which 
were not easily reduced by the alcohol vapors caused the oxidation to proceed 
in one of three ways: to form (1) aldehydes and hydrogen; (2) water and 
unsaturated hydrocarbons; or (3) to cause both of these reactions (1 and 2) to 
take place simultaneously. At this same temperature oxides of the type repre¬ 
sented by cadmium or stannous oxide, which are only slowly reduced by the 
alcohol vapors, reacted very much like the non-reducible oxides. In the presence 
of easily reducible oxides, however, the alcohol vapors were oxidized with the 
formation of carbon dioxide. 

The indirect oxidation of olefins to ketones, through the intermediate forma¬ 
tion of alcohols, has been proposed by Ellis and Wells.®^ Light hydrocarbon gases 
obtained in the cracking of heavy petroleum distillates are absorbed in sulphuric 
acid which has a specific gravity of about 1.8. The acid extract is diluted with 
twice its volume of water and distilled. The alcohols collected are treated with a 

** U. S. {^atent 1,733,656, Oct. 29, 1929; assigned to Universal Oil Products Co.; Ghent, Abs., 
1930. 24, 495. 

•* I. G. Farbenindustrie A.-G., British Patent 360,081, 1930; Brit. Ghent. Abs. B, 1932, 62. 

U. S. Patent 1,864,196, June 21, 1932; assigned to Consortium ftir Elektrochemische Industrie; 
Ghent. Abs., 1932, 26, 4347. See also Chapter 45. 

“ U. S» Patent 1,708,126, Apr. 9, 1929; assigned to Siemens and Halske A.-G.; Ghent. .4bs.. 
1929, 23, 2567. 

** Gontpt. rend., 1908, 147. 16: Ghent. Abs.. 1908, 2, 3057. Gontpi. rend, des travaux prfsentfs am 
Gonaris au Glermont’Ferrand. 1908. 1. 59. 

« U. S. Patent 1.450.493. Apr. .1. 1923. 
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mild oxidizing agent such as sodium dichromate, and the ketones are removed 
by distillation. The rectified ketones can be used as solvents. The olefin gases 
can be absorbed in the acid and the acid extract oxidized directly, thus omitting 
one distillation step (that in which the alcohols are separated). In place of 
dichromates, other oxidizing agents such as nitric or hypochlorous acid can be 
used in the presence of catalysts. 

Faber described a method of 'Reforming” natural gases, which consists of 
a partial combustion of the gases with air at a temperature between 540® and 
925® C. Other examples of similar processes have already been mentioned in 
Chapters 8 and 10. 

Oxidation with Ozone 

Ozone is sometimes used in the oxidation of hydrocarbons, and as frequent 
examples of this type of oxidation are given in the following chapters, it need 
only be briefly mentioned at this point. Ozone is generally mixed with oxygen 
for the oxidation of unsaturated compounds, such substances reacting with ozone 
to form ozonides which can be decomposed, by heat or hydrolysis, to yield alde¬ 
hydes, ketones and acids (see Chapter 38). The reaction of unsaturated hydro¬ 
carbons with ozone has been used to determine the number of double bonds in the 
molecule.®* 

Harries** has shown that oxozone (O4) is present in ordinary ozone (O*), 
hence this may often lead to conflicting results. Oxozone may be eliminated by 
washing the ozone mixture with sulphuric acid and with sodium hydroxide. 
2-Butene, for example, when treated with “washed'* ozone yields the normal 
CH.CH 

ozonide, Oi, (which can be distilled in xfacuo)^ together with a sirupy 

CH.CH^ 

dimeric product, (C 4 H 808)2 (which is not distillable). When the same olefin 
is treated with “unwashed" ozone the normal ozonide is again obtained together 
with the oxozonide, C 4 H 8 O 4 , and the viscous dimeric product, (C 4 Hj 504 ) 2 . 

Products, part of which are said to be substitutes for turpentine and linseed 
oil or resins, and another part of which can be used as motor fuel, are reported 
by Ramage ®* to be obtained by ozonizing at a temperature of 30® to 40® C. below 
its boiling point an olefin fraction boiling at 125® to 250® C. The vapors evolved 
during ozonization are condensed for use as a motor fuel. Ozonization is stopped 
when the material reaches a specific gravity of 1.16. This material is intended 
as a substitute for linseed oil. If during ozonization the vapors are returned to 
the still by means of a reflux condenser then only a turpentine substitute is ob¬ 
tained. Further ozonization of this product yields resinous bodies. 

Kita, Abe and Tada studied the effect of ozonized oxygen (containing about 
5 per cent ozone) at 0® C. on a fraction of Kurokawa petroleum, boiling between 
150® and 300® C., and consisting principally of saturated hydrocarbons. After 
treatment, the oil was mixed with water and heated. It was observed that the 
iodine value, acid value, specific gravity, refractive index and viscosity were 
higher but the rotary power was lower than that of the original. The extent 
to which these changes took place was found to depend upon the length of the 

•**U. S. Patents 1.918,254 and l;918,255, July 18, 1933; assigned to V. N. Roadstrum; Chem. Abs., 
193^ 27, 4909. 

**Brus and Peyresblanques. Compt. rend., 1930. 190, 501. 

•Rer., 1912, 45. 936; Chem. See. Abs.. 1912. 102 (1). 407. 

•• British Patent 273,832, 1926; Brit. Chem. Abs. B, 1927, 661. Canadian Patent 279,396, 1927; 
Chem. Abs., 1928, 22, 2755; U. S. Patent 1,689.599, Oct. 30, 1929; Chem. Abs., 1929, 23, 275. 

**/. See. Chem. Jnd. Japan, 1926, 29. 7: Chem, Abs,, 1926, 20. 1512. 
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period of treatment. With a higher fraction (liquid parmaccutical paraffin) 
similar results were obtained except that the refractive index and iodine value did 
not change. 

On prolonged treatment of lubricating oils with ozone, Dover and Cromwell 
noted that the coefficient of static friction was reduced with paraffin base oils 
though a less regular and pronounced change took place with asphaltic base oils. 
They failed to obtain any definite relationship between the physical and chemical 
properties of the oil and its value as a lubricant. Unsaturated oils appeared to 
be more efficient lubricants than more highly saturated oils. 

•> Ind. Eng. Ckem., 1927. 19. 94. 



Chapter 37 

Oxidation of Methane and Its Homologues 

In this chapter the oxidation of saturated hydrocarbons is considered par¬ 
ticularly from the standpoint of the production of substances other than aldehydes. 
Such substances include oxides of carbon, water, hydrogen, and unsaturated hy¬ 
drocarbons. Several theories of the mechanism of the oxidation of hydrocarbons 
are also discussed. The methods employed in the preparation of these oxidized 
substances belong to the slow combustion or non-explosive type. The explosive 
oxidation of hydrocarbons is considered in Chapter 44. Furthermore, this dis¬ 
cussion is limited to the oxidation of the gaseous or relatively low-boiling hydro¬ 
carbons. The oxidation of high-boiling liquid and solid hydrocarbons is reviewed 
in two later chapters (42 and 43) relating to the production of acids and the 
oxidation of paraffin wax. 

Oxidation of Methane 

A study of the oxidation mechanism of methane made by Bone and Wheeler ^ 
showed that, in the presence of an excess of methane, the reaction between 
methane and oxygen took place at temperatures below the ignition point. In no 
case was there a preferential oxidation of either element of the hydrocarbon 
molecule, inasmuch as neither free hydrogen nor free carbon was observed at 
any stage of the oxidation. In slow-oxidation experiments they isolated for¬ 
maldehyde as an intermediate oxidation product. This evidence served as a basis 
for the hydroxylation theory of oxidation. Briefly, this theory states that oxida¬ 
tion proceeds through the successive conversion of the hydrogen atoms (attached 
to a carbon atom) to hydroxyl groups.* Oxidation in the presence of a catalyst 
was held to take place in exactly the same way, however, with this difference; 
hydroxylation progressed with such velocity that intermediate oxidation products 
could not be detected. Only end-products such as the oxides of carbon and water 
were obtained. Later work by Bone and Drugman ® with explosive mixtures of 
hydrocarbon gases indicated that this same explanation, with some slight modifica¬ 
tion, was also applicable. 

Although other theories have been proposed (and these will be discussed later) 
it is certain that one of the intermediate oxidation products of methane is for¬ 
maldehyde and from that stage onward the oxidation mechanism is clear. Depend¬ 
ing upon the conditions under which oxidation is taking place, the formaldehyde 
may either yield hydrogen and carbon monoxide by decomposition, or the alde¬ 
hyde may be oxidized to formic acid. The formic acid, in turn, can be oxidized 
to carbonic acid, which then yields carbon dioxide and water by decomposition. 

Newitt and Haffner * isolated another intermediate oxidation product, methyl 

^J.C.S., 1902, 81. 535; 1903. 83, 1074. 

* A diagrammatic representation of the reactions taking place is given in Chapter 8. See Bone 
and Townend, '*FIame and Combustion in Gases,'* Longmans, Green and Co., New York, 1927, for 
further discussion of this subject. Also Bone, J.C.S., 1933, 1599. 

•J.C.S., 1906, 89. 674. 

* Proc. Roy, Soc. {London), 1932, ▲134, 591; Brit. Chem, Abs. A, 1932, 232; Newitt and Bloch, 
Proc. Roy. Soc. (London), T933, A140, 426; Brit. Chem. Abs. A, 1933, 678; Cf. Bone, Nature,. 1931, 
127, 481; Brit. Chem. Abs. A. 1931, 598; Bone and Allum, Proc. Roy. Soc. (London), 1932, A134, 
578; Chem. Abs., 1932, 26, 2697. 
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alcohol, by the reaction of methane and oxygen at 360® C. imder 100 atmospheres 
pressure. With a 9:1 mixture of methane and oxygen the reaction was complete 
in a few minutes. Seventeen per cent of the methane oxidized was recovered as 
methyl alcohol, 0.6 per cent as formaldehyde, and the remainder as carbon 
monoxide and dioxide and water. No hydrogen was formed and no evidence of 
the formation of peroxides was found. 

The rate of oxidation of methane in a quartz tube was found to increase 
exponentially with time and to result finally in ignition of the methane-oxygen 
mixture. Kovalskii, Sadovnikov and Chirkov,® believed the oxidation to be pre¬ 
dominantly a surface reaction. 

The oxidation of approximately 4 per cent of methane in air in the presence 
of metals, metallic oxides, and mixtures of oxides has been investigated by Yant 
and Hawk.® The temperatures at which oxidation occurred in their experiments 
varied from 150° to 350® C. Of the catalysts used, cobaltic oxide was found 
to be the most efficient, with manganese dioj^ide and nickel (ic) oxide next in 
order. Mixtures of oxides gave results corresponding to the proportion of each 
active material. Metallic nickel and platinum black were the least effective. The 
addition of 10 per cent of platinum black to metallic nickel appeared to act as a 
promoter, as the efficiency of the mixture was greater than that of either of the 
metals alone. Analysis of the gases after oxidation indicated that the products of 
the reaction were carbon dioxide and water. 

With metallized silica gels at temperatures varying from 200° to 400° C. 
Reyerson and Swearingen ^ observed the complete oxidation of methane by oxygen. 
Only carbon dioxide resulted, no intermediate oxidation products being obtained. 
The metals used were silver, copper, palladium and platinum. Silver did not 
exert any catalytic effect upon the methane oxidation. With copper, oxidation 
started at 200° C.; with platinum, at 240° C.; and with palladium, at 330° C. 
Copper had to be oxidized before it was catalytically active. The platinized gel 
probably adsorbed oxygen better than the palladium gel which might, therefore, 
account for its greater activity. It was observed that there was a limited range 
of oxygen content in which maximum oxidation occurred and above and below 
which the effect of the catalyst decreased. With platinized silica gel and with 
about 28 per cent oxygen in the gas mixture, nearly 2 per cent of the methane 
was oxidized to carbon dioxide and water. 

Campbell ® investigated the oxidation of methane with the following catalysts: 
silver and copper supported on pumice, vanadium oxides on pumice, platinized 
asbestos, platinum black and palladium black on asbestos. A wide range of tem¬ 
peratures was used, varying from 172° C. to as high as 700° C. No intermediate 
oxidation products, or only traces, were noted when silver, platinized asbestos and 
platinum black catalysts were employed. With copper, however, some formalde¬ 
hyde was produced between the temperatures of 397° and 517° C. This aldehyde 
was formed also with palladium black below 400° C. and with vanadium oxides 
on pumice between the temperatures of 520° to 640° C. With two of the catalysts, 
silver and vanadium oxides, free hydrogen was found in the gases after oxidation. 

Although, in the presence of catalysts, the various stages of oxidation or 
decomposition succeed each other so rapidly that difficulty was experienced by 
Campbell in attempting to isolate intermediate products in any quantity, neverthe¬ 
less, the results were considered to be in accord with Bone's hydroxylation theory. 

* Physik. Z, Sowjetunion^ 1932, 1, 45H see slso Neumann and Egorov, ibid,, 1932, 1, 700; Chtm. 
Abs., 19.32. 26. 5481. 

•J,A.C.S., 1927, 49, 1454. 

»/. Phys. Chem., 1928, 32, 192; Chem. Abs., 1928, 22, 1520. 

•J,S.C.I., 1929, 48, 93T. 
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The course of oxidation, however, varied with the catalysts and the temperature. 
Thus, after the aldehyde stage has been reached, vanadium oxides apparently 
favor the decomposition of the aldehyde to hydrogen and carbon monoxide, with 
the subsequent oxidation of these latter products to water and carbon dioxide. 
Palladium black, on the other hand, seems to favor the oxidation of the aldehyde 
to formic acid, followed by thermal decomposition to water and carbon monoxide, 
and subsequent oxidation of the carbon monoxide to dioxide. 

The conditions under which methane in contact with copper oxide undergoes 
complete combustion to water and carbon dioxide have received considerable 
attention. Though this is of particular interest in analysis of this compound, 
some of the conclusions are pertinent to oxidation in general. 

Campbell and Gray ® studied the combustion of methane, methane-hydrogen, 
and methane-ethylene mixtures by copper oxide, lead chromate and cobalt oxide. 
They showed that below 280° C. the proportion of carbon dioxide formed with 
copper oxide is practically negligible at moderate periods of contact. Up to 
400° C. oxidation is slow but at 700° C. the rate is very rapid and complete com¬ 
bustion is effected within 7 minutes. The addition of cuprous chloride, cobalt 
oxide, manganese dioxide, nickel oxide and vanadium pentoxide to copper oxide 
promotes the oxidation. If hydrogen or ethylene is added to methane the tem¬ 
perature required for complete oxidation is reduced. Fused lead chromate is 
inferior to and cobalt oxide is no better than copper oxide for this oxidation. 
Wheeler investigated the kinetics of the combustion of methane by copper 
oxide and tentatively suggested that the reaction took place at the copper-copper 
oxide interface. The study was extended to ethane, propane, butane, hydrogen, and 
carbon monoxide by King and Edgecombe.*^ It was found that at 280° C. with a 
10-niinute contact period, copper oxide effected the oxidation of no mctliane, 
0.8 volume per cent ethane, 1.0 volume per cent propane and 1.4 volume per cent 
butane. These rates increased with a rise in temperature. 

A further investigation of the oxidation of methane by metallic oxides brought 
out the following facts: Copper oxide and methane begin to react at 350° C., 

and at 725° C. water and carbon dioxide are formed quantitatively. Ferric oxide 
(FegOa) is completely reduced to Fe 304 at 680° C., carbon dioxide and water 
being formed. Zinc oxide begins to react at 800° C., but even at 1000° C. only 
50 per cent oxidation occurs. The products in this case are carbon monoxide and 
hydrogen with traces of carbon. Stannic oxide is unreactive below 800° C. but 
at 972° C. it effects 73 per cent oxidation to carbon dioxide and water. 

Yoshikawa oxidized methane with air under ordinary pressure at 600° C., 
the products being carbon monoxide and dioxide, formaldehyde, methyl alcohol 
and formic acid. The same substances were formed by oxidation at 300° to 
400° C. at pressures from 12 to 100 atmospheres.^* Increase of pressure brought 
about greater yields of methyl alcohol. Hydrogen appears at higher tempera¬ 
tures (700 ° C. under 1 atmosphere pressure). The results indicated a chain 
reaction mechanism, for on enlarging the reaction vessel oxidation was suppressed 
and the proportions of methyl alcohol and formaldehyde were greater. Addition 
of nitric acid promoted the reaction but lead tetraethyl had a retarding influence. 


•JS.C.L, 1930. 49, 432T; ibid., 1930, 49, 447T; ibid., 1930, 49, 450T. These papers include 
a bibliography of the subject. 

** Rcc. trav. ehim., 1931, 50, 874; Chetn. Abs., 1931, 25, 5339. 

Dept. Set. Ind. Res., Fuel Rcs^ Tech Paper 53, 1931; Brit. Chem. Abs. B. 1932, 215. 

« Neumann and Wang, Angew. Chem., 1933, 46, 57; Brit. Chem. Abs. B, 1933, 257. 

Bull. Jnst. Phys. Chem. Research (Tokyo), 1931, 10 (3), 251; Set, Papers Inst. Phys. Chem. 
Research (Tokyo), 1931. 15. 289 291, Abstract 30*31; Chem. Abs.. 1931, 25, 2411. 

Yoshikawa, Bull. Inst. Phys. Chem. Research (Tokyo), 1931, 10, 305; Sei, Papers Inst, Phys, 
Chem. Research (Tokyo), 1931, 15, 294*296. Abstract 35-36; Chem. Abs., 1931, 25, 4842. 
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The oxidation of methane to carbon monoxide and hydrogen was also studied.^® 
The most efficient catalyst for this reaction is nickel, together with silica or thoria 
as promoters. At 850° to 900° C. methane and oxygen react almost quantitatively 
to yield carbon monoxide and hydrogen. The production of hydrogen from 
methane by oxidation with air or oxygen has been the subject of considerable 
research.^® In one such process the catalysts are metallic oxides capable of 
being reduced to lower oxides, for example, titanium dioxide or a mixture of 
chromium and magnesium oxides. The production of hydrogen by oxidation of 
hydrocarbons with steam has already been reviewed in Chapter 10. 

The oxidation of methane by zinc oxide has been suggested by Doerner as 
a method for the refining of zinc. At about 927° C., zinc oxide and methane react 
to yield zinc (vapor), carbon monoxide and hydrogen, according to the following: 

ZnO -f CH, -Zn (gas) + CO -f 2H, 

The temperatures in this process are kept below 1000° C. Although the reaction 
rate increases with higher temperatures, the formation of carbon dioxide and 
subsequent reoxidation of the zinc also increase. Crude natural gas gives prac¬ 
tically the same results as methane, the greater reducing power of the homologues 
of methane being compensated for by their greater tendency towards thermal 
decomposition. This method was suggested by de Simo for the production 
of carbon monoxide and hydrogen. 

Oxidation takes place on passing a stream of methane, or gases rich in 
methane, into heated concentrated sulphuric acid which contains a very small 
quantity of mercury.^®** At 180° C. the evolution of sulphur dioxide begins and 
the methane content of the exit gases decreases while the carbon dioxide content 
increases. The main reaction appears to be the oxidation of methane to carbon 
dioxide, the sulphuric acid being reduced to sulphur dioxide and water. 

CH4 + 4H,S04 —CO, + 6H,9 + 4SO, 

Brewer and Kueck^® observed that methane is quantitatively converted into 
ethylene and hydrogen in the glow discharge at the temperature of liquid air, one 
molecule of ethylene being formed per CH 4 ion. When oxygen is mixed with the 
methane the products are carbon dioxide and water. The reaction seems to be 
initiated primarily by the CHi ions, and is accelerated by excess methane and 
retarded by excess oxygen. The maximum rate occurs with a mixture of equal 
volumes *of methane and oxygen. The oxidation is most pronounced in the 
negative glow, is negligible in tlie dark spaces, and is approximately constant 
throughout the positive column. The efficiency of the positive column (in terms 
of electron volts per molecule) rapidly increases with pressures above 5.5 mm., 
indicating the presence of ionic chain reactions. 


» Yoshikawa, Bull. Chem. Soc. Japan, 1931, 6, 106; Brit. Cham. Abs. A, 1931, 693. 

Ellis, “Hydrogenation of Organic Substances,” D. Van Nostrand Co., New York, 1930, 771; 
see, Marek and Hann, “The Catalytic Oxidation of Organic Compounds in the Vapor Phase,” Chemi¬ 
cal Catalog Co., Inc., 1932, 260; Keller and Klempt, Ber. Ges. Kohlentcch., 1930, 3, 230; Brit. Chem. 
Abs. B, 1931, 325; Burke, U. S. Patent 1.843,063, Jan. 26, 1932; assigned to Combustion Utilities 
Corn., Chem. Abs., 1932, 26, 1727; B.A.S.-F., British Patent 231,218, 1923; J.S.C.I., 1925, 44, 
357B; British Patent 266,410, 1925; Brit. Chem. Abs. B, 1927, 316. See also Taylor and Russell, 
Gas Age Record, 1933. 71, 333; Chem. Abs., 1933, 27. 3317. 

” Wilke and Fried, German Patent 525,556, 1929; Chem. Abs., 1931, 25. 4672; French Patent 
701.003, 1930; Chem. Abs., 1931, 25, 3780; both patents assigned to I. G. Farbenindustrie A.-G. 

Doerner, Bur. Mines, Kept. Investigations 3091; Chem. Abs., 1931, 25, 2674. ' 

British Patent 373,701, 1930; Chem. Abs., 1933, 27, 2S6’3; Canadian Patent 319,121, 1932; 
Chem. Abs., 1932, 26, 2023; Dutch Patent 29,302. 1933; Chem, Abs., 1933, 27, 3299; patents assigned 
to Bataafsche Petroleum Maatschappij; U. S. Patent 1,899,184, Feb. 28, 1933; assigned to Shell 
Development Co.; Chem. Abs., 1933, 27, 3063. 

Fischer and Bahr, Ges. Abhandl. Kenntnis Kohle. 1924, 8, 281; Chem. Abs., 1930, 24, 5282. 

»/. Phys. Chem., 1931, 35, 1293; Brit. Chem. Abs. A, 1931, 919. 
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The effect of inert gases on the oxidation of methane has been studied by 
Melville,®® who found that the velocity of oxidation is governed by a factor which 
is inversely proportional to the diffusion coefficient of the reaction chains through 
the gas mixture. 

Oxidation of Ethane 

From work on the slow-combustion of ethane at temperatures of 300® to 
500® C., Bone concluded that the reaction proceeded in a manner similar to 
that for methane. Ethane, however, under analogous conditions burned more 
rapidly than methane. In the presence of insufficient oxygen for complete com¬ 
bustion there was no preferential oxidation of either carbon or hydrogen. On the 
other hand, oxidation appeared to proceed in stages, with the formation of alde¬ 
hydes, water, carbon monoxide and dioxide. All the steps were in accord with 
the Bone hydroxylation theory. The appearance of hydrogen or methane, or 
both, among the products of the reaction and the absence of any liberated carbon 
was attributed to the thermal decomposition of the aldehydes formed: formalde¬ 
hyde yielding a mixture of hydrogen and carbon monoxide, and acetaldehyde 
yielding methane and carbon monoxide. Ethylene was also found, probably as 
the result of thermal decomposition of ethane. The oxidation of ethane, there¬ 
fore, appears to be a much more complicated reaction than that of methaiu*. 
Later, Bone and his collaborators ®® showed that the oxidation reactions which 
took place in the explosive combustion of hydrocarbons were similar to those 
in the non-explosive or slow-combustion of such substances. 

In a further study of the slow-combustion of ethane efforts were made to 
determine if peroxides were formed at any stage. The investigation was con¬ 
ducted over a temperature range of 290° to 323® C. and at initial pressures of 
440 to 778 mm. The results indicated that oxidation proceeds homogeneously 
throughout the medium, though it may be greatly retarded by increasing the sur¬ 
face exposed to the gases. It was preceded, however, by a well-defined induction 
period, which could be shortened or obliterated by the addition of small quanti¬ 
ties of ethyl alcohol, formaldehyde, iodine or nitrogen peroxide, without altering 
the non-explosive character of the reaction. The addition of 1 per cent of 
acetaldehyde vapor results in the instantaneous inflammation of the mixture. 
A rise in temperature as well as an increase in pressure also shortens the induc¬ 
tion period. These same factors affect the reaction period in a similar manner. 
Both the induction and reaction periods are much shorter for a gaseous mixture 
consisting of two molecules of ethane and one of oxygen than for a rnixture 
of the gases in equimolecular proportion. An increase of the oxygen content 
beyond this latter proportion still further increases both of these periods. This 
experimental demonstration is in agreement with the hydroxylation theory and 
is not what might be expected according to the peroxide theory of combustion. 
Although small quantities of peroxides may be formed at the aldehyde stage 
no evidence was obtained of an earlier peroxide formation. Indirect indications 
showed that either ethyl alcohol or some lower '^oxyethane^' was the initial prod¬ 
uct in the combustion of ethane. 

Taylor and Riblett investigated the progress of oxidation of ethane by 

Ttohs, Faraday Soc,, 1932, 28. 814; Chem. Ahs,, 1933, 27, 461; effect of inert gases on 
oxidation of hydrogen sulphide, carbon disulphide, hydrogen, phosphine and phosphorus is also 
reported. 

** Bone and Stockings, J.C.S., 1904, 85, 693. 

“Bone, Drugman and Andrew, J.C.S., 1906, 89, 1614; Bone and Drugman, 1906, 89 , 

660. 

“Bone and Hill, Proc. Roy. Soe., 1930, A129, 434; Brit. Chem. Abs. A, 1931, 45. 

Phys. Chem,, 1931, 35, 2667; Chem. Abs„ 1931, 25, 5827. 



OXIDATION OF METHANE AND ITS HOMOLOGUES 


851 


observing the rate of change of pressures for mixtures of ethane and oxygen 
at different temperatures. In all experiments a short induction period of about 
2 minutes was noted, followed by a slow reaction which was accelerated in the 
same manner as autocatalytic reactions. The oxidation exhibited all the char¬ 
acteristics of a chain reaction,*® namely: (1) great sensitiveness to foreign sub¬ 
stances, (2) negative surface effect (effect of increased surface in the reaction 
chamber), (3) specific effect of diluent gases, and (4) an induction period. 

It was also observed that with the oxygen in excess the rate of reaction was 
directly proportional to the oxygen pressure. Increasing the proportion of ethane 
while keeping the oxygen constant accelerated the reaction so greatly that it 
was difficult to avoid explosions. • 

Considering the oxidation of ethane as a chain reaction,-® Taylor and Riblett 
calculated the energy of activation for a 1:3.5 mixture of ethane and oxygen as 
43,000 calories at 200 mm. pressure, 38,000 calories at 215 mm., and 32,000 
calories at 300 mm. These values indicated that the reaction chains were not 
very long. 

Ncwitt and Bloch used pressures of 15 to 100 atmospheres and tempera¬ 
tures of 260°-316® C. in their study of the slow combustion of ethane-oxygen 
mixtures containing from 85 to 90 per cent ethane. The products consisted of 
water, methyl alcohol, formaldehyde, formic acid, and acetaldehyde with a pre¬ 
dominant proportion of ethyl alcohol and acetic acid. Increased pressure favored 
the survival of substances which result without rupture of the ethane molecule. 
Representatives of each step postulated in the hydroxylation theory were 
isolated: 



O 


No peroxides were found, hence the hydroxylation theory of oxidation was 
favored. 

In ethane-oxygen mixtures held at a given temperature, the pressure first 
increases exponentially with time, passes through a maximum and then decreases. 
If the initial pressure is below a definite limiting value an explosion results 


** The critical explosion pressures aRree with those of thermal explosion predicted by Semenoff’s 
theory of reaction velocity {Z. physik. Chem., Abt. B, 1929, 2. 161; Chem. Abs., 1929, 23, 2870). 
but Taylor and Riblett consider the reaction best explained as chain explosions preceded by thermal 
accelerations. . ... . « . 

*• Other explanations of oxidation ny a senes of chain reactions have been proposed. See. for 
example, Kistiakowsky and Lenher, J.A.C.S., 1930, 52, 3785, and Spence and Kistiakowskv, J,A.C.S., 

1930, 52, 4837, for oxidation of acetylene; Bodcnstein, Sitsungsber. Preuss. Akad. Jf'iw., Berlin, 

1931, Ill; Z. physik. Chem., 1931, Bl2, 151; Brit. Chem. Abs. B, 1931, 572. for oxidation of 
acetaldehyde and hydrocarbons; Bdekstrdm, J.A.C.S., 1927, 49, 1460; Med. K. Vetenskapsakad, 
Nobelinst., 1927, 6, No. 15 and 16; Brit. Chem. Abs. A, 1927, 1151, for autoxidation of benzaldehyde, 
heptaldehvde. and sodium sulphite. 

” Proc. Ray. Sac. (London), 19.33, A140, 426; Chem. Abs., 1933, 27, 3443. 



852 


CHEMISTRY OF PETROLEUM DERIVATIVES 


when the pressure maximum is reached. Kovalskii, Sadovnikov, and Chirkov 
observed this in their study of the oxidation rate. The surface of the reaction 
vessel was probably activated in the course of a run, for washing it with sodium 
chloride solution greatly reduced the initial pressure rise, but treatment with 
hydrogen fluoride, on the other hand, accelerated it. 


Oxidation of Higher Paraffin Hydrocarbons 


The non-explosive oxidation of propane and of n- and iso-butanes has been 
investigated by Pease.*® Mixtures of propane and oxygen were passed through 
glass tubes heated at 300° to 625° C. No attempt was made to analyze the 
liquid products of the reaction and all conclusions, therefore, were based on gas 
analyses. The reactions taking place were classified into three types which, using 
propane as an example, are as follows: 


(1) Dissociation: C»H« -C«H« + H> 

(2) Unsaturation by Oxidation: C»H« + iO* ->- C>H« + H*0 

(3) Aldehyde Formation: C,Hs + 20a -CO + 2H,0 + CH,CHO 


The dissociation (Reaction 1) and the unsaturation by oxidation (Reaction 2) 
of propane are homogeneous gas reactions of the first order and appear at 500°- 
600° C. They are subject, however, to induction by the aldehyde formation re¬ 
action (3) at lower temperatures. Aldehyde formation appears to be a chain 
reaction of the luminous type and begins at 300°-350° C. It is particularly sen¬ 
sitive to suppression by minor changes such as an increase in the area of the 
surfaces of contact, reduction of the pressure, or dilution of the gas mixture 
with gases such as oxygen, methane, or nitrogen. Suppression by dilution with 
gases is greater at higher temperatures, so that the reaction may have a negative 
temperature coefficient, even though it eventually becomes explosive.*® Low 
temperatures favor the production of aldehydes containing one carbon atom less 
than the original hydrocarbon. High temperatures and maximum suppression 
favor the formation of olefins. 

Both n- and iso-butane react similarly to propane, but they are more readily 
oxidized. Of the two butanes, n-butane is the more reactive. 

The partial oxidation of pentane by air in the presence of a platinum catalyst 
supported on asbestos ®® resulted in the formation of water, formaldehyde, and 
amylene as condensible products and carbon dioxide, ethylene, propylene, butylene, 
amylene and butadiene as gaseous products. When hexane was substituted for 
pentane a considerable proportion of hexylene was obtained. In oxidation reac¬ 
tions of this type, polymerized materials are always found with the unsaturated 
hydrocarbons. 

Mixtures of equal volumes of pentane and oxygen showed an induction period 
followed by an increase in rate of pressure rise when heated in glass at 245° C. 
and 760 mm. According to Pidgeon and Egerton,®^ rapid heating, change of 
concentration, or lowering of pressure raises the temperature required for reac¬ 
tion, and dilution with nitrogen or use of silica vessels lowers it. Naphthalene 


Physik, Z. Sowjeiunion, 1932, 1, 451; see also Neumann and Egorov, ibid., 1932, 1, 700; 
Chcm. Abs,. 1932. 26. 5481. 

^J.A.C.S., 1929, 51. 1839; Brit. Chem. Abs. A, 1929, 90S. 

» Cf. Bone, Stockings and Wheeler, 1904, 85. 693, 1637. 

** Stepski, Monatsk., 1902, 23, 773; dso, Engler-Hofer, *‘Da8 Erdol,*' S. Hirzel, Leipzig, 1913, 
1932, 661. 
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was formed by incomplete combustion of normal pentane, but not of normal 
hexane, heptane, or octane, as shown by Mondain>Monval and Quanquin.^^ 

From their work with hexane Brunner and Rideal ** concluded that the oxi¬ 
dation of hydrocarbons was very similar to the autoxidation of benzaldehyde. 
There is a period of induction during which peroxide molecules are formed and 
react with hexane molecules. This induction period is greatly shortened by in¬ 
creased oxygen pressure. Aniline exerts an inhibiting effect on the oxidation, 
and surface catalysts such as pumice cause slow combustion accompanied by slight 
decreases of pressure. The temperature of initial combustion, furthermore, is 
not a characteristic of the hydrocarbon, for rapid combustion will set in after 
a period of induction at lower temperatures. 

When a mixture of hexane and oxygen {4t2 per cent hexane, 57 per cent oxy¬ 
gen and 1 per cent nitrogen) is heated in a closed vessel there is always a 
period of induction during which the pressure increases very slowly, followed 
by a rapid increase of pressure.** This period of increased pressure is asso¬ 
ciated with an oxidation by the peroxide molecules formed during the induction 
period, and includes reactions which result in the formation of water, unsaturated 
compounds, fatty acids, carbon monoxide and dioxide and other gases. The un¬ 
saturated intermediate products thus formed take up oxygen and form new (sec¬ 
ondary) peroxides. The decomposition and reaction of both primary and secon¬ 
dary peroxides results in a series of further changes w'hich lead to the production 
of aldehydes, peracids and other products. Soon after the peroxide formation 
has attained a maximum value all of the free oxygen disappears. A further 
production of peroxides, moloxides, water and fatty acids, therefore, cannot 
occur even though the decomposition of the peroxides present into carbon 
monoxide and dioxide and other gases continues. It is this decomposition which 
causes a marked increase in the pressure toward the end of the reaction. 

It has also been sliown that the absorption of oxygen during the induction 
period is very rapid. The reactions may be represented as follows: ** 

CoHi 4 -h Oa ->- C«HMOa (active moloxide) 

CoHuOa + GHu ->- HaO + 2CJIia 

Cellia 4-Oa -CaHiaOa ->“ decomposition 

Time-pressure curves were constructed from the oxidation of various saturated 
cyclic hydrocarbons having side chains.*® Temperatures between 200° and 700° C. 
and an initial pressure of 1110 millimeters were chosen. In every case, the pres¬ 
sure remained constant for a considerable time, then fell and passed through 
a minimum, followed by a steady rise. Ultimately it tended to become constant. 
1,1-DimethyIcyclohcxane varied from the others in that no minimum was ob¬ 
served. The apparent induction period became shorter as the length of the side 
chain increased, indicating that impurities were not the sole influence on the 
rate of oxidation. The conclusions reached as to the meaning of the minimum 
point is that oxidation takes place according to the peroxide theory, peroxides 
being formed at this minimum and initiating the reaction chains. 


^Ann. chim., 1931, (10) 15. 309; Chem. Ahs., 1931, 25, 5548. 

1928, 130, 1162, 2824; also, Brunner, Hetv. Chim, Acta, 1928, 11, 881; Chem, Abs., 
1929, 23. 323, _ „ 

See also Pidgeon and Egerton, J.C.S,, 1932, 676. 

C?. Schlapfer and Brunner, Schtveis, Ver, Gas u, IVasserfach Monatsh. Bull., 1929, 9, 161; 
Chem. Abs., 1929, 23, 4549. 

"Lewin, Bull. soc. chim. Belg„ 1933, 42, 141; Bnf. Chem, Abs, A, 1933, 786. 



854 


CHEMISTRY OF PETROLEUM DERIVATIVES 


This theory of the formation of an active moloxide,*^ which is subsequently 
converted into a more stable peroxide which then reacts in either the gas phase 
or on surfaces when its concentration reaches a critical value, differs greatly 
from the hydroxylation theory proposed by Bone. 

Hexane, cyclohexane, and cyclohexene absorb oxygen readily when heated. 
When mixtures in the proportions of 1 molecule of oxygen to 4 molecules of 
these hydrocarbons were passed through a furnace, Estradere®® observed that 
the formation of peroxides reached a maximum at 330®, 340°, and 410® C., re¬ 
spectively, carbon monoxide appearing simultaneously. Peroxides disappear at 
high temperatures. Accordingly, cyclicization of saturated hydrocarbons increases 
their resistance to oxidation only slightly but unsaturation gives marked effects. 

The production of peroxides during the direct oxidation of hydrocarbons with 
air was also observed by Mondain-Monval and Quanquin.®® On oxidizing pen¬ 
tane, hexane, octane, or gasoline in the vapor state at 300° C., or at slightly 
lower temperatures, with air there was obtained, in addition to the gaseous prod¬ 
ucts, an oily liquid which possessed marked oxidizing properties. This liquid, 
on treatment with sodium hydroxide, yielded hydrogen, methyl alcohol, and so¬ 
dium formate. When heated to 200° C. it underwent an exothermic change with 
the production of a blue luminescence and white fumes. Simultaneously, large 
quantities of aldehydes, particularly formaldehyde, were formed. This oily liquid 
was considered to be a mixture of peroxides, including methyl and ethyl peroxides. 
The inflammation of mixtures of hydrocarbons and air at relatively low tempera¬ 
tures is attributed*® to the explosive decomposition of the peroxides. The pro¬ 
duction of a luminescence during the oxidation of hydrocarbons was noted by 
Brunner and Rideal,*^ Prettre, Dumanois and Laffltte,*® and also by Pope, Dykstra 
and Edgar.*® The latter workers investigated the non-catalytic oxidation of n- 
octane and five other isomeric octanes. 

In the vapor phase oxidation of n-octane it was found that the gaseous prod¬ 
ucts were carbon monoxide, carbon dioxide, and a small quantity of an unidenti¬ 
fied gas which was absorbed by fuming sulphuric acid. Neither hydrogen nor 
methane could be detected among these gases. The condensible products consisted 
of unoxidized octane, aldehydes, peroxides and water. Below 200° C. practically 
no oxidation takes place. Between 200° C. and 270° C. there is an appreciable 
oxygen consumption though the amount of gaseous products is very small. Prac¬ 
tically no carbon monoxide is detected until the temperature is about 270° C. 
The quantity of carbon dioxide formed, however, increases regularly from zero 
at 200° C. to 0.4 mole per mole of octane fed to the reaction chamber at 270° C. 
Above 270° C. the quantity of carbon monoxide produced increases very rapidly, 
reaching a maximum at 650° C.; at this temperature the ratio of carbon monoxide 
to carbon dioxide is nearly 3.5:1. The quantity of carbon dioxide formed during 
this same period (270° to 650° C;) increases very slowly, reaching a maximum 
value at 400° C., and remaining constant above this temperature. Above 650° C. 
the carbon monoxide content of the gaseous products decreases very rapidly with 
increasing temperature and becomes practically zero at 670° C. The carbon 
dioxide content, on the other hand, increases very rapidly until it becomes practi- 

earlier 
1 j669; 


^ 'Conipt. rend.', 191. 299; Brit. Chem. Abs. A. 19.10, 11.17. 

^Mondain-Monval and Quanquin, Ann. chim., 1931, (10) 15, 309; Chem. Abs., 1931, 25, 5548. 
" Loe. cit. 

^ Compt. rend., 1930, 191, 329, 414; Chem. Abs., 1930, 24, 5498, 5994. 

^JA.C.S., 1929, 51, 1875, 2203. 


” This concept of the formation of moloxides, or peroxides, goes hack further. For 
explanations of oxidation phenomena based on this theory see Engler and Wild, Ber,, 1897, 30, 
llach, Compt. rend., 1897, 124, 951; Griin, Ulbrich and Wirth, Ber., 1920, 53. 987. 

^ComOt. rend.. 1933. 196. 674: Chem. Abs.. 1933. 27. 2940. 
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cally the only gaseous product. The oxidation of octane is luminescent above 
270® C. and the intensity of the luminescence increases with rising temperatures. 

The data seem to indicate that the first step in the oxidation of n-octane is 
the formation of the aldehyde: 

CH,(CH,).CH, + 0, —CH,(CHO.CHO + H.0 

Octaldehyde is then oxidized to heptaldehyde accompanied by the liberation of 
carbon monoxide or dioxide, as follows: 

Main Reaction, CH,(CH0«CHO + O, -CH,(CH0.CHO + HO, + CO 

Side Reaction, CH,(CH,),CHO + HO, —• CH,(CH,).CHO + HO, + CO, 

Oxidation then continues in similar steps, the product each time being an aldehyde 
containing one carbon atom less than the substance being oxidized. 

At temperatures above 650® C. oxidation •of n-octane to carbon dioxide and 
water was found to take place so rapidly that it was practically explosive. The 
luminescence associated with carbon monoxide formation at the lower tempera¬ 
tures was still seen. This indicated that the oxidation of aldehydes to lower 
aldehydes, carbon monoxide and w'ater also takes place at the higher temperatures. 
Tlie luminescence observed during both low and high temperature oxidation, also 
probably indicates the occurrence of chain reactions. 

Other octanes studied by Pope, Dykstra and Edgar were: 3-methylheptane, 
2-ethylhexane, 2,5-dimethylhexane, 2-metliyl-3-ethylpentane, and 2,2,4-trimethyl- 
pcntane. From the data obtained it appeared that the oxidation of the first four 
isomeric octanes proceeded in a manner similar to that of n-octane, that is, the 
primary product was an aldehyde which could be further oxidized to yield either 
a lower aldehyde, carbon monoxide and water, or a lower aldehyde, carbon 
dioxide and water. These reactions progress until products are formed which 
resist further oxidation, or until temperatures are reached which arc high enough 
to bring about complete oxidation with the formation of carbon dioxide and water. 
In general, the methyl group at the end of the longest open-end straight chain 
is attacked by the oxygen, yielding an aldehyde and water. This aldehyde is 
then oxidized forming another aldehyde of one less carbon atom, water, and either 
carbon monoxide or dioxide. The reaction proceeds in this manner until a fork 
in the hydrocarbon chain is reached when the oxidation product will be a ketone 
instead of an aldehyde. At this point oxidation becomes slower, as ketones are 
much more resistant to oxidation than aldehydes. 

The temperatures at which oxidation begins vary with the different octanes. 
With 3-methylheptane and 2,5-dimethylhexane these investigators found that it 
began at a temperature slightly above 200® C.; with 3-ethylhexane at 250® C-; 
and 2-methyI-3-ethylpentane, at nearly 300® C. Apparently the more conden.sed 
the structure of the hydrocarbon the higher the temperature required. The 
highly condensed structure of 2,2,4-trimethylpentane rendered the hydrocarbon so 
resistant that no reaction occurred until such high temperatures were reached that 
complete oxidation took place very rapidly. 

Chavanne and Tock ** found that the induction period decreased with increas¬ 
ing molecular weight. This was shown by the slow oxidation of octane, nonane 
and decane. A mixture of the hydrocarbon and oxygen was heated to 120® C. 
The gaseous products were the same in each case, viz.: from 30 to 40 per cent 
carbon dioxide, 1 to 3 per cent carbon monoxide, 5 to 7 per cent hydrogen, and 
1 to 2 per cent paraffins. The liquid fractions consisted of formic, acetic, and 

** Bull. soc. chim. Belg., 1932, 41, 630; Ckem. Abs., 1933, 27, 2131. 
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succinic acids, and formaldehyde. In addition^ the liquid portions from decane 
contained methyl octyl ketone, that from nonane, methyl heptyl ketone, and from 
octane, octanol and methyl hexyl ketone. In all cases acids were formed con¬ 
taining 1 carbon atom less than the original hydrocarbpn. These acids were in¬ 
completely identified. The presence of preponderant proportions of methyl ke¬ 
tones with an equal number of carbon atoms as the original material led to the 
conclusion that slow-oxidation is not to be regarded as an attack of the terminal 
carbon atom of the chain. 

The catalytic vapor-phase oxidation of two tetraalkylmethanes, 3,3-dimethyl- 
pentane and 3,3-diethyIpentane, studied by Faith, Swann, and Keyes,*® yielded 
only water, carbon oxides, unsaturated hydrocarbons and traces of lower alde¬ 
hydes. In this respect they resemble normal saturated hydrocarbons. The cata¬ 
lysts used were copper, vanadium oxide, and cerium oxide. 

The action of oxygen on alkylbenzenes at 100° C. has been investigated by 
Stephens.*® The oxidation of methylbenzene was found to proceed in two stages: 
(1) the formation of the aldehyde, and (2) the oxidation of the aldehyde to an 
acid. When the side-chain contained more than one carbon atom a ketone was 
produced, for example, ethylbenzene yielded acetophenone. With compounds 
having a secondary group as the side-chain, a ketone and an acid were formed. 
Thus, cumene (isopropylbenzene) was oxidized to acetophenone and formic acid. 
No oxidation took place with ter.-butylbenzene. Stephens concluded, therefore, 
that the oxidation of substituted benzenes took place at the a-carbon atom if at 
least one hydrogen atom was directly attached to it. 

The presence of water inhibited the oxidation of the alkylbenzenes when two 
or three hydrogen atoms were attached to the a-carbon atom, but favored the 
reaction when only one hydrogen atom was attached. This suggested that in the 
oxidation of the first two types of compounds there was a reversible stage in 
which water was eliminated. 

Ethylbenzene in liquid phase oxidation is oxidized to acetophenone more rap¬ 
idly in the presence of manganese acetate than in that of acetic anhydride,*^ 
according to King, Swann and Keyes.*® Metallic oxides and acetates of other 
metals have negligible catalytic action. 

Slow-oxidation of liquid 1,3-dimethylcyclopentane at 80° C. yields acetic 
acid, the methyl isoamyl ketone, H 3 CCOCH 2 CH(CH.,)C 2 H 5 and the acid 
H3CC0CH2CH(CH3)CHX00H in the largest proportions. Other products are 
carbon dioxide, carbon monoxide, hydrogen, traces of methane and ethane, formic 
acid, small quantities of isopropylacetic and methylethylacetic acids, traces of a 
hexanoic acid, 1,3-dimethyl-1-cyclopentanol, methyl isobutyl ketone, 1,3-dimethyl- 
1,3-cyclopentanediol and two ketols, Similarly ®® 1,3-dimethylcyclohex- 

ane in oxygen at 100° C, under the influence of sunlight gave, as the predominant 
products, 1,3-dimethylcyclohexanol and a keto-acid which may be cither 
CHaCOCH.CHfCH-OCH.CH.COOH or CHaCOCH.XH.CH.CHCCHJCOOH 
and acetic acid, together with smaller proportions of carbon dioxide and monoxide, 
hydrogen, methane, possibly propane, formic and acetic acids, two hexanoic acids 
not fully identified, 6-methyl-2-heptanone, 1,3-dimethyl-l ,3-cyclohexanediol. 
Chavanne and his co-workers thus show the oxidation to be chiefly a hydroxyla- 
tion of the tertiary carbon atoms, supporting the combustion theory of Bone. 


Eng. Chem., 1933, 2S, 224. 
^J.A.C.S.. 1926, 48, 1824, 2920. 

« Cf. Stephen.^, he. cit. 

^Jnd. Eng. Chem.. 1929, 21. 1227. 


Chavanne and Miller, Bk//.’ soc, chim. Bc!^, 1931. 40, 611; Chem. Ahs.. 1932. 26, 2435. 
“Chavanne, Pahlavouni and Katzenstein, Bull. toe. ehim. Bclg., 1931, 40, 626; Chem 


1932. 26, 2435. 
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The formation of alcohols and aldehydes during the oxidation of paraffin wax 
was considered by Landa as a clear indication of the correctness of Bone's 
hydroxylation theory of oxidation, particularly for the slow-combustion of hydro¬ 
carbons. A paraffin wax, melting at 51® C., was heated to 280®-300® C. and 
oxidized by blowing a stream of air through it. The products of the reaction 
were carried over by the gas and collected in receivers containing water. A 
portion of these products was soluble in water, but the remainder separated as 
an oily insoluble layer. Some gases were also obtained, as well as a small quan¬ 
tity of residual asphaltic material. The water-soluble products, after two rectifi¬ 
cations, were divided into three fractions with the following boiling ranges: 
(1) 45®-60® C., (2) 6a®-70® C., and (3) 70®i8Q® C. The aldehydes in each 
fraction were then converted to acids with silver oxide. These acids were iden¬ 
tified by their salts, particularly those of lead and silver. Substances which did 
not react with silver oxide were also determined. The results thus obtained 
indicated that the first fraction contained prbpionic aldehyde and acetone; the 
second fraction, methyl alcohol and acetone; and the third fraction, ethyl alcohol, 
methyl ethyl ketone, and butyric aldehyde. In the supernatant oil layer the fol¬ 
lowing aldehydes were identified: oenanthylic, caprylic^ nonanylic, capric and 
undecanylic. The oily layer also contained other substances which were not 
identified but appeared to be -alcohols and higher aldehydes. 

Landa and Pokorny identified formaldehyde, acetaldeh 5 ^dc, propionaldehyde, 
methyl alcohol and acetone in the products of the slow-combustion of 2-methyl- 
tricosane, H 3 C(CH 2 ) 2 oCH(CH 3 )CHa. The acetone originated from the rup¬ 
ture of the side chain, but since only about 3 per cent of the theoretical yield 
was obtained, it did not appear to them to be a normal product of com¬ 
bustion. Accordingly, they believe the acetone formed in the slow-combustion 
of natural paraffins indicates the presence of more highly branched-chain hydro¬ 
carbons.®® 

Theories of the Oxidation Mechanism of Saturated Hydrocarbons 

Some of the theories which have been advanced to explain the mechanism of 
the oxidation of saturated hydrocarbons will be summarized briefly.®* One of 
the earliest regarded the hydrogen of the hydrocarbon as being preferentially oxi¬ 
dized. This, however, was vigorously opposed by Kersten,®® who, taking the 
opposite view, stated that the carbon was burned preferentially either by direct 
oxidation of the hydrocarbon to form carbon monoxide and hydrogen or by 
oxidation of the carbon after thermal dissociation of the molecule. This latter 
view was also held by Misteli.®® 

From the experimental results obtained by Bone and his collaborators ®^ on 
the oxidation of methane, ethane, ethylene, acetylene and other gaseous hydro¬ 
carbons, was formulated the hydroxylation theory.®® This theory postulates the 
successive oxidation of hydrogen atoms in the hydrocarbon molecule to hydroxyl 

uBm//. soe, chim., 1928, (4) 43. 529. Also. Compt. rend., 1928, 186, 589; Chem., Ahs., 1928, 
22, 194K. The oxidation of paraffin wax is discussed in detail in Chapter 4.^. 

^ Coll. Czeckoslov. Chem. Communications, 1932, 4, 456; Chem. Listy, 1932, 26 (20), 512; Chem. 
Abs., 19.t3. 27. 489. 

** Cf. Landa, Paliva a topeni, 1929, 11, 1; Brit. Chem. Abs. 1930, 190. 

** A rather extensive discussion of such theories, tORether with an excellent bibliography has 
been given by Egloff, Schaad and Lowry, Jnd. Eng, Chem., 1929, 21, 785, See also Bone, J.S.C.I., 
1933, 52, 202T; J.C.S., 1933, 1599. 

"J. pr. Chem., 1861, 84, 310. 

“7. Gasbel., 1905. 48. 802; Chem. Soc. Abs., 1905, 88 (1). 849. 

"J.C.S., 1902, 81. 536; 1903. 83, 1074; 1904, 85, 693, 1637; 1905, 87, 1232; 1906, 89, 660. 

** An outline of fundamental combustion reactions of natural gas is given by Hoff, IVestem 
Gas, 1933, 9 (6). 9. 40; Chem. Abs., 1933, 27, 4904. 
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groups. The resulting compounds then either lose a molecule of water, or break 
down in one or more ways. For example, methane would be oxidized first to 
methyl alcohol, and then to methylene glycol, which in turn would decompose to 
formaldehyde and water. The formaldehyde would then react in one of two 
ways depending upon the conditions, principally on the temperature under which 
oxidation was taking place: (1) decompose to yield hydrogen and carbon monox¬ 
ide, which in turn would be oxidized to water and carbon dioxide, respectively; 
or (2) be oxidized to formic acid and then to carbonic acid,^ the latter yielding 
carbon dioxide and water. This may be represented in the folljDwing way: 

Oxidation 

CH 4 —^ CH,OH —HaC(OH), —HCH0 + H,0 

For hydrocarbons containing more than one carbon atom in the molecule oxidation 
proceeds in similar, though somewhat more complicated, steps. 

This theory has been criticized because the intermediate products between the 
hydrocarbon and the aldehyde, particularly the primary alcohol, are extremely 
difficult to isolate. Bone,®* however, found that the alcohol was more easily 
oxidized than the corresponding hydrocarbon under similar conditions, hence 
attached no significance to its absence. Nevertheless, in a few instances, the 
primary alcohol has been detected, for example, in the oxidation of methane with 
the oxides of nitrogen,®* in the oxidation of ethane with ozone,®‘ and in the 
slow-combustion of ethane at high pressures.®^* 

Another point in Bone’s theory which has been criticized is the postulation 
of compounds in which two hydroxyl groups are attached to one carbon atom. 
This grouping has been actually demonstrated in but few compounds. In addi¬ 
tion, the work of Wieland ®* appeared to indicate, in some instances at least, that 
the formation of the aldehyde from the primary alcohol takes place by dehydro¬ 
genation rather than by hydroxylation. 

Callendar ®® was unable to establish the presence of any hydroxyl compounds 
in the oxidation of aliphatic hydrocarbons and has, therefore, objected to the 
hydroxylation theory on the ground that the formation of such compounds could 
only take place after the disruption of the oxygen molecule. This rupture of the 
oxygen molecule would hardly take place at the low temperatures used. Fur¬ 
thermore, such a breaking up of the oxygen molecules would be accompanied by 
ionization and no evidence of this was observed. He interpreted the results in 
the light of the peroxide theory. 

In the peroxide theory, which is held by many of the later workers, the 
formation of the aldehyde is preceded by the formation of an intermediate perox¬ 
ide resulting from the direct addition of a molecule of oxygen to a molecule of 
the hydrocarbon. The oxygen thus combined in the peroxide is held to be much 
more active. This mechanism is analogous to the oxidation of benzaldehyde, the 
peroxide of which has been isolated. Bach ®^ was among the first to report the 
formation of such peroxides during the oxidation of petroleum distillates. Grtin, 
Ulbrich and Wirth ®® termed such a substance a moloxide, and considered it to 
be an unstable peroxide. The active oxygen in a partially reacted mixture of 

“ Sec Bone and Stockings, 1904, 8S, 693. 

** Layng and Soukup, /«^. Eng. Chem., 1928. 20, 1052. 

Bone and Dnigman, Proc. Chcm. 5oc., 1904, 20, 127. 

Ncwitt and Bloch, Proc. Roy. Soc. (London), 1933, Al40, 426; Brit. Chem. Abs. A, 1933, 678; 
previously mentioned in footnote 4. 

^ Ber., 1912, 45, 493. See also Bermejo, Anal. Fis. Qutrn,, 1929, 27, 695; Brit. Chem. Abs. A, 
1930. 57. 

^Engineering. 1927. 123. 147; Brit. Chem. Abs. ». 1927. 272. 

Compt. rend., 1897, 124, 951; Chem. Soc. Abs., 1897, 72 (2). 401. 

^Ber., 1920, 53, 987. 
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hexane and oxygen was determined by Brunner and Rideal.®" They established 
the presence of peroxides (which liberated iodine from an acid solution of potas¬ 
sium iodide) equivalent to 3.2 per cent of the hexane. Bed, Heise and Win- 
nacker,®^ however, suggested that dehydrogenation preceded peroxide formation. 
This loss of two hydrogen atoms from the molecule results in the formation of 
a free radical which then combines with a molecule of oxygen to form a peroxide. 

According to Mardles,®® methane is exceptionally resistant to oxidation in 
air. Its temperature coefficient is low. He concluded that the oxidation of 
methane proceeds according to the peroxide theory, methyl hydrogen peroxide 
being the initial substance formed. This undergoes decomposition to methyl al¬ 
cohol, formaldehyde and other products. , 

Further evidence for the peroxide theory was indicated by the oxidation of 
white oil at 120° C. for various periods of time.®® On analysis, it was found 
that the peroxide value passed through a maximum and then decreased before 
the acetyl value (apparently signifying the formation of alcohols) reached a 
maximum. The saponification value also increased as the oxidation proceeded. 
These results were explained on the basis that peroxides are first formed, which 
then decompose to give alcohols and acids. 

Lewis,^® on the other hand, has criticized the peroxide theory because of 
the lack of conclusive proof of the formation of peroxides from saturated com¬ 
pounds. As an alternative, he suggested that the hydrocarbon reacts directly 
with oxygen to form an unsaturated compound and water. This unsaturated 
compound then later reacts with oxygen to yield aldehydes or peroxides. 

It has been pointed out that although the peroxides of the saturated hydro¬ 
carbons have not been isolated, their formation has often been indicated.^^ Per¬ 
oxide formation from unsaturated hydrocarbons, on the other hand, has been 
well established, and the isolation of some of these peroxides has been accom- 

plished.^2 

From his study of the oxidation of alkylbenzenes referred to previously, 
Stephens concluded that the formation of alcohol was not an intermediate step. 
He suggested that the oxidation of paraffin hydrocarbons takes place in the 
same way as the oxidation of the aliphatic side-chains of aromatic hydrocarbons. 
He therefore proposed an oxidation mechanism which involves the union of the 
hydrocarbon molecule with an oxygen molecule to form a complex. This com¬ 
plex then decomposes to yield water and an unsaturated oxygenated residue which 
rearranges to form an aldehyde or a ketone. 

^ J.C.S., 1928, 130, 1162, 2824; see also, Hetv. Chim. Acta, 1930, 13, 197; Brit. Chcm. Abs. A, 
1930, 549. 

phys. Chem., 1928. 139A. 453; Chem. Abs.. 1929, 23. 965. 

** Trans. Faraday Soc., 1931, 27, 681; Chem, Abs., 1932, 26, 1748. 

» Yamada, J.S.C.I., Japan, 1933, 36, 277B; Chem. Abs.. 1933, 27, 4063. 

W/.C.5., 1927, 129, 1555. 

” The relative merits of the peroxide and hvdroxvlation theories of oxidation arc discussed by Bone 
{Nature, 1931, 128, 188; Chem. Abs., 1932, 26, 1752; Proc. Roy. Soc. (London), 1932, A137, 243; 
Chem. Abs., 1932, 26, 6140; J. Roy. Soc. Arts. 1933, 81, 550; Chem. Abs.. 1933. 27, 3060; J.S.C.I., 
1933, S2, 202T; J.C.S., 1933, 1599) and by Mardles {Nature, 1931, 128, 304; Chem. Abs.. 1932, 26, 
1752; Trans. Faraday Soc., 1931, 27 (2), 681; Chem. Abs., 1932, 26, 1748; Trans. Faraday Soc., 1932, 
28, 69; Brit. Chem. Abs. A, 1932, 344). 

»* Stephens, J.A.C.S., 1928, 50, 2523. 

This question of peroxide formation from unsaturated hydrocarbons is discussed more fully in 
Chapter 40. 



Chapter 38 

Formaldehyde and Other Aldehydes 

Formaldehyde was discovered by Hofmann' in 1867 as one of the oxidation 
products of methyl alcohol. Since its industrial production from the same raw 
material, which started somewhat later,* tliis substance has assumed a position 
of increasing* importance.® The industrial applications which have been made 
of it are manifold, in keeping with its enormous reactivity. 

The antiseptic properties of formaldehyde are well known. This character¬ 
istic serves to explain its wide use in sterilization, disinfection, embalming, and 
as a preservative for tissue. Some applications have also been made of the thera¬ 
peutic properties of its compound with ammonia (hexamethylenetetramine, which 
is also known as urotropin, hexa, formin, cystamin), or with other substances 
in preparations such as tannoform and “Formamint”. By far- the most important 
use of hexamethylenetetramine, however, is in the manufacture of plastics.* For¬ 
maldehyde has also found applications in the tanning of leather, for the har¬ 
dening of gelatin and other nitrogenous material such as casein (for example, in 
the manufacture of the plastic called “Galalith^'), in the paper and textile in¬ 
dustries and for fixing glues and sizes. Because of its reducing action it has 
been employed in the recovery of silver and gold and in the silvering of mirrors. 
Diphenylmethane dyes of the auramine and acridine types are made by conden¬ 
sation of formaldehyde with aromatic amines.® Condensation of formaldehyde 
with phenol, urea, or thiourea in the presence of acids or bases yields resinous 
products such as *‘Bakelite” or *‘Unyte” with a wide variety of applications.® 

Commercial formalin, a 40 per cent (by volume, 37 per cent by weight) aque¬ 
ous solution of formaldehyde, is generally made by the oxidation of methyl alcohol. 
Methyl alcohol vapors and air, in carefully regulated quantities, are led over a 
contact catalyst, generally copper, and the products are then condensed. It is 
necessary to heat the copper at the beginning, but after the reaction is once 
started the heat of reaction is sufficient to keep the catalyst at an appropriate 
temperature (dull red heat). The condensate must be subsequently freed from 
excess methyl alcohol by distillation. 

One of the largest sources of supply for methyl alcohol has been the wood 
distilleries. With the decrease in demand for wood charcoal, together with the 
synthetic production of methyl alcohol, particularly in Germany, this source has 
been curtailed. However, the greatly increased production of gaseous hydro¬ 
carbons such as coal gas, natural gas, and cracking gas has led to investigation 

^Ann,. 1868, 14S. 357; Ber,, 1869, 2, 152. 

* See, for example, Trillat, French Patent 199,919, 1899; German Patent 55,176, 1889; Chem, 
Zentr., 1891. I, 688. Monit. Scient., 1892, 490; JS.CJ.. 1892, 11, 1025. 

* See OrloW'Kietabl, ‘^Formaldehyd,** J. A. Barth, Leipzig, 1909. 

* Some later applications of hexamethylenetetramine which have been proposed were in the prepara* 
tion of a solid fuel (Wygodsky, U. S. Patents 1.895.955 and 1,895,956. Jan. 31, 1933; Chem. Abs., 
1933, 27, 2559) and of a combustible composition ignitable by friction repeatedly after being blown out 
(Ringer, U. S. Patent 1,903.838, Apr. 18, 1933; Chem. Abs., 1933, 27, 3320). 

* See, e.g., Morgan, J.S.C.L, 1930, 49, 245T. 

* Further detailed descriptions of these resinous materials and their uses can he found in Ellis, 
^‘Synthetic Resins and Their Plastics,'’ Chemical Catalog Co., Inc.. New York. 
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of their suitability as raw materials for the production of formaldehyde^ by 
partial oxidation. In this chapter only the partial oxidation of the gases of the 
saturated aliphatic series, such as methane and ethane, will be discussed, leaving 
the oxidation of unsaturated hydrocarbon gases for the next chapter (39). 

Formaldehyde is a gas which can be condensed to a liquid boiling at —21® C. 
It is very soluble in water.® The liquid aldehyde slowly polymerizes at its boil¬ 
ing point.® The evaporation of a solution of formaldehyde* yields the solid 
polymer known as paraformaldehyde, which melts at 150° to 160° C. Reaction 
of the aldehyde with ammonia to form hexamethylenetetramine, (CH 2 )eN 4 , is 
characteristic. From this compound the aldehyde can be regenerated by warm¬ 
ing with acid. With sodium bisulphite and sulphurous acid it forms addition 
compounds.'® With oxidizing reagents in acid solution, it is converted to formic 
acid, carbon dioxide and water, but in alkaline solution formates are the prin¬ 
cipal products. 


Non-Catalytic Oxidation of Methane 

Although the oxidation of methane to formaldehyde, particularly in the pres¬ 
ence of catalysts, has been the subject of many investigations, the available in¬ 
formation on the slow or partial oxidation of methane, on the other hand, is 
somewhat limited. Bone and Wheeler" showed that oxygen and methane in 
contact with a refractory surface reacted between 400° to 500° C. to give formal¬ 
dehyde (yields sometimes as high as 22 per cent of the methane burned), as 
well as carbon monoxide and carbon dioxide. In some of their experiments they 
were also able to detect small quantities of formic acid. Methyl alcohol was 
not detected by them among the products of the slow-oxidation of methane. 

Subsequent to Bone and Wheeler's studies, Blair and Wheeler carried out 
an investigation of the slow-oxidation of methane and from their work the follow¬ 
ing conclusions were reached: 

(1) The rate of thermal decomposition of methane is much slower than its rate of 
oxidation. Below 850® C. no complications from this source were encountered during 
heating periods of about 1 second. 

(2) The rate of oxidation of methane is much slower than that of ethylene, so that 
methane requires a temperature of at least 600® C. to react at all during a short period 
of heating. 

(3) The explosive limits of methane and oxygen are between 57 and ^ per cent 
of methane and the ignition temperature of methane is between 550® and 700® C. 

(4) To obtain formaldehyde the heating period must be very short, decomposition 
beginning at 310® C. 

Belaw 700° C. the reaction is very slow. Increasing the temperature in¬ 
creases the rate of reaction. For the production of formaldehyde a temperature 
of 720° C. appeared to be the optimum. The presence of steam increased the 
yield of formaldehyde. The presence of ammonia gas seemed to stabilize tlie 
formic acid, but had no great effect upon the formaldehyde. Ledbury and Blair ** 

’ Formaldehyde has also been produced by the reduction of carbon monoxide or dioxide with 
hydrogen; see Ilrodie, Proc. Roy. Soc., 1872, 21, 245; Th^nard, Compt. rend., 1873, 76, 1508; Losanitch 
and Jovitchitsch, Ber., 1897, 30, 135; Collie, J.C.S., 1901, 79, 1063 (used CoHi + CO); Heptinere. 
Bn//, acad. roy. Be/g., 1897, 34, 269; also Ellis, “Hydrogenation of Organic Substances,” D. V^an 
Nostrand Co.. New York. 1930. 707, 675, 677. 

* Vapor pressures of formaldehyde solutions have been determined by Blair and Ledbury, J.C.S., 
1925. 127, 26. 

•See Walker. Ind. Ena. Chem.. 1931. 2.3, 1220. 

*• Determination and properties of these addition compounds are described by Ledbury and Taylor, 
J.S.C.L, 1926, 45. 85T. 

1902. 81. 535: 1903. 83. 1074: cf. Armstrong. J.C.S., 1903, 83. 1088. 

J.S.C.L, 1923, 42, 81T, 87T; Chem. /4bs., 1923. 17. 1950. 

Dept. Set. Ind. Research {Brit.) Report 1, 1927; them. Ahs„ 1928, 22, 574. 
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also discussed the production of formaldehyde by the controlled oxidation of 
methane and ethylene, arriving at similar conclusions. 

In their work on the slow "oxidation of methane, Tropsch and Roelen passed 
mixtures of methane and air through heated quartz tubes which contained no 
catalyst. The gas rate was such that the mixture was in the heated zone for 
a period of about 0.001 second. By varying the experimental conditions it was 
found that the optimum concentration of methane in the mixture was 16 per cent, 
and the yield of formaldehyde at 1000® C. was equivalent to 5.96 per cent of 
the methane used. At 700° C., however, 70 per cent of the methane actually 
reacting with the oxygen was converted to formaldehyde. This latter result ap¬ 
parently indicates that formaldehyde is the principal product of the reaction of 
methane and oxygen under these conditions. 

The action of ozone on methane to produce formaldehyde has been studied 
by Wheeler and Blair.^" Mixtures containing 97 per cent oxygen and 3 per 
cent methane were first passed through an ozonizer (giving approximately 4 
per cent ozone) and then through a heated hard glass tube. The heating tem¬ 
perature varied from 15° to 400° C. and the time of contact of the gases in the 
hot tube was about 2^ minutes. The optimum temperature was found to be 
300° C, and at this temperature 20 per cent of the methane was converted to 
formaldehyde. When oxygen alone was passed through the ozonizer and then 
mixed with methane, similar results were obtained. With a mixture of ozone, 
methane and ammonia, it was again found that the ammonia stabilized the formic 
acid that was formed, but had no effect on the formaldehyde.^® No methyl al¬ 
cohol was found in any of the experiments. 

The oxidation of methane by ozone was investigated also by Wartenburg, 
Muchlinski and Riedler,^^ Their yields of formaldehyde, even under the most 
varied conditions, were small. Elworthy,^® on the other hand, considered this 
type of oxidation commercially promising. 

Catalytic Oxidation of Methane 

One of the first processes for producing formaldehyde, together with methyl 
alcohol, from methane, was that of Glock.^* In this process methane and oxygen 
are passed over a heated mixture of metallic copper and pumice or asbestos, and 
the products condensed. A mixture of coke-oven or illuminating gas and air 
could likewise be used. 

Blackmore suggested the preparation of methyl alcohol or formaldehyde by 
the oxidation of methane with ferro-ferric oxide (Fe 304 ). The substance ob¬ 
tained depends principally upon the temperature at which the oxidation takes 
place. At 125° C. (260° F.) the main product of the reaction is methyl alcohol, 
but at 330° C. (625° F.) formaldehyde is obtained in large quantities. 

A number of metals have been mentioned as catalysts.*^ In one process ** 
a mixture of methane and air or oxygen (3 volumes of methane and 100 volumes 

BrennstofF-Chem,, 1924, 5. .17; Chem. Abs., 1924, 18, 2494. 

»J.S.C.L, 1922, 41. .1.11T. 

** Cf. Berl and Fischer (Z. anaew. Chem., 1923, 36, 297; Chem. Soc. Abs., 1923, 124 (1), 641), who 
state that stabilization of formaldehyde with ammonia indicated it to be of little value. 
anpew. Chem. 1924. 37, 4.S7: 1924, 43, 692B. 

^ Can. Dept. Mines, Summary Rept., 1921, S86, 64; Chem. Abs., 1923, 17, 2636. 

"German Patents 109,014 and 109,015, 1898; Chem. Zentr., 1900, 2, <304; see also Gruszkiewicz, 
Austrian Patent 7,279, 1913; Chem. Abs., 1915, 9, 355. von Unruh (U. S. Patent 891,753, June 23, 
1908; assiRned to Sauerstoff* und Stickstoff-Industrie Hansmann and Co.) has described a '^process 
of oxidizinR methane, which consists in suhjectinR methane in the presence of gases containing free 
oxygen to the catalizing action of hark at a temperature of from 30* to 50* C.” 

"U. S. Patent 774.824, Nov. 15, 1904; J.S.C.I., 1904, 23, 1237. 

“ ''/. Layng and Soukup. Ind. Enp. Chem.. 1928, 20. 1052. 

erein fiir Chemische Industrie in Mainz, German Patent 286,731, 1913; J.S.C.L, 1916, 35* 73, 
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of moist air) is passed over copper or silver*® at ISO® to 200° C A portion 
of the methane is converted to formaldehyde, which is removed by treating the 
gaseous mixture with water. The residual gas is mixed with a further quantity 
of air, or oxygen, and again passed over the heated metal. 

A larger yield of formaldehyde may be obtained if oxidation is carried out 
in the presence of ammonia.** For example, when 6 volumes of methane, 12 
volumes of oxygen (or the corresponding quantity of air) and 4 volumes of 
ammonia are passed through a reaction tube provided with a heated constriction 
the product consists principally of hexamethylenetetramine, in about 70 per cent 
yield. The temperature at the constriction in the tube is kept at 300° to 500° C, 
or at 700° C. if the reaction is conducted under reduced pressure. The tube 
itself or a steel tube packed at the constriction with thin silver, or nickel, or 
copper wire may serve as the catalyst. Formaldehyde can be easily regenerated 
from the hexamethylenetetramine obtained. The use of ammonia to effect the 
formation of hexamethylenetetramine was also described by Plauson.*® 

Carbon dioxide has also been suggested as the oxidizing agent. For example, 
when methane and carbon dioxide are passed through a constricted tube heated 
to 500° to 700° C., a 56 per cent yield of formaldehyde is procured.** The 
tube can be made of copper, silver, nickel, or alloys of these metals with one 
another or with tin, zinc, or aluminum. The reactions appear to be: 

2CO, —^ 2CO + 0, 

Oa + CH4 —HCHO + H,0 

Another method of oxidizing methane to formaldehyde, in which a mixture of 
methane and air or oxygen is passed through molten lead at 327° C., was de¬ 
scribed by Morgan.*^ 

In a study of the effect of different catalysts on the oxidation of methane to 
formaldehyde, Schdnfelder *® observed that if methane is conducted with steam and 
air over copper or silver heated to 500° C., about 55 to 58 per cent is oxidized to 
formaldehyde, 25 to 40 per cent remains unattacked, and 10 to 20 per cent burns 
to carbon monoxide, carbon dioxide and water. 

Medvedev*® used gold, platinum, manganous oxide, nickelous oxide, aluminum 
oxide, cupric oxide, silver oxide, lead oxide (PbO) and ceric oxide catalysts 
dispersed on an asbestos base. At low gas-flow rates and low temperatures (250° 
to 350° C.) only carbon dioxide formed. By working at temperatures above 
500° C. with a copper catalyst and increasing the gas-flow rate twenty-fold, he 
was able to obtain, in addition to carbon dioxide, a small quantity of carbon 
monoxide and a trace only of formaldehyde. At 600° C., however, the use of 
glass gave a large yield of formaldehyde. This was attributed to the lesser chem¬ 
ical activity of the glass surface. The use of lead catalysts (borate or phos¬ 
phate or their mixtures) gave high yields of formaldehyde at 500° to 700° C. 
when the methane carried 3 to 7 per cent hydrogen. The activity of these cat¬ 
alysts, however, was probably due to the presence of volatile impurities, such 

“Day (U. S. Patent 1,871,117, Au^. 9, 1932; Chetn. Abs., 1932, 26, 5572) used a mixture of 
silver or copper oxide with a small portion of rare earth oxide such as that of samarium. Cf. I. G. 
Farbenindustrie A.'G.; British Patent 355,308, 1930; Brit, Chem. Abs. B, 1931, 1036. 

“ H. O. Traun’s Forschungslaboratorium A.-G., British Patent 156.136, 1920; 1922, 41, 

437A; cf. Blair and Wheeler, J.S.C.I., 1923, 42. 81T; Wheeler and Blair, J.S.C.I.. 1922, 41, 331T; 
Chem. Abs., 1923, 17, 58. 

“Canadian Patent 227,884, 1923; Chem. Abs., 1923, 17, 1241. 

“ H. O. Traun’s Forschungslaboratorium G.m.b.H., British Patent 156,148, 1922; J.S.C.I., 1922, 
41, 438A. 

“ British Patent 176,438, 1920; assigned to Thermal Industrial and Chemical Research Co., Ltd.; 
J.S.C.I., 1922, 41, 31SA. 

"Ber. Ges. Kohtentechnik, 1923. (IV) 247; Chem. Abs., 1924, 18, 1271. 

“ Trans. Karpov. Inst. Chem., 1924, 3, 54; Chem. Abs., 1927, 2t, 2457, 
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as lead chloride or hydrogen chloride, as other experiments showed increase<l 
yields of formaldehyde when a small quantity (0.13 per cent) of hydrogen chlo¬ 
ride was present during oxidation. Medvedev also employed tin borate and 
phosphate, which were heat-resistant at the reaction temperature. 

A stripped natural gas (containing 1 to 5 per cent air, 0,1 per cent carbon 
dioxide, 52 to 56 per cent methane, 10 to 12 per cent ethane, 17 to 20 per cent 
propane and 10 to 12 per cent higher hydrocarbons) was oxidized by air in the 
presence of various catalysts by Korovatzki.*^ Nitrogen dioxide had scarcely any 
catalytic activity and copper caused considerable decomposition. Up to 32 per cent 
of liquid oxidation products, consisting of alcohols, aldehydes, and acids, were 
formed by oxidation with oxygen, the yield depending upon the concentration of the 
latter and the rate of flow. The formaldehyde in the condensate corresponded to 
10 per cent of the total or 2 to 3 per cent of the charge. Temperatures of 600® 
to 700® C. caused oxidation to water, carbon dioxide and unsaturated compounds. 

The oxides of molybdenum, vanadium, manganese, tungsten, uranium, chro¬ 
mium, titanium and zirconium, or mixtures of these oxides with silver oxide, 
have been used as catalysts by James.®^ Methane with 1 to 3.5 volumes of air is 
passed over such catalysts at 550® C., the period of contact being about 1 second. 
Both formaldehyde and formic acid are produced, the yield of the former being 
about 6.75 per cent based on the methane used. It is advantageous to use sev¬ 
eral reaction chambers in series, and to remove the reaction products between 
successive chambers. This process is applicable not only to methane, but also 
to coal gas and to petroleum still gases. The products from the latter, however, 
consist of a mixture of aldehydes and acids. It is also possible to substitute 
ozonized air in place of air. 

For the oxidation of natural gas, or other gases, containing a high percentage 
of methane. Boomer proposed mixtures of zinc and lead chromates. A mixture 
of natural gas and oxygen, under pressures of 60 to 300 atmospheres, is passed 
over these catalysts at 250® to 500® C. 

In the United States the production of formaldehyde and other aldehydes 
as well as alcohol was undertaken for a considerable period by the Empire Gas 
and Fuel Company. Natural gas, or gases from the distillation of coal, petroleum 
or shale, were mixed with air, oxygen or carbon dioxide and allowed to react 
in the presence of a catalyst at 425® to 485® C. (800° to 900® F.). Aldehydes 
and alcohols were obtained together with a gas of more uniform calorific power.®** 
Platinum, palladium, gold, silver, copper, chromium, manganese, iron or nickel 
or their oxides could be used as catalysts. The reacting substances were main¬ 
tained under a pressure of 100 to 300 pounds. By varying the conditions and 
catalysts it was possible to carry out the oxidation in stages. For example, 
methane in one stage could be oxidized to methanol, and in another to formalde¬ 
hyde; or ethane could be oxidized in one stage, and methane in another. 

Oxidation of Methane with Gaseous Catalysts 

The oxidation of methane in the presence of gaseous catalysts in place of 
metallic or metallic oxide catalysts has also received some attention. The most 

«« Russian Patent 3.605. 1927; Chtm. Abs,. 1928, 22, 4740. 

Neft. Khoe., 1931. 20. 483; Chem. Abs., 1932, 26, 4029. 

» U. S. Patent 1,588,836, June IS, 1926; Chem. Abs., 1926, 20, 2582; U. S. Patent 1,675,029, Jan. 
26. 1928; Brit. Chem. Abs. B. 1928. 6.33. 

“U. S. Patent 1,776,771, Sept. 30, 1930; Canadian Patent 291,411, 1929; Chem. Abs., 1929. 23, 
5.308; both patents assigned to the Governors of the University of Alberta. 

M Walker, British Patent 290,613, 1927; Chem. Abs., 1929. 23, 846; British Patent 295,356, 1927; 
Chem. Abs., 1929, 2^ 2186; Canadian Patent 300,567, 1930; Chem. Abs., 1930, 24, 3516; all assigned 
to Empire Gas and Fuel Co. 
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important of these gaseous catalysts are the oxides of nitrogen, particularly nitro¬ 
gen dioxide, though chlorine, sulphur dioxide, sulphur trioxide, and hydrogen 
chloride have been used also. 

One of the first methods in which nitrogen dioxide was used was described 
by Bailey.®® In this process one volume of methane, or its equivalent in the 
form of natural gas, or any other gas having a high methane content, is mixed 
with two volumes of nitric oxide and sufficient oxygen, or air, to convert the 
nitric oxide to nitrogen dioxide. The mixture of gases is then passed through 
a tube heated to 450° C. The tube may be made of porcelain or any other 
material which is not affected by the gases. The reaction products are quickly 
brought into contact with an aqueous sludge of calcium carbonate which unites 
with the oxides of nitrogen, except nitric oxide, and thus prevents the further 
oxidation of formaldehyde to carbon dioxide and water. The solid portions of 
the sludge are removed by filtration and the formaldehyde in solution is recovered 
by distillation. 

In the process developed by Bibb the quantity of nitric oxide used is much 
smaller (1 to 2 per cent), and it acts more as a carrier or a catalyst. The mix¬ 
ture of methane or natural gas and oxygen is further mixed with air which has 
been passed through nitric acid and which, therefore, contains some of the oxides 
of nitrogen. This mixture of methane, air, and nitrogen oxides is preheated to 
200° C,, passed through a reaction chamber kept at a temperature of 250° to 
560° C., and then through, a scrubber. The aldehyde is recovered in the usual 
manner and the residual gases are used again. The presence of only small pro¬ 
portions of nitric oxide is an aid in controlling the extent of oxidation. 

Somewhat later, Bibb and Lucas modified the operation by first passing the 
methane through concentrated nitric acid after which it was mixed with 3.5 to 7 
volumes of air. The resulting mixture was heated at 700° to 750° C. It was 
observed that the highest concentration of formaldehyde in the condensate was 
obtained with a furnace temperature of 750° C., a time of contact of 0.13 second, 
and a low air-hydrocarbon ratio. In a later investigation, Bibb obtained yields 
as high as 7.42 pounds of 40 per cent formaldehyde solution from 1 pound of 
nitrogen dioxide and about 390 cubic feet of natural gas. 

Both gaseous and solid catalysts have been used simultaneously. Harter 
made oxides of nitrogen by passing a mixture of nitrogen and oxygen into a 
quartz tube through which a high tension arc is conducted. Hydrocarbon gases, 
particularly methane, are then added to the mixture of oxygen and nitrogen oxides 
and the resulting gas is passed through a heated reaction chamber which contains 
catalysts of copper, silver, cobalt or manganese dispersed on silica gel. Activated 
carbon can also be used. The reaction products are quickly cooled and recovered. 

From a study of the oxidation of methane with nitrogen dioxide Frolich, 
Harrington and Waitt*® found that the minimum temperature for reaction in an 
open pyrex tube is about 430° C. The yield of formaldehyde was less than 25 
per cent of the methane reacting and methyl alcohol could not be detected. The 
conditions which favor formaldehyde production are: low concentration of nitro¬ 
gen dioxide, slow rate of flow of the reactants, and the absence of reacting 

«» U. S. Patent 1,319,748, Oct. 28. 1919; Chem. Ahs.. 1920, 14, 71. 

>«U. S. Patent 1,392,886, Oct. 4, 1921; Chem. Ahs., 1922, 16, 424; Re-issue 15,789, Mar. 11, 1924. 
Canadian Patent 302,672, 1930; Chem. Ahs., 1930, 24, 4519. See also Layng and Soukup, Ind. Eng. 
Chem., 1928, 20. 1052. 

« Ind. Ena. Chem., 192% 21, 633. 

» Ind. Eng: Chem., 1932, 24, 10. 

^Harter, British Patent 337,407, 1929; Brit. Chem. Ahf. B, 1931, 54. Gutehoffnungshutte Ober* 
hausen A.-G., British Patent 375,314, 1932 l Chem. Ahs., 1933, 27, 3951; French Patent 709,823, 
1931; Chem. Ahs., 1932. 26, 1302. 

^J.A.C.S., 1928, SO, 3216; Brit. Chem. Ahs. A, 1929, 289. 



866 


CHEMISTRY OF PETROLEUM DERIVATIVES 


surfaces. Attention was also called to the possible formation of acetic acid by 
the reaction of liquid nitrogen dioxide with higher hydrocarbons of .the methane 
series. Smith and Milner concluded, from their work on the oxidation of 
methane with nitrogen dioxide in quartz tubes at 500° to 700° C., that the pro¬ 
duction of formaldehyde under such conditions was too small to be commer¬ 
cially feasible.^* 

Carman proposed the addition of chlorine to the gaseous mixture of methane 
and oxygen, and also the use of such catalysts as barium, calcium, or strontium 
chloride at temperatures of 400° to 500° C. A large yield of formaldehyde was 
obtained, probably because the chlorinated products, which arc first formed, are 
more easily oxidized than methane itself. The reactions which appear to take 
place have been represented as follows: 

2CH‘4 + 2Ch -2CH,C14’2HC1 

2CH,C14*Oa —>- 2CH,0 + 2HC1 
4HC1 + a —^ 2HaO -f 2C1, 

The hydrogen chloride and formaldehyde are absorbed in water, from which the 
formaldehyde may be obtained as its solid polymer by cooling to a point where 
polymerization and precipitation is rapid. 

The possibility of partially oxidizing methane with sulphur dioxide or sulphur 
trioxide in the presence of silica as a catalyst and at temperatures of 250° to 
800° C. was investigated by Berl and Fischer.*^ No formaldehyde was obtained 
with sulphur dioxide, most of the methane being oxidized to carbon dioxide. 
With sulphur trioxide and a large excess of methane, about 0.5 per cent of the 
methane was converted to formaldehyde, no other oxidation products being ob¬ 
served. When using air alone it was reported that 1.8 per cent of the methane 
was converted to formaldehyde, 32.4 per cent to carbon monoxide, 3.45 per cent 
to carbon dioxide, and 63.35 per cent remained unchanged. 


Catalytic Oxidation of Methane by Silent Electric Dischargk 

An investigation of the catalytic oxidation of methane with a silent electric 
discharge employing a number of metallic oxide catalysts was made by El- 
worthy.*® Oxidation of mixtures of methane and oxygen by this means yielded 
a viscous liquid which contained polymerized aldehydes, resins, methyl alcohol, 
formaldehyde, and formic acid. This process was considered to possess possible 
commercial interest. 

Kloppenburg *® proposed to make methyl alcohol and formaldehyde by treat¬ 
ing a mixture of methane and oxygen in the presence of activated coconut carbon 
with the dark electric discharge. During the operation of this process the ap¬ 
paratus is cooled to keep the temperature below 35° C. 

Formaldehyde has been prepared by passing a mixture of air or oxygen and 
methane through the field of a high frequency and high voltage current.*^ Cat- 


^ Ind. Eng. Chem., 1931, 23. 357. 

" Cf. Korovatxki, loc. cit. 

«U. S. Patent 1.697.1Q5, Jan. 1, 1929; Chem. Abs., 1929, 23. 1142. Also Carman and Chilton, 
U. S. Patent 1.697,106. Jan. 1. 1929; Chem. Abs., 1929, 23, 1142. 
angew. Chem., 1923, 36, 297; Chem. Abs., 1924, 18, 968. 

Trans. Roy. Soc. Canada, 1922, 16 (3), 93; Chen*. Abs., 1923, 17, 2042. See also Chance, 
U. S. Patent 1,298,889, Apr. 1, 1919. 

^ U. S. Patent 1,500,080, July 1, 1924; assigned to Bataafsche Petroleum Maatschappij; Chem. 
Abs.. 1925, 19. 78. 

” Nas^n, U. S. Patent 1,909,215, May 16, 1933; assigned to Gutehoffnungshutte Oberhausen A.-G.; 
Chem. Abs., 1933, 27, 3675. 
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alysts such as copper or silver may be used.^® The gases issuing from the ap¬ 
paratus arfe washed to remove the formaldehyde. Yields of from 350 to 480 
grams of formaldehyde are realized from 1 cubic meter of methane. Other 
catalysts such as calcium or magnesium carbonates,^® quartz,®® metals or their 
oxides and nitrogen oxides can also be employed. The methane may be mixed 
with steam. Hexamethylenetetramine is formed due to the action of the nitrogen 
of the air and can be removed by washing. 

When carbon dioxide and methane are treated with high frequency currents 
both formaldehyde and acetaldehyde result.®® The same catalysts which can be 
used in the oxidation of methane likewise promote this reaction, i.e., calcium or 
magnesium carbonate, or quartz glass. 

4 

Oxidation of Higher Hydrocarbons to Aldehydes 

Bone and Stockings ®® observed that during slow-combustion, ethane was oxi¬ 
dized much more rapidly than methane. Mixtures of ethane and oxygen in boro- 
silicate glass tubes were heated to 250° to 400° C. under pressures of 1.75 to 2.33 
atmospheres, or to 400° to 500° C. under reduced pressures in a “circulation ap¬ 
paratus.” The products were carbon monoxide and dioxide, water, traces of 
formic acid and acetaldehyde, and a relatively large quantity of formaldehyde. 
The absence of ethyl alcohol and any large quantity of acetaldehyde is explained 
by the hydroxylation theory.®^ 

In the partial oxidation of ethane and propane, formaldehyde is the oxygenated 
product obtained in the greatest quantity. Curme ®® carried out the oxidation 
at temperatures above 600° C. (generally 700° to 710° C.), using a silica heating 
surface as the catalyst. The gases leaving the reaction chamber are scrubbed 
with cold water to remove the formaldehyde, and the residual gases are recircu- 
latefl. In addition to formaldehyde, higher aldehydes are obtained in small 
amounts. Thus, with ethane, some acetaldehyde is also produced. Another pro¬ 
cedure consists in heating the hydrocarbons (ethane and propane) to 700° C. 
in the absence of air (which is termed the “degradation” treatment) and then 
introducing air.®® The yield of formaldehyde is about 85 per cent. 

Working with the liquid hydrocarbons, Stepski ®^ passed a stream of air, 
saturated with the vapors of the hydrocarbon, over glowing platinum. The prod¬ 
ucts were then cooled to -15° C., and the uncondensed gases led into bromine. 
His qualitative results showed that isopentane yields formaldehyde and ethylene 
in large quantities, together with propylene, the three isomeric butylenes, two 
isoamylenes, carbon dioxide, and water, whereas n-hexane gives formaldehyde 
and ethylene, together with propylene, 1- and 2-butene, two amylenes, three hexyl¬ 
enes, carbon dioxide, and water. 

^ GutehofTnungshiitte Oberhausen A.-G., British Patent 343,461, 1928; Brit. Chem. Abs. B, 1931, 
621; French Patent 687,735, 1930; Chem. Abs., 1931, 25, 715; British Patent 352,978, 1930; Brit. 
Chem. Abs. B, 1931, 1086. 

^ Gutehoffnungshiitte Oberhausen A.-G., British Patent 353,076, 1929; Chem. Abs., 1932, 26, 3446; 
French Patent 694.382, 1930; Chem. Abs., 1931, 25, 1844; French Patent 694,330, 1930; Chem. Abs., 

1931, 25. 1744. 

GutehofTnungshiitte Oberhausen A.-G., British Patent 353,455, 1929; Chem. Abs., 1932, 26, 3446. 

GutehoflPnungshiitte Oberhausen A.-G., British Patent 375,314, 1931; Brit. Chem. Abs. B, 

1932, 972. 

GutehofTnungshiitte Oberhausen A.-G., British Patents 353,076 and 353,455, 1930; Chem. Abs., 
1932, 26, 3446. Finlayson and Plant, British Patent 364,023, 1930; assigned to British Celanese, Ltd.; 
Chem. Abs., 1933, 27. 1580; Dreyfus. French Patent 715,031, 1931; Chem. Abs., 1932, 26, 1525. 

1904. 85. 710. 

** See Chapter 37. 

** U. S. Patent 1,729,711, Oct. 1, 1929; assigned to Carbide and Catbon Chemicals Corp.; also 
British Patent 238.938, 1924; Chem. Abs., 1926, 20. 2066. 

Carbide and Carbon Chemicals Corp., German Patent 563,874, 1924; Chem. Abs., 1933, 27, 1012. 

"MotuUsk., 1902, 23, 773; Chem. Soc. Abs., 1903, 84 (1), 61. 
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Wheeler and Blair carried out the slow-oxidation of hexane vapors at 480** 
to 590® C. in glass tubes in the absence of catalysts. The products which were 
isolated included higher aldehydes, formaldehyde, unsaturated hydrocarbons, acids 
(in small quantities), carbon monoxide and dioxide, water, and hydrogen (at 
the higher temperatures). Excess oxygen was found to increase the proportion 
of higher aldehydes as well as of carbon dioxide. Increase in temperature de¬ 
creased the percentage of higher aldehydes formed, but increased the proportion 
of formaldehyde and unsaturated hydrocarbons, ethylene forming a large pro¬ 
portion of the latter. The quantities of carbon monoxide and dioxide also in¬ 
creased with increasing temperatures. No saturated hydrocarbons, it was stated, 
are formed, which indicates that no thermal decomposition of hexane (which 
would give considerable methane) takes place throughout the temperature range 
of these experiments. 

In oxidizing boiling hexane with ozone, Blair, Wheeler and Ledbury re¬ 
ported that formaldehyde and acetaldehyde were produced in relatively large 
proportions, together with much smaller proportions of higher aldehydes; some 
acids, principally hexanoic; traces of water and carbon monoxide and dioxide. 
Some esters were also present, probably mostly hexyl hexanoate. The higher 
aldehydes were not found in quantity due, no doubt, to the ease with which 
oxidation to acetaldehyde takes place. 

Higher aldehydes are also made by oxidizing petroleum oils. Oxidation proc¬ 
esses of this kind, however, result in the formation of a mixture of different 
aldehydes, alcohols, and acids, which are discussed more fully in succeeding 
chapters. As an example, the work of Schulz is of interest. By passing a 
rapid stream of air through Boryslaw oils heated to 300° C. in a retort which 
was connected to a series of wash bottles, formaldehyde, acrolein, and other alde¬ 
hydes, together with other products were obtained. 


Catalytic Oxidation of Alcohols 


As previously mentioned, the first methods for the production of formaldehyde 
were dependent upon the oxidation of methyl alcohol.®^ Blackmore led the 
vapors of methyl alcohol and air through a series of electrically heated copper 
screens. Other alcohols than methyl could be used. Fokin obtained better 
yields of formaldehyde by placing silver in front of the copper catalyst and using 
a volume of air which contained the stoichiometrical quantity of oxygen. Jaeger 
employed a metal oxide which is not easily reduced by hydrogen, such as the 
oxides of the alkalies or alkaline earths, together with compounds of molyb¬ 
denum or vanadium. A combustion retarder, such as potassium oxide and man¬ 
ganese oxide, has been added to the vanadium oxide catalyst by Graver.®® 

Kuss®® conducted a mixture of air and the vapors of anhydrous methyl 


“ J.S.C.I., 1923, 42, 491T. 

»J.S.C.L, 1924, 43. 287T; Chem. Abs., 1925, 19, 36. 

•^Eighth Int. Cong, of Afpl. Chem., 1912, 10, 273; Chem. Ahs., 1912, 6, 3177. 

A review of these early methods is given in Thorne, “Dictionary of Applied Chemistry,” 
Longmans, Green and Co., New York, 1912, 2, 592; OrloW'Kietabl, op. cit. 

«U. S. Patent 868,320, Oct. 15, 1907; J.S.C.I., 1907, 26, 1215. 

«/. Russ. Phys.-Chem. Soc., 1913, 45, 286; Chem. Abs., 1913, 7, 2227. 

«U. S. Patent 1,709,853, Apr. 23, 1929; Chem. Abs., 1929, 23, 2721; U. S. Patent 1,735.763, 
Nov. 12, 1929; Chem. Abs., 1930, 24, 625; both patents assigned to Selden Co.; Meharg and Adkins, 
German Patent 575,767, 1933, and German Patent 575,596, 1933; Chem. Abs., 1933, 27, 4819; 
U. S. Patents 1.913,404 and 1.913,405. June 13, 1933; Chem. Abs., 1933, 27, 4252; all patents 
assigned to tlakelite Corporation. 

•* U. S. Patent 1,851,754, Mar. 29, 1932; assigned to Weiss and Downs, Inc.; Chem. Abs., 1932, 
26, 2990. 

••U. S. Patent 1,666,708, Apr. 17, 1928; assigned to I. G. Farbenindustrie A.-G.; Brit, Chem, 
Abs. B, 1928, 362. 
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alcohol over a silver catalyst at 500° C. The quantity of air used contains the 
-theoretical quantity of oxygen required for oxidation. A 60 per cent solution of 
formaldehyde is thus obtained. In solutions of such concentrations the formalde¬ 
hyde slowly polymerizes to the solid, paraformaldehyde. This polymerization can 
be hastened by slightly warming the solution. By evaporating under reduced 
pressure, paraformaldehyde can be separated. The hot gases from the reaction 
can be used for this evaporation. 

Acetaldehyde was made in much the same manner by Woolcock from ethyl 
alcohol and air, except that some steam is mixed with the alcohol vapors and the 
quantity of air used contains somewhat less (about 75 per cent) oxygen than 
that theoretically required for the production of the aldehyde. 

The activity of the copper catalyst used in (he oxidation of alcohols can he 
increased in two ways: (1) by dispersing it on pumice, and (2) by mixing it 
with small quantities of rare earth oxides, such as samarium oxide.”® The first 
method appears to give better yields of aKIehydes from both methyl and ethyl 
alcohol. In the second method, however, the samarium oxide promoted the ac¬ 
tivity of the catalyst to such an extent that oxidation beyond the aldehyde stage 
occurred and very much lower yields of aldehydes were obtained. The second 
method would, as is stated, therefore be of no advantage with methyl and ethyl 
alcohols, but might be with substances which were somewhat more difficult to 
oxidize. It is believed that the presence of the rare earth oxides minimizes 
poisoning of the catalyst and tlius greatly increases its life. The addition of 
silver, cobalt, zinc oxide or manganese oxide to a copper catalyst for the oxidation 
of ethyl alcohol to acetaldehyde has also been proposed.”® 

For the catalytic oxidation of both aromatic and aliphatic alcohols Maxted 
and Coke found that metallic vanadates, heated to 300° C., could be used as 
catalysts. The best of these appeared to be tin vanadate. They are particularly 
applicable to the production of acetaldehyde from ethyl alcohol. Silver catalysts 
have also been used for the oxidation of ethyl alcohol to acetaldehyde. That form 
of catalyst which has the greatest coefficient of heat transfer gives the highest 
yield of aldehyde from alcohol, according to Faith and Keyes.’^^ They obtained 
higher yields of acetaldehyde with both copper and silver than had been reported 
previously. 

When the vapors of butyl alcohol are passed over copper oxide heated to 260° 
to 320° C. there is obtained a mixture of butyl alcohol, butyl butyrate and 
butyraldehyde."® The aldehyde and ester can be separated by fractionation. The 
aldehyde may be further oxidized to butyric acid by passing the liquid, con¬ 
taining about 0.5 per cent manganese butyrate, through a tower countercurrent 
to a stream of air. 

Simington and Adkins investigated the oxidation of ethyl, isopropyl and 
butyl alcohols by air in the presence of silver, nickel, copper, and platinum 
gauzes; copper wire; silver pellets; pellets of alloys of copper with zinc, nickel, 
bismuth, palladium, platinum, gold and manganese; mixtures of the oxides of 


British Patent 325,105, 1929; assigned to Imperial Chemical Industries, Ltd.; Brit. Chem. Abs. B, 
1930, 409. 

“Lowdermilk and Day, J.A.C.S., 1930, 52. 3535; cf. also. Day, U. S. Patent 1,871,117, Aug. 9. 
1932; Chem. Abs., 1932, 26, 5572. 

** Soc. d’etudes scientihques et d’enterprises industnelles, French Patent 707,132, 1930; Chem. 


Abs.. 19.32. 26, 478. 

"British Patent 238,033, 1924; Chem. Abs., 1926, 20, 1814. 

"Krause, U. S. Patent 1,581,641, Apr. 20, 1926; Chem. Abs., 1926, 20, 1813. 

Etip. Chem., 1931. 23. 1250. 

" Legg and Bogin, U. S. Patent 1,580,143, Apr. 13, 1926; assigned to Commercial Solvents 
Corporation; Chem. Abs., 1926, 20, 1813. 

"Hancock, U. S. Patent 1,580,137, Apr. 13, 1926; assigned to Commercial Solvents Corporation; 


Chem. Abs.. 1926. 20. 18)3. 
^^J.A.C.S., 1928, 50, 1449. 
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uranium and copper, tungsten and copper, molybdenum and copper, and vanadium, 
iron and copper. Silver and silver-copper alloys produced yields of aldehydes and 
ketones in excess of 70 per^ cent of the theoretical. With all catalysts, butyl 
alcohol formed a small proportion of ester and with the mixed oxide catalysts, 
some formaldehyde. Ethyl alcohol gave 3 times as much carbon dioxide as butyl 
alcohol and twice as much as propyl alcohol. 


Oxidation of Aldehydes 


The oxidation of acetaldehyde to acetic acid has been applied industrially. 
At the Shawinigan Falls plant of Shawinigan Chemicals, Ltd., acetylene is 
hydrated to acetaldehyde in the presence of mercury.*^^ The acetaldehyde is 
then oxidized to acetic acid with air in the presence of manganese acetate at a 
temperature of 60" C. and a pressure of about 4.5 atmospheres. 

The oxidation of acetaldehyde has been studied by Hatcher, Steacie and How¬ 
land."^* They observed that the main reaction was of the chain type and that 
acetaldehyde, on coming into contact with air, forms a compound which in water 
behaves as an organic peroxide.^® A number of catalysts have been proposed for 
the oxidation of acetaldehyde, including manganese, iron, cobalt, chromium, and 
copper,*® or active carbon charged with zinc oxide and phosphoric acid.®^ 

Formaldehyde may be formed by the partial oxidation of acetaldehyde.®* The 
extent to which such action takes place is determined by the time of contact 
which, in turn, is regulated by conducting oxygen and acetaldehyde vapors 
through capillary tubes heated for a small portion of their length. 

*«See Cad«nhead. Chem. Met. Eng., 1933, 40. 184. 

** These methods for the preparation of acetaldehyde are discussed in Chapter 28. 

"Can. J. Research, 1931, 5, 648; Chem. Abs., 1932, 26, 1576; Can. J. Research, 1932, 7, 149; 
Brit. Chem. Ahs. A. 1932. 1210. 

^ Cf. von Braun and Keller. Ber., 1933. 66B, 215. 

See Kagan and Morozov, J. Applied Chem. (U.S.S.R.), 1932, 5, 400; Chem. Abs., 1933, 27, 269. 
Consortium fiir Elektrochemische Industrie G.m.b.H., French Patent 722,190, 1931; Chem. Abs., 1932, 
26, 4067; British Patent 373,893, 1931; Brit. Chem. Abs. B, 1932, 832; Nippon Chissohiryo Kabushi- 
Kaisha, British Patent 359,878, 1930; Chem. Abs., 1933, 27, 311. Hoizverkohlungs Industrie A.-G., 
British Patent 347,323, 1929; French Patent 687,789, 1930; Chem. Abs., 1931, 25, 714, Jochheim, 
German Patents 509,020, 1926, and 524,716, 1927; Chem. Abs., 1931, 25, 714, 4012; German Patent 
533,466, 1927; Chem. Abs., 1932, 26, 480; U. S. Patent 1,828,372, Oct. 20, 1931; Chem. Abs., 1932, 
26. 737; French Patent 36,583, 1929; Chem. Abs., 1930, 24, 5768; British Patent 321.241, 1930; 
Chem, Abs., 1930, 24, 2474; British Patent 329,867, 1929; Chem. Abs., 1930, 24, 5768; British Patent 
364.255. 19.30; all patents assigned to I. G. Farhenindustrie A.-G. 

Eberhardt, German Patent 554,784, 1930; German Patent 544,691, 1930; Chem. Abs., 1932, 26, 
5971, .1521; both patents assigned to I. G. Farbenindustrie A.-G. 

** Herrmann and Baum. U. S. Patent 1,864,541. June 28, 1932; assigned to Consortium fiir 
elektrochemische Industrie G.m.b.H.; Chem. Abs., 1932, 26, 4343. 



Chapter 39 

Oxidation of Unsaturated Hydrocarbons 

Olefins are generally considered to react mare rapidly with oxidizing agents 
than do the corresponding saturated hydrocarbons.^ This oxidation, however, 
need not necessarily involve a scission of the molecule as olefins yield inter¬ 
mediate products .such as peroxides, alcohols and ozonides. The formation of 
gum in light petroleum distillates, made by the cracking of the heavier fractions, 
has been attributed to the presence of olefins which readily unite with oxygen 
of the air to form peroxides. These latter substances yield gum on evaporation 
of the gasoline. The rates of oxidation of olefins vary widely. The nionolefins 
are less rapidly oxidized than diolefins, the latter appearing to be chiefly respon¬ 
sible for the gum in gasoline (see Chapter 40). 

Oxidation of unsaturated hydrocarbons with dilute permanganate solution 
(cither neutral or alkaline) often results in the addition of two hydroxyl groups 
at the double bond to give the corresponding glycol. Further oxidation with 
permanganate causes a rupture of the, molecule at the double bond with the for¬ 
mation of acids. Identification of the acids is frequently helpful in determining 
the constitution of the original hydrocarbon. Occasionally, however, as in the 
case of some cyclic unsaturated compounds, the break in the molecule does not 
occur at the double bond. 

Oxidation with ozone also frequently indicates the position of the double 
l)ond in the hydrocarbon molecule. Unsaturated compounds unite wdth ozone to 
form ozonides which can he hydrolyzed to give aldehydes or ketones and hydro¬ 
gen peroxide, rupture of the molecule simultaneously taking place at the double 
bond. From the identification of the aldehydes or ketones it is possible to deter¬ 
mine the structure of the original hydrocarbon.- 

The largest source of unsaturated hydrocarbons is, of course, the cracking of 
heavy petroleum distillates. Unsaturated hydrocarbons are prepared also by the 
oxidation (or w'hat probably better corresponds to dehydrogenation) of saturated 
or paraffin hydrocarbons. Before considering the oxidation reactions of olefins 
and acetylene it is of interest to discuss briefly the production of such compounds 
by the oxidation of petroleum hydrocarbons. Methods for preparing unsaturated 
hydrocarbons from paraffins by thermal decomposition or by oxidation with steam 
are given in Chapters 4 and 10, respectively. 

Production of Unsaturated Hydrocarbons by Oxidation 

This type of oxidation requires much more closely regulated conditions than 
the slow combustion of saturated hydrocarbons to aldehydes and acids. For cx- 

^ F.strade (Ann. combustible Uquidcs, 1933, 8, 484; /. Inst. Pet. Tech., 1933, 19, 413A) stated 
that, during the oxidation of saturated hydrocarbons, cycUcization doe.s not greatly increase the 
resistance of the hydrocarbon to oxidation but the introduction of a double bond into the molecule 
does. 

* Verley (Bull. soc. chim., 1928. 43, 854; Chetn. Abs., 1929, 23, 595) pointed out that rear¬ 
rangement of certain types of ozonides is possible and decomposition on hydrolysis may not therefore 
take place at the position originally occupied by the double bond. 
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ample, acetylene is obtained by heating mixtures of methane and air or oxygen 
for very short periods of time (about 0.005 second),at 1000® to 1600® C.,® the 
short period of heating preventing action of the steam formed on the unsaturated 
hydrocarbon.* The yield of acetylene appears to depend primarily upon the tem¬ 
perature and the time of contact. At 1400® C. and with about 0.006 second con¬ 
tact, 30 per cent of the methane is converted to acetylene, and at 1600° C. and 
0.001 second contact, the conversion is 50 to 60 per cent. Decreasing the pressure 
does not appear to increase the yield of acetylene but does favor the production 
of the oxides of carbon and water. Subjecting gaseous hydrocarbons to incom¬ 
plete combustion at 700® to 1100® C, under pressures of 0.5 to 5 atmospheres, 
and in the presence of a catalyst containing free silicon also yields acetylene.® 
Or mixtures of saturated hydrocarbons and oxygen may be diluted with steam 
and heated to 1300® C or higher.® 

In another process, methane or other gaseous hydrocarbons together with 
oxygen are heated to temperatures of about 1000° C., using porous or refractory 
ceramic materials as catalysts.^ In some instances a gas containing 50 per cent 
oxygen gives better results than oxygen alone. This procedure is also applicable 
to tars, petroleum residues and other similar products. For instance, coal tar 
is heated to 250® C. and the vapors mixed with oxygen are passed through a 
tube containing refractory material heated to 800® C. The reaction products 
consist of ethylene, propylene and butylene. 

The vapors of gasoline, kerosene or lubricating oils are converted to acetylene 
by flames of oxygen or air burning in them.® The yield is increased if the flame 
jets are of small diameter arranged in a group, rather than separate jets of a 
large diameter. 

Ethylene is made by the careful oxidation of ethane with air or oxygen, mixed 
wdth coke-oven or water gas. This is efiF^cted by heating the gaseous mixture 
to temperatures of 600° to 900® C. in contact with pumice or silica.® Spindlcr 
obtained ethylene from methane and oxygen by a process which requires two 
steps. The methane and oxygen is first passed over heated copper to yield for¬ 
maldehyde. This substance is then made to react with more methane at 500° C. 
under 1000 atmospheres pressure to give water and ethylene. The catalysts em¬ 
ployed in the second step consist of various compounds of iron, nickel, cobalt, 
platinum and copper. In the presence of zinc chloride, at this same temperature 
and pressure, ethylene undergoes polymerization and yields pentane and hexane 
together with unsaturated aliphatic and cyclic hydrocarbons. 

Ethylene and other olefinic hydrocarbons are formed when natural gas or coal 
gas is mixed with air and the heated mixture passed over metallic catalysts. The 
catalysts can be platinum black, or the oxides of iron, copper, nickel, chromium 
and other metals. These unsaturated gaseous hydrocarbons may be further 

■Fischer and Pichler, Brennstoff-Vhem., 1930, 11, 501; Chetn. Abs., 1931, 25, 796; Brit. Chem, 
Abs. B, 1931, 230. 

■Fischer and Pichler, German Patent 553,178, 1930; Chem. Abs., 1932, 26, 4611; French Patent 
719,035, 1931; Chem. Abs., 1932, 26. 3261. 

■I. G. Farbenindustrie A.-G., German Patent 536,361, 1929; Chem. Abs., 1932, 26, 999; British 
Patent 347,407. 1930; Brit. Chem, Abs. B, 1931, 711; British Patent 347,493, 1930; Brit. Chem. 
Abs. B. 1931, 662. 

■ Voituron, British Patent 349,067, 1929; Chem. Abs., 1932. 26, 5314; British Patent 352,280, 
1929; Brit. Chem. Abs. B, 1931, 960; both patents assigned to Soc. d'6tudes scientifiques et d’entre- 
prises industrielles. 

’I. G. Farbenindustrie A.-G., British Patent 265,234, 1926; Chem. Abs., 1928, 22, 243; British 
Patent 267.155. 1926; Chem. Abs.. 1928. 22. 1164, 

•Millar. U. S. Patent 1,896,552, Feb. 7, 1933; Chem. Abs., 1933, 27, 2696; Canadian Patent 
309,544, 1931; British Patent 364.418, 1931; Brit. Chem. Abs. B, 1932, 248; French Patent 713,012, 
1930; Chem. Abs., 1932, 26. 1624; U. S. and Canadian patents assigned to Shell Development Co.; 
British and French patents assigned to Bataafsche Petroleum Maatschappij. 

■ Compagnie de Bethune, British Patent 308,200, 1928; Chem. Abs., 1930, 24, 129. 

■• French Patent 637,050, 1926; Brit. Chem. Abs. B, 1930, 360. 
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converted to liquid hydrocarbons by conducting the heated gases over a nickel 
catalyst.^ ^ 

The production of olehns from liquid or solid hydrocarbons is accomplished 
by heating a mixture of the vapors of such hydrocarbons with a gas containing 
at least 50 per cent oxygen, and in proportions which are insufficient for complete 
oxidation, to temperatures of 650° to 900° C. Water, either in the form of liquid 
or vapor, may be added to the gaseous mixture. This process is applicable to 
such substances as tars, petroleum residues and bitumen.^* The gases so obtained 
are rich in olefins which can be used in. the preparation of glycols and higher 
alcohols (see Chapter 22). Conversion of these gases to benzene can be effected 
with contact agents such as pumice, heavy metels, carbonates and other salts of 
the alkaline earth metals (see Chapter 5). 

In dehydrogenating gaseous hydrocarbons, Hopkins causes the gases to pass 
through a heated tube into which air or oxygen is fed at regular intervals. The 
temperature maintained during the process varied from 250° C. for gases of high 
molecular weight to 470° C. for those of lower molecular weight. For the 
dehydrogenation of natural gas or the vapors of petroleum distillates a series of 
reaction zones kept at progrc.ssively higher temperatures is recommended. Ram- 
age,on the other hand, suggests the use of reducible metallic oxides, such as 
ferric oxide, at temperatures of about 550° C. 

Oxidation of Ethylene Hydrocarbons 

The oxidation of ethylene to formaldehyde was reported by Schiitzenberger,*® 
who obtained the solid polymer (trioxymethylene) by conducting a mixture of 
ethylene and oxygen through a glass tube heated to 400° C. Bone and Wheeler 
from a study of the slow oxidation of ethylene, at 250° to 400° C. under pressures 
of 1)4 to 2>5 atmospheres or at 300° to 500° C. under reduced pressure, also 
observed the formation of formaldehyde. Later, however, Willstatter and Bom- 
mer sliowcd that by working at higher temperatures (545° to 600° C.) larger 
yields of formaldehyde could be obtained, though it was necessary to dilute the 
reacting gases wdth nitrogen. They also found that catalysts accelerated the oxi¬ 
dation of ethylene but were unable to detect any formaldehyde under these* condi¬ 
tions. With an osmium catalyst oxidation of ethylene (with oxygen) began at 
130° C., but with copper a somewhat higher temperature (250° C.) was required. 

The slow oxidation of ethylene was studied by Blair and Wheeler and 
th^ir conclusions were in general agreement with those reached by Willstatter 
and Bommer. In these experiments. Blair and Wheeler passed gaseous mixtures 
of ethylene and oxygen diluted with nitrogen (usually about 60 to 65 per cent 
of the mixture) through a circulation apparatus for periods of time varying 
from 12 to 50 hours. The temperatures ranged from 560° to 575° C., and the 
time of contact for the gases in the reaction zone varied from 1 to 4 seconds. 
The best result, 75 per cent of the reacting ethylene converted to formaldehyde, 
was obtained under the following conditions: temperature, 575° C.; circulation 

Soc. d'etudes et d’exploitation des mati^res organiques, British Patent 282,690, 1927; Chem. 
Abs., 1928. 22. .1667. 

** I. G. Farbenindustrie A.-G., British Patent 267,155, 1926; addn. to British Patent 265,234, 
1926; Chem. Ahs.. 1928. 22. 1164. 

** U. S. Patent 1.808,168, June 2, 1931; assigned to Standard Oil Development Co. 

S. Patent 1,678,078, July 24, 1928; assigned to Bostaph Engineering Co.; Chem, Abs,, 
1928. 22. 3418. 

»Bm//. soc, ckim,, 1879, 31, 482; Chem. Zentr,, 1879, 484. 

••J.C.5'., 1903, 83, 1074. 

"/fun.. 1920, 422, 36; Chem. Abs., 1921, IS, 1295. 

^J.S.C.L. 1922, 41, 303T. Also. J.S.C.!., 1923, 42. 415T. 
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period, 40 hours; and time of contact, 1 second. In addition to formaldehyde 
they obtained appreciable quantities of both acetaldehyde and formic acid. A 
short heating period is necessary for the production of both these substances, 
since acetaldehyde is an early intermediate product and formic acid is unstable. 
A slight excess of oxygen in the gaseous mixture favors a larger yield of formic 
acid, whereas a slight deficiency or a large excess assists in the formation of 
acetaldehyde. The presence of steam tends to stabilize the formaldehyde (another 
intermediate product) and prevent its immediate oxidation. Ammonia, however, 
exhibits a much stronger stabilizing effect. 

Blair and Wheeler further observed^ using an apparatus similar to that of 
Willstatter and Bommer, that formaldehyde was not produced when the diluted 
mixture of ethylene and oxygen was passed once at 405*^ to 540° C. through a 
heated tube containing a platinum or ferric oxide catalyst, unless the time of 
contact was extremely short (less than 0.0001 second). Even then the quantity 
of formaldehyde was very small. They therefore concluded that the catalyst 
lowers the temperature at which the various oxidation reactions take place and 
makes them follow one another at very short intervals. 

In the light of Bone’s hydroxylation theory, the oxidation of ethylene can be 
represented as follows: 

GH, -CH,:CHOH ->- CH,CHO ->- CHa(OH)CHO 

—HCHO —HCOOH —C02 + H,0 

Continuing their work Wheeler and Blair investigated the oxidation of mix¬ 
tures of methane and ethylene in the presence of some of the oxidation products. 
The gas used was coal gas, which contained both methane and ethylene together 
with two of their oxidation products, namely hydrogen and carbon monoxide. 
The temperatures employed varied from 400° to 720° C. and the times of contact 
in the reaction chamber, from 0.8 to 2.4 seconds. As in their previous experi¬ 
ments, the mixtures of coal gas and oxygen jvere diluted with nitrogen. 

The rate of oxidation of the hydrocarbons was not greatly affected by the 
presence of the intermediate oxidation products. The yield of formaldehyde was 
slightly less than that obtained from methane alone. With increasing tempera¬ 
tures first one constituent and then another begins to react, and the rates of 
reaction increase rapidly until they attain a constant ratio to one another. A com¬ 
parison of these rates shows that carbon monoxide and water are the chief 
products of the slow-oxidation of methane under conditions which decompose 
formaldehyde. At these temperatures and times of contact hydrogen is oxidked 
first, then methane, and finally carbon monoxide. The rapid increase in the rate 
of oxidation of carbon monoxide with rising temperature explains the presence of 
carbon dioxide among the oxidation products at high temperatures. 

The influence of contact agents was also investigated. It was observed that 
at low temperatures the oxidation and decomposition of the intermediate products 
were accelerated in the presence of pumic to a greater degree than that of the 
hydrocarbons. At higher temperatures, however, the oxidation of the hydro¬ 
carbon increased and there was an accumulation of hydrogen and carbon mon¬ 
oxide. Ferric oxide has a similar effect, but, in addition, accelerated the decom¬ 
position of formaldehyde. The catalytic effect of mercury was found to be small; 
the rate of oxidation of ethylene, carbon monoxide and hydrogen was accelerated 
somewhat, but the rate of oxidation of methane was hardly affected. With 
mercury the yield of formaldehyde was greater than that obtained when either 
pumice or ferric oxide was employed as the catalyst. 

192.3. 42. 260T. 
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When coal gas, without the addition of oxygen, was passed over ferric oxide 
at 410® C. the carbon monoxide and hydrogen were oxidized while the hydro¬ 
carbons were unattacked. It was suggested, therefore, that this be made the 
basis of a partial combustion method of gas analysis in which the carbon mon¬ 
oxide and hydrogen are first burned by ferric oxide, and the methane is then 
determined in the usual manner. 

Inasmuch as one of the effects of a catalyst is to lower the temperature at 
which reaction between ethylene and oxygen takes place, Reyerson and 
Swearingen investigated the use of metallized silica gels. They expected such 
catalysts to so lower the temperature of reaction that the partial oxidation of 
ethylene could be effected and a mechanism for its oxidation ascertained. The 
gels were metallized with gold, silver, platinum, palladium and copper, and the 
working temperatures ranged from 100® to 300® C. Mixtures of ethylene, oxygen 
and nitrogen were used and in no instance did the sum of the ethylene and 
oxygen volumes exceed 50 per cent of the total gas volume. The rates of flow 
of the gaseous mixtures were varied over wide ranges. Only water and carbon 
dioxide were produced and aldehydes could not be detected. The catalysts, how¬ 
ever were effective with ethylene at lower temperatures than were reported with 
methane (see Chapter 37). The copper, platinum and palladium began to be 
effective at 100® C. Silver was the least effective catalyst. 

Willstatter and Sonnenfeld tried sulphur as a catalyst and found it inactive 
at room temperature, while phosphorus was active, but reacted with the olefins 
yielding compounds of a new type, olefinphosphorous oxides. For instance, if the 
reaction between one molecule of cyclohexene and two atoms of phosphorus is 
interrupted after three atoms of oxygen have been absorbed, the product is a 
yellow, hygroscopic powder, having the formula CcHioPaO^. It is known as 
a phosphorite and is more unstable than the final product obtained by allowing 
the reaction to be completed. The end result is a phosphorate of the formula 
C,.H,oPa 04 . The phosphorates are very hygroscopic, snow-white to faintly yel¬ 
lowish crystals, and have a violent reaction with water, hydrolyzing to an acid 
ester. On further hydrolysis, phosphenylous acid and phosphoric acid are formed 
along with phosphinic acid and an alcohol. The reaction may be indicated in the 
following manner: * 
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In a process of Mittasch, Willfroth and Balz,®^ a mixture of ethylene and 
oxygen is passed over a catalyst consisting of burnt clay or diatomaceous earth 
impregnated with boric or phosphoric acid. The reaction temperature is 375® C. 
Bibb,^^ on the other hand, used oxides of nitrogen as catalysts for the oxidation 
of etliylene to formaldehyde with air. 

The slow or incomplete oxidation of ethylene can also result in the formation 
of unsaturated hydrocarbons of high molecular weight. Thus, Weinmann^^ 
observed when ethylene is suddenly heated with insufficient oxygen for complete 
combustion (particularly moist oxygen) to a temperature corresponding to red 
heat and then rapidly cooled, the condensate contains unsaturated hydrocarbons 
other than ethylene. On distillation the condensate yielded one fraction, boiling 
about —7® C., which contained a mixture of butadiene and ethylethylene. Another 
fraction, boiling about 80° C., proved to be a mixture of hexene and hexane. The 
former can be used for welding and as an aviation fuel. 

Glycol is also obtained from ethylene by the action of air and water under 
pressure, using arsenic, antimony, gold, copper, iron, or compounds or mixtures 
of these metals as catalysts.*® A temperature of 150° to 300° C. is employed. 

Cyclic glycols are prepared by treating unsaturated cyclic compounds with 
hydrogen peroxide in the presence of acids or of easily hydrolyzed salts.*® 

Ethylene oxide has been made by heating equimolecular quantities of ethylene 
and oxygen in the vapor phase under pressure.*^ Formation of acetaldehyde is 
suppressed by controlling the temperature of reaction. Acetaldehyde may be pro¬ 
duced by the use of hydration catalysts such as zinc chloride or phosphoric acid. 
Likewise acetic acid can be formed by using an excess of oxygen at high tem¬ 
peratures and silver, copper, or metallic oxides as catalysts. 

Schultze studied the effect of oxygen on unsaturated hydrocarbons in the 
presence of bromine. If ethylene, propylene or butylene were absorbed by bro¬ 
mine water in the presence of pure oxygen, more of the gaseous mixture was 
absorbed than corresponded to the quantity of hydrocarbon present. Obviously 
some oxygen was also absorbed. This was not accounted for by the solubility of 
oxygen in bromine-water, for similar results were obtained when the latter was 
presaturated. Therefore a bromine-sensitized oxidation of the hydrocarbons to 
carbon dioxide and water was suspected. On analysis of the solution carbon 
dioxide was found to be present. This proved that some oxygen had been used 
to oxidize the hydrocarbons. 

Riley and Friend investigated oxidation with selenium dioxide. When 
gaseous ethylene was passed over selenium dioxide at temperatures between 50® 
and 300° C. glyoxal was formed. It was isolated either as glyoxal (CHO CHO) 
or as a solid polymer (CHO CHO)^. The reaction may be indicated as 

2CHr=CH, 4- 3SeOa — 2(CHO), + 3Se + H,0 
At 110° to 120° C. the reaction is only about 33 per cent complete due to the 

” U. S. Patent 1,487,020, March 18, 1924; assigned to Badische Anilin- und Soda-Fabrik; Chem. 
Abs., 1924, 18, 1672. 

“Canadian Patent 302.672, 1930; CV«. ^bs.. 1930, 24. 4519. 

“German Patent 402.993. 1921; 1925. 44. 229B. 

“Soc. francaise de catalyse g^neralis^e, French Patent 729,952, 1931; Chem. Abs., 1933, 27, 
312; French Patent 41,474, 1931; addition to 729,952; Chem. Abs., 1933, 27, 2697; French Patent 
41,810, 1933; addition to 729,952; Chem. Abs., 1933, 27, 4546; Dreyfus, British Patent 387,372, 
1933: Chem. Abs.. 1933. 27. 4540. 

“ Meerwein, Schoeller, Schwenk and Borgwardt, German Patent 574,838, 1933; assigned to 
Schering-Kahlbaum A.-G.; Chem, Abs., 1933, 27, 4540. 

“Dreyfus. French Patent 744,401, 1933; Chem. Abs., 1933, 27, 3942. 

^J.A.C.S., 1931, 53. 3561. 

^J.C.S., 1932, 2342; J.S.C.I., 1932, 51, 518. Riley, British Patent 376.306, 1931; Brit. Chem. 
Abs. B, 1932, 973; French Patent 734,537, 1932; Chem. Abs., 1933, 27, 999; German Patent 574,162, 
1933; Chem. Abs., 1933, 27, 3486; all patents assigned to Imperial Chemical Industries, Ltd. 
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coating of selenium on the selenium dioxide; at 220° to 240^ C. the unreduced 
selenium dioxide sublimed through the molten selenium, and reacted with ethylene 
giving an 82.4 per cent yield of glyoxal. The carbon dioxide formed probably 
accounts for the remainder of the ethylene. 

, At temperatures of about 150° C. and under pressure, ethylene is oxidized 
by solutions of oxidizing agents (e.g., 40 per cent sulphuric acid containing 
chromic acid) to acetic acid or its esters.*® 

The oxidation of isoprene with perbenzoic acid yields j9-methyl-butadiene 
a/8-oxide, an oxide containing a double bond.®* It is violently isomerized by 
mineral acids to tiglaldehyde. 

Mechanism of the Oxidation of Olefins 

As already mentioned, Blair and Wheeler concluded that the oxidation of 
unsaturated hydrocarbons took place in steps which were in accord with* the 
hydroxylation theory. 

Thompson and Hinshelwood,®® from their work oYi the rate of reaction of 
oxygen with ethylene at temperatures between 400° and 500° C., believed that 
the reaction progressed by a chain mechanism. It was suggested tliat the first 
stage was the formation oi an unstable peroxide, CoH^: O^. When one molecule 
of this' peroxide collides with an ethylene molecule, two hydroxylated molecules, 
e.g., CHj: CHOH, are produced and these continue the chain. If, however, the 
peroxide collides with an oxygen molecule, then it is either decomposed or oxidized 
to stable products. The reaction is greatly retarded by an increase in the surface 
of the vessel exposed to the gases. Furthermore, a consideration of the tem¬ 
perature coefficient and the influence of foreign gases on the velocity of reaction 
indicates that the reaction chains are not of great length. Spence and Taylor ®* 
studied the reaction of ethylene with oxygen and with ozonized oxygen at tem¬ 
perature between 260° and 440° C. They found that the extent of total reaction 
is greatly increased by the presence of small quantities of ozone and concluded, 
therefore, that ozone is an initiator of reaction chains of short lengths. 

The slow combustion of ethylene has also been investigated by Lenher, using 
both long times of contact in a single-pass system ®® and short times of contact* 
in a circulatory system.®® When the first method was employed the products were 
carbon monoxide and dioxide and hydrogen, and the condensible products con¬ 
tained ethylene oxide, ethylene glycol, glyoxal, formaldehyde, formic acid and 
water. Raising the temperature increased the yields of the various substances. 
Above 400° C., however, the proportion of condensate began to decrease on 
account of secondary reactions. Increasing the time of contact also increased 
the yields. The rate of reaction was proportional to the third power of the 
ethylene concentration.®^ On the other hand, increasing the surface in contact 
with the gases reduced the reaction velocity. In fact, the reaction was entirely 
inhibited in a packed vessel below a temperature of 450° C. These last two 
phenomena are characteristic of chain reactions. The lining of the reaction vessel 

»I. G. Farbenindustrie A.-G., French Patent 743,342, 1933; Ckcm, Abs,. 1933, 27. 3721. 

Pumnierer and Reindel, Ber., 1933, 66B, 355; Brit. Chem. Abs, A, 1933, 373. 

” Loc. rit. 

^Proc. Roy. Soc. (London), 1929, A125, 277; Brit. Chem. Abf. A, 1929, 1243; Chem. Abs., 1929, 
23, 5394. 

•*J.A.C.S.. 1930, 52, 2399. 

*^J.A.C.S.. 1931, 53, 3737. Sec also, J.A.C.S.. 1931. 53, 2420. Compare Spence, Nature, 1931, 
12«. 873; Chem. Abs.. 19.32. 26. 1572. 

^J..4.C.S., 1931, 53. 3752. 

” Thompson and Hin.shelwood (he. cit.) also ohserved that the rate of reaction was proportional 
to the third power of the ethylene concentration. 



m 


CHEMISTRY OF PETROLEUM DERIVATIVES 


also influenced the course of the reaction. Oxides of nitrogen were found to 
react directly with ethylene and, therefore, could not be considered as catalysts.®* 
Similar results were obtained in a much larger reaction vessel except that 
dioxymethyl peroxide, (H 0 CH.j)o 02 , was the principal product in the condensate. 
Other products obtained at the same time were formaldehyde, formic acid, 
ethylene oxide, the oxides of carbon, and hydrogen. In silica vessels the forma¬ 
tion of dioxymethyl peroxide was greatly reduced,, and entirely suppressed in 
iron or aluminum vessels coated with potassium chloride or silicate. Decreasing 
the formation of this substance resulted in an increased yield^ of formaldehyde. 
The formic acid obtained in these experiments apparently came from the dioxy¬ 
methyl peroxide, as this compound decomposes to yield hydrogen and formic acid. 

HOH,C 

H. + 2HCOOH 

HOH.d^ 


The experiments in the circulatory system were conducted between tempera¬ 
tures of 410° and 600° C. with short times of contact, usually about 3 seconds. 
The principal products of the reaction were ethylene oxide and formaldehyde. 
Other products, such as dioxymethyl peroxide, acetaldehyde, formic acid, 
oxides of carbon and water, were formed in varying quantities. At temperatures 
above 450° C. the polymerization of ethylene to higher monolelins becomes an 
important reaction, the principal polymerization products being propylene and a 
small quantity of butylene. 

Lenher represented the possible mechanism of the oxidation of ethylene as 
follows: 


HaC Activation CHa Direct 

\ - II +Oa - . > ■ 

0—0 CHa Oxidation 
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2HCHO 


HaC 

Addition 
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HaC 
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HCHO + HCOOH 


j+H,Oa 
CHaOH 

I 

CH,OH 

^Decomposition 

HaO + HCHO 
-f HCOOH 


CO + HaO 
and 

COa + H, 


According to Lenher, the reaction of ethylene with oxygen appears to take 
place in two ways: either by the direct oxidation of ethylene to formaldehyde, or 
» Cf. Bibb, toe. cit. 
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by the formation of an addition complex or peroxide which in turn yields ethylene 
oxide. The early appearance of both formaldehyde and ethylene oxide as inter¬ 
mediate oxidation products is evidence that the formation of these two substances 
is the primary step in the oxidation of ethylene. Hydrogen peroxide is also 
formed during the reaction and probably reacts with formaldehyde to form dioxy- 
methyl peroxide. 

The effect of oxygen on propylene at high propylene and low oxygen concen¬ 
trations was investigated by Lenher.®® The time of contact varied from 3 to 18 
seconds and the temperature from 500® to 600° C. In addition to oxidation, 
pyrolysis takes place due to the activation of the propylene by oxygen. The 
oxidation products were acetaldehyde, formaldehyde, formic acid, carbon oxides 
and water. 

The primary reaction products of pyrolysis were higher monolefins; butylenes, 
amylenes, and hexylenes. Secondary products were olefins, paraffins and hy¬ 
drogen. Comparison of results, both in the presence and absence of oxygen, 
showed that the temperature at which pyrolysis is appreciable, is lowered greatly 
by the presence of small amounts of oxygen, and the rate is quite markedly 
increased. 

Riley and Friend reported that oxidation of* propylene with selenium dioxide 
gave a 19 per cent yield of methyl glyoxal.^® 

The formation of peroxides as one of the intermediate oxidation products 
was also demonstrated by Lewis in a study of the low-temperature oxidation 
of amylene. The variations of pressure with temperature of mixtures of amylene 
and oxygen were observed. The pressure-temperature curves showed three dis¬ 
tinct sections which were accounted for as follows: (1) a region up to 220° to 
230° C., which deviates but slightly from the vapor pressure curve and indicates 
very little reaction; followed by (2) a region of vigorous reaction (up to 237° to 
241° C.), which is characterized by a decrease in pressure to a minimum; (3) and 
a region of rapid increase in pressure, attributed to the oxidation of the products 
formed in the second stage. Analysis of the gases during the first stage gave 
evidence of the formation of oxides of carbon and aldehydes. Lewis, therefore, 
suggested that peroxides are formed and decompose to yield aldehydes during the 
first stage. Increasing the temperature increases the rates of formation, decom¬ 
position and polymerization of the aldehydes, hence the drop in pressure during 
the second stage. After the minimum pressure is reached sufficient unstable 
material is present to set up chain reactions giving rapid oxidation. Catalysts, 
such as pumice or charcoal, accelerate oxidation. Inhibitors, such as lead tetra¬ 
ethyl, almost eliminate the contraction part of the curve. These observations also 
suggest that the second step in the combustion of a paraffin hydrocarbon is the 
oxidation of a primarily formed unsaturated compound to a readily decomposed 
peroxide. The energy of decomposition of the peroxide assists the further oxida¬ 
tion of the aldehyde formed during its decomposition. 

The mechanism proposed by Reyerson and Swearingen accounts for the 
oxidation of ethylene in the presence of metallized silica gels as the result of 
collisions of the ethylene molecules with oxygen molecules which have been 
adsorbed and activated by the effective catalyst centers. On the other hand, the 
collision of oxygen molecules with adsorbed ethylene molecules was ineffective. 

1932, 54. 1830. 

1932, 2342. 

1929, 759. 

• Loc. cit. 
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Relative Rates of Oxidation of Olefins 

In determining the relative rates of oxidation of olefins Davis exploded 
various ethylene-propylene and ethylene-isobutylene mixtures with oxygen and 
analyzed the gases before and after reaction. In every instance combustion was 
incomplete, that is, both olefins and oxygen were found in the reaction products. 
The analyses, however, indicated that both propylene and isobutylene burned 
faster than ethylene. 

Mixtures of ethylene and isobutylene were also dissolved in “Water and oxidized 
by slowly adding a saturated solution of permanganate. The quantity of reagent 
added was not sufficient for complete oxidation and the proportion of each olefin 
unoxidized was determined by boiling out the gases and analyzing them. The 
relative rates of reaction of the olefins in these two series of oxidations were 
calculated using the formula developed by Francis, Hill and Johnston:^* 

Kb log(l-—r«) 

where ta and ra = fractions of olefins A and B which react; and 

Ka and Ka = velocity constants of oxidation reactions of the two olefins. 


From the data obtained in the combustion with oxygen the following ratios 
were derived: 


K propylene _ . 
K ethylene 


and 


K isobutylene _ ^ o 
K ethylene 


from which it is apparent that the relative rates of combustion with oxygen are 


Ethylene ... 1 

Propylene . 1.7 

Isobutylene . 2.8 


Similarly, it was found that for oxidation with aqueous permanganate 

/C isobutylene _ ^ relative rates of oxidation with permanganate for 

K ethylene ^ ^ 

ethylene and isobutylene may be represented by 1 and 1.6, respectively. 

This greater reactivity of the higher molecular weight olefins with oxygen is 
somewhat analogous to their reaction with sulphuric acid. As pointed out in 
Chapter 16, the maximum reactivity with sulphuric acid is shown with olefins 
containing 6 or 7 carbon atoms. 

Howes and Nash studied the oxidation with potassium permanganate of 
pentene-2, trimethylethylene, cyclohexene, methyldiethylethylene, diisobutylene 
(2,4,4-trimethylpentene-2) and diamylene (2,3,4,4-tetramethylhexene-2) dissolved 
in n-hexane. Five per cent solutions of the hydrocarbons were prepared and 
agitated with 2 per cent alkaline permanganate solution for 6 hours at 0° C. 
Samples were withdrawn from time to time and the bromine values determined. 
The results indicated that the pentene, cyclohexene and trimethylethylene were 
easily oxidized, reaction being complete in 5 hours. Diisobutylene and diamylene, 
on the other hand, were surprisingly stable. It was further observed that reaction 
was more rapid when alkaline permanganate was employed than with neutral 
permanganate. 

Unsaturated hydrocarbons could not be removed quantitatively from cracked 
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gasoline with permanganate. Howes and Nash reported that at 0® C. only a 
small proportion of these hydrocarbons reacted with permanganate (as indicated 
by the change in bromine number), and at higher temperatures (room tempera¬ 
ture) some aromatics were oxidized. The difficulty of removal not only increases 
with the molecular weight of the olefin but also with its molecular configuration. 


Autoxidation of Olefins 

One of the characteristic reactions of olefins is that of autoxidation. As has 
been mentioned, this reaction is especially important in the case of cracked 
gasolines since it, no doubt, ultimately results in the formation of gum (see 
Chapter 40). 

Hyman and Wagner have shown that hydrogen chloride, stearic acid, and 
cobalt stearate catalyze the reaction. Acetic acid was almost inert, and triethyl- 
amine exerted a negative effect. Their work has shown that for a homologous 
series the structure of the olefin greatly affects its rate of autoxidation. Generally, 
olefins with a terminal double bond react less readily than those with an internal 
double bond. This can be easily seen from the following results obtained with 
the amylenes. The hydrocarbons were saturated with oxygen, and a catalyst 
(0.0424 gram of cobalt stearate per 100 cc. of olefin) was added. The samples 
wertf kept in ice water and the rate of autoxidation measured after various 
periods. One cc. of the olefin was added to an alcoholic solution of potassium 
iodide, and the liberated iodine was titrated with thiosulphate solution. 

Cc. of O.OIN Na,S,0, Used After 
13Hrs. 19Hrs. 36Hrs. 84 Hrs. 156 Hrs. 252 Hrs. 


n-Propylethyleiie . 0.00 0.00 0.00 0.00 0.00 — 

Isopropylethylene . 0.00 0.00 2.90 11.60 23.15 — 

unsym.-Methylethylethylene. 0.00 0.00 0.00 0.00 0.00 0.00 

sym.-Methylethylethylene . 1.65 2.85 3.75 7.70 18.00 15.10 

Triniethylethyiene . 1.65 3.00 4.80 8.80 1975 16.90 


Both n-propylethylene and unsym-methylethylethylene which contain terminal 
double bonds did not undergo autoxidation. On the other hand, sym-methylethyl- 
ethylene and trimethylethylene, both of which possess an internal double bond, 
suffered rapid autoxidation. The unusually long induction period for isopropyl- 
ethylene may possibly have been caused by extensive purification received just 
prior to use. 

These same workers also observed that cobaltic soaps were much more active 
catalysts than cobaltous soaps. .They therefore concluded that, when a cobalt 
soap acts as a catalyst, the active agent is the oxidized soap. 

Bodendorf stated that substances containing two conjugated ethylenic link¬ 
ages are oxidized by oxygen (in the absence of a catalyst) much more rapidly 
than compounds containing only one such linkage. The reaction is autocatalytic 
and results in the formation of multimolecular peroxides which do not show the 
full normal reactivity of peroxides. 


Reaction of Ozone with Olefins 


It has long been known that olefins react with ozone, though the true char¬ 
acter of these reactions was first made clear by Harries.^* He showed that, in 


*»J.A.C.S., 1930,' 52. 4345; ibid., 1931, 53. 3019. 

Arch. Pharm., 193.3. 271, 1; Brit. Chem. Abs. A. 1933, 279. 

♦•For a summary of Harries’ work, see Ann., 1905, 343, 311; 1910. 374j 288; 1912, 390, 236; 
1915, 410, 1. See also Brooks, ’’The Non-Benzenoid Hydrocarbons,” Chemical Catalog Co., Inc., 
New York. 1922. 137. 
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the absence of water, the olefins react with ozone to form thick viscous substances 
often of an explosive nature. In spite of this characteristic Harries demonstrated 
that the reaction products contained one ozone molecule for each double bond in 
the original hydrocarbon. 

Ozonides, or their solutions in absolute alcohol or glacial acetic acid or other 
solvents, can be decomposed by warming, to yield ketones or aldehydes and 
peroxides, as follows: 





0—0 


l\ 


V 

/\ 


O 


+ 


/ 


The ozonides also react with water to form hydrogen peroxide and aldehydes 
or ketones, thus effecting a rupture of the original hydrocarbon at the double 
bond. 


>C-C<-fH,0 —>C=0 + 0=C< + H,0, 

i—o—(!) 


This hydrolysis of the ozonide, therefore, supplies a method for the preparation 
of aldehydes and ketones from unsaturated compounds. Since hydrolysis results 
in a rupture of the original hydrocarbon at the double bond, the identification of 
the products of hydrolysis often affords a clue to the structure of the unsaturated 
hydrocarbon. 

Blair and Wheeler^® investigated the production of formaldehyde by the 
action of ozone on ethylene. They effected the reaction (1) by passing a mixture 
of air and ethylene (about 3 per cent of the latter) through an ozonizer and 
(2) by the direct action of ozonized oxygen or air on ethylene. Both of these 
reactions were carried out in the presence and in the absence of both water and 
ammonia. 

In dilute mixtures the ozone and ethylene combined at ordinary temperatures 
to form the ethylene ozonide, C 2 H 4 O 3 . In the absence of moisture the ozonide 
decomposes to give formic acid, formaldehyde, and other products. On the other 
band, in the presence of moisture, hydrolysis takes place with the formation of 
formalcfehyde and hydrogen peroxide. Most of the latter decomposes, though 
some of it may react with either ozone or formaldehyde. With small concentra¬ 
tions of ozone very little oxidation of formaldehyde was observed. For example, 
with about 1 cc. of ozone per liter of mixed gases,.90 per cent (of the ozone) 
reacted to give formaldehyde. The rate of decomposition of the ozonide appeared 
to be more or less proportional to its concentration. The addition of ammonia to 
the gases was said to increase somewhat the yield of formaldehyde by reacting 
with the aldehyde to form hexamethylenetetramine, and thus preventing oxidation 
of the aldehyde. 

By allowing ozonized air or oxygen to react with ethylene in the presence 
of steam, Carter and Coxe obtained formaldehyde and formic acid in yields 
of 70 and 15 per cent, respectively. Formaldehyde was recovered as such or was 
converted to hexamethylenetetramine by the addition of ammonia. This amine 
can be separated from the reaction products with carbon tetrachloride. Steam 
is employed to prevent the accumulation of the explosive ethylene ozonide during 
oxidation. 


* JS.CJ., 1923, 42, 343, 347. 

**U. S. Patent 1,423,753, July 25, 1922; assigned to S. Karpen and Bros.; Cktm. Abs.t 1922, 
16. 3095. 
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In another process both glycol and formaldehyde are produced when ethylene 
is allowed to react with ozonized air or oxygen, and steam or atomized water 
at a temperature slightly above 100° C. The reacting gases are mixed in towers 
which are packed with porous material impregnated with either water or a solu¬ 
tion of a catalyst. When the catalyst is a concentrated alkaline solution, or a 
0.1 to 1.0 per cent solution of potassium permanganate or potassium chlorate, 
a yield of 50 to 60 per cent of glycol and 15 to 30 per cent of formaldehyde is 
obtained. In the absence of such catalysts, however, the yield of glycol is only 
15 to 20 per cent and that of formaldehyde rises to 70 to 80 per cent. The 
reaction may be carried out under pressure and in the presence of tungstic and 
osmic oxides as catalysts. « 

Ethylene and ozone react, according to Briner and Schnorf,*- to form a liquid 
ozonide which is stable at 0° C., becomes a vitreous mass at —80° C., and can 
be isolated by vacuum distillation as a highly explosive liquid boiling at 20° C. 
(at 16 to 17 mm. pressure). It is soluble in water in all proportions. Such 
aqueous solutions decompose slowly at ordinary temperatures, but rapidly at 
65° C. In the hydrolysis of the ozonide more formic acid is obtained than for¬ 
maldehyde, and hydrogen is also evolved. The evolution of hydrogen is caused 
by the presence of formaldehyde peroxide (dioxymethyl peroxide) which results 
from the interaction of water, ozone and ethylene. 

CH,=-CHa-f O, + H.O —(OH—CH*-0), 

The water is present either because of incomplete drying or from the oxidation 
of some ethylene. On decomposition of the peroxide both hydrogen and formic 
acid are obtained, as previously mentioned. This is the explanation advanced for 
the preponderance of formic acid among the reaction products of ozone and 
ethylene. 

Ozonation of ethylene can also be accomplished in the presence of water and 
the products obtained are the same as those mentioned above. When the ozonide 
is decomposed with sodium acid sulphite, the chief product is formaldehyde, which 
is isolated as its addition compound with the acid sulphite. Addition of an am- 
moniacal solution of this ozonide to a solution of ammonium chloride yields 
hexamethylenetetramine together with a small quantity of ammonium formate 
and oxygen. 

The ozonation of propylene takes place in a very similar manner, and the 
decomposition products are formaldehyde, acetaldehyde, formic and acetic acids. 
Peroxides, however, are not formed to as large an extent as from ethylene. 
This was indicated by a smaller hydrogen evolution during the decomposition of 
the ozonide of propylene. 

All of the three butylenes form ozonides.®® On hydrolysis, these ozonides 
can be distinguished from one another by the proportions of acids, aldehydes 
and acetone formed, as well as by the gas evolved. For example, 2-butylene, 
when dissolved in methyl chloride and treated with ozone at —80° C., yields a 
liquid ozonide. Decomposition of this ozonide with water at 70° to 75° C. yields, 
in addition to acetaldehyde, the principal product, some acetic acid, methane, 
formic acid, and a small quantity of the oxides of carbon. The principal reaction, 
therefore, seems to be 

Plauson’s I'orschungsinstitut G.m.b.H., German Patent 344,615, 1920; J.S.CJ., 1922, 41, 
392A. 

Ckim. Acta, 1929, 12, 154, 181; Brii. Chem. Abs. A, 1929, 290; Chem. Abs., 1929, 23, 
2149; Swiss Patent 134,937. 1928; Chem. Abs., 1930, 24. 2471. 

M Briner and Meier, Helv. Ckim. Acta, 1929, 12, 529; Brit. Chem. Abs. A, 1929, 674. 
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CH.CH-CHCH. + H.0 —>- H.0. + 2CH.CH0 

(!)—O—(!) 

which is accompanied by the side reaction: 

CH,CH-CHCH.-fH,0 —CH.COOH + HCOOH-f CH 4 


0 — 0—0 

This formation of methane appears to be characteristic of the acet-grouping, 
as methane was also found as one. of the decomposition prodilcts of propylene 
ozonide. 

The ozonide from isobutylene decomposes rapidly in the absence of water to 
yield acetone peroxide and formaldehyde. When hydrolyzed with water at 70® C. 
the same products are obtained together with acetone, formic acid, hydrogen and 
the oxides of carbon. 

The ozonide from 1-butylene which contained 20 per cent of 2-butylene, when 
hydrolyzed yielded products similar to those obtained from 2 -butyIene except that 
hydrogen was obtained instead of methane. These results with isobutylene and 
1 -butylene indicate that the formation of hydrogen during decomposition of the 
ozonide is characteristic of the formic grouping. 

Although the ozonides just mentioned were made in the presence of inert 
liquids, it was also observed that the butylenes react with ozone in the gas phase 
to form non-explosive water-soluble products. These represent intermediate 
steps in the transformation of the ozonides into their stable end products, alde¬ 
hydes, acetone and acids. Of the aldehydes and ketones formed, formaldehyde 
appears to be the most resistant to the action of ozone. The yields of products 
from the butylenes were somewhat lower than those obtained from ethylene. 
The maximum yield, based on the ozone, was 72 per cent from isobutylene. 

The reactions of the higher molecular weight olefins with ozone are very 
similar to those already mentioned. They have been used in determining the 
structures of various compounds. For example, McCubbin and Adkins ** treated 
diisobutylene in acetic acid with ozonized oxygen, and then hydrolyzed the ozonides 
with water and zinc dust. The principal products obtained were acetone, tri- 
methylacetaldehyde and methyl neopentyl ketone. Since the first two products 
were obtained in practically equivalent quantities, and the quantity of the last 
named substance was about four times that of either of the other two, it was con¬ 
cluded that diisobutylene is a mixture of 2,4,4-trimethylpentene-l and 2,4,4- 
trimethylpentene-2, the former being present in the greater quantity. In a 
similar manner, McCubbin®® found that triisobutylene is a mixture of three 
isomeric dodecylenes. 

Likewise Whitmore and Church ®® used ozonolysis in the determination of the 
constitution of diisobutylene. They first fractionated this substance, obtaining two 
portions (one boiling at 101 . 2 ® and another at 104.5® C.) in the ratio of 4 to 1, 
the lower boiling constituent being present in the greater amount. Ozonolysis 
of each portion was carried out, the low-boiling constituent giving formaldehyde 
and methyl neopentyl ketone, as well as a small amount of tertiary butylacetic 
acid, thus proving it to be 2,4,4-trimethylpentene-l. The high-boiling portion 
gave acetone, trimethylacetaldehyde and trimethylacetic acid, indicating it to be 
2,4,4-trimethylpentene-2. These results agreed with those of McCubbin and 
Adkins. 


1930, 52, 2S4;. 

1931, 53, 356. See also Conant and Wheland, J.A.C.S,, 1933, 55, 2499. 
-J.A.C.S., 19.32. 54. 3710. See J.A.C.S., 1932. 54. 3706. 
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Harries and Haef¥ner‘^ obtained amylene ozonide by passing ozone into a 
dilute solution of the olefin in hexane. Evaporation of the solvent by heating 
at 60° C. in a vacuum yielded the crude ozonide as a limpid colorless liquid. This 
crude product was treated with an aqueous solution of sodium bicarbonate. The 
purified ozonide was analyzed giving values of composition between CoH^oO, 
and CoHio 04 . 

Hexylene ozonide was prepared in the same manner. The crude material was 
a very viscid liquid, but on distillation gave the normal ozonide as a free-flowing 
liquid. Distillation was carried out at 60° C. under a pressure of 12 mm. These 
ozonides were relatively stable, not being readily decomposed by water. 

Ozonides of cracked petroleum distillates, derived principally from an olefin 
mixture of boiling point 125° to 150° C., were suggested by Ramage®* as 
substitutes for turpentine and linseed oil. 

Oxidation of Acetylene 

Bone and Andrew observed that when oxygen and acetylene are heated in 
sealed tubes reaction begins at 250° C. and becomes very rapid at 300° C. With a 
mixture containing equal volumes of oxygen and acetylene or two volumes of 
acetylene to one of oxygen, explosive combustion occurs at 350° C. With a 
mixture of two volumes of acetylene to three of oxygen, explosive combustion 
takes place at 375° C. A relatively large excess of oxygen was found to retard 
the reaction. 

Investigation of the slow combustion qf acetylene in a circulatory system 
indicated that oxidation occurs in a manner similar to that of ethane and ethylene. 
The main products are formaldehyde, formic acid, water and the oxides of carbon. 
These products,could be accounted for by the hydroxylation theory according to 
the following transformations: 

CH —>- COH —>- CO + HCHO —>- HCOOH —H,CO, 

ill III i i 1 

CH COH H. + CO CO-hH,0 CO.+ H,0 

The reactions, however, are complicated by the fact that, in the presence of a 
hot catalyzing surface, acetaldehyde is formed from water and acetylene even in 
the presence of oxygen. This aldehyde then decomposes to methane and carbon 
monoxide (CH 3 CHO—> CH 4 +CO) and competes with the acetylene for the 
oxygen present, thereby yielding formaldehyde and carbon monoxide: 

CH,CHO —>- CH'aOHCHO —^ CO + H.O-f HCHO 

The oxidation of acetylene mixed*with oxygen at 250° C. to 315° C. with times 
of contact of 50 to 200 seconds, has been investigated by Kistiakowsky and 
Lenher.®' The condensible reaction products are glyoxal, formaldehyde, formic 
acid and water. Carbon monoxide and dioxide are the gaseous products. These 
investigators disagreed with Bone and Andrew, and considered the aldehyde 
glyoxal (OHC—CHO) the first intermediate oxidation product of acetylene and 

” Ber., 1908, 41, 3098; Chcm. Soc. Abs., 1908, 94 (1), 846. 

» U. S. Patent 1,689,599, Oct. 30, 1928; Brit. Chem. Abs. B, 1928, 937. 

1905, 87, 1232. 

•• Mondain-Monval and Wellard (Compt. rend., 1933. 196. 1226; Brtt. Ckem. Abs. A. 1933. 694) 
compare explosive combustion when heating at different rates and con.stant volume. Various mixtures 
of acetylene and oxygen (17 to 85 per cent acetylene) will explode at a mean temperature of 310* C., 
on heating at the rate of 40** C. per minute. At 2S* C. per minute the explosive mixture varies from 
35 to 70 per cent acetylene content. 

^J.A.C.S.. 1930, 52. 3785. 
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not the unsaturated alcohol HOC~:COH. Furthermore they also concluded that 
glyoxal decomposes to yield carbon monoxide and formaldehyde, (CHOCHO—> 
CO + HCHO), the formaldehVde being oxidized to formic acid, and this acid in 
turn being oxidized to carbon dioxide and water. The reaction rates indicate 
a chain reaction which is homogeneous. In packed reaction vessels, however, 
the homogeneous oxidation is almost suppressed and a heterogeneous oxidation 
to carbon monoxide and water takes place on the glass surfaces. The rate of 
this reaction is roughly proportional to the acetylene and oxygen concentrations. 
In unpacked reaction vessels the rate is proportional to the square of the acetylene 
concentration and is slightly retarded by the oxygen concentration. Reaction 
between acetylene and oxygen was always preceded by an induction period. 

Oxidation of acetylene in a circulatory system at slightly higher temperature 
(320° C.) was studied by Spence and Kistiakowsky.®- The oxidation products 
were found to be the same as those reported by Kistiakowsky and Lenher. At 
this temperature the rate of reaction is slightly accelerated or retarded according 
to whether acetylene or oxygen is in excess. At optimum concentrations the rate 
of reaction is proportional to the square of the acetylene concentration. With 
less oxygen present the rate is proportional to a lower power of the acetylene 
concentration. The presence of nitrogen has very little retarding influence on 
the reaction rate. An induction period was also observed at this temperature 
(320° C.) and was considered to be caused by the accumulation of an intermediate 
product taking part in the chain reaction. It was observed that formaldehyde 
is oxidized very much faster when mixed with reacting acetylene. 

The size of the reaction vessel has an effect on the reaction rate.®® In vessels 
smaller than 4 mm. in diameter the reaction took place very slowly, but in 
vessels greater than 6 mm. in diameter, it proceeded at its normal rapid rate. By 
coating the surface of a vessel greater than 6 mm. diameter with potassium 
chloride it was noted that the reaction proceeded at a much slower rate than in 
a plain glass vessel, indicating that potassium chloride inhibited the reaction. 

The catalytic oxidation of acetylene to formaldehyde has been described by 
Mittasch, Willfroth and Balz.®* In this process, similar to that used by them 
for the production of formaldehyde from ethylene, the acetylene and air react 
at 375° C. in the presence of a catalyst prepared by heating burnt clay or diato- 
maceous earth impregnated with boric or phosphoric acid. 

When acetylene is oxidized in the presence of steam, acetaldehyde and acetic 
acid are produced. Thus in the process developed by Wohl a gaseous mixture 
of acetylene, air and steam is passed over a catalyst at 300° to 400° C. and the 
resulting acetaldehyde and acetic acid are fractionally condensed, or the mixture 
is completely oxidized to acetic acid. The catalysts used are basic metallic salts 
(zinc vanadate, molybdate, or chromate dispersed on pumice). 

Stuer and Grob described a process in which acetaldehyde is produced from 
a mixture of acetylene and steam in the presence of metallic oxides at 300° to 
500° C. Either atmospheric or increased pressures can be used. Thus, at 400° to 
420° C. acetaldehyde is the main product from 1 part of acetylene and 4 parts of 
steam using bog iron ore as the catalyst. A 50 per cent yield of acetonitrile, 
together with nitrogenous bases, is obtained by passing equal proportions of 

1930, 52, 4837. 

«Spence. J.C.S., 1932, 686. 

** U. S. Patent 1,487,020, March 18, 1924; assigned to Badische Anilin- und Soda-Fabrik; CheM. 
Abs., 1924, 18, 1672. 

w British Patent, 154,579, 1920; Chcm. Abs„ 1924, 15, 1139. 

"•British Patent 109,983, 1916; assigned to Chcm. Fabr. Rhenania; J.S.C.I., 1917, 36, 1194; 
ef. Soc. Industrielles des Derives de I’AcetyIcne, French Patent 731,309, 1932; Chcm. Abs., 1933, 
27. 734. 
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acetylene and ammonia over bauxite at 350° to 380° C. Two parts of acetylene 
and 1 part of hydrogen sulphide passed over specially treated bauxite at 320° C. 
give almost pure thiophene. Horst and Wietzel use a catalyst such as silico- 
tungstic acid which is free of iron or its compounds. 

The production of either acetaldehyde or ethyl alcohol from acetylene should 
be briefly mentioned again for comparison, although neither is strictly an oxida¬ 
tion of acetylene. The acetylene is first passed into a solution of dilute sulphuric 
acid which contains a mercury compound as a catalyst. The acetylene combines 
with water to form acetaldehyde,®® which can be either oxidized to acetic acid or 
reduced to ethyl alcohol.'^® 

Eberhardt passed a mixture of acetylene, steam and oxygen charged with 
mercury vapor over compounds of mercury or other heavy metal salts or mixtures 
of these. For instance, the gases are led over a mixture of active carbon and 
mercury phosphate. A 60 per cent yield of acetic acid and a 14 per cent yield of 
acetaldehyde are obtained. A change in the catalyst, such as the use of carbon 
and aluminum oxide, will alter the proportions of the products formed. 

Reaction of Ozone with Acetylene 

Acetylene and ozone react to form an ozonide which, however, because of its 
explosive properties, has not been isolated and investigated.^® An attempt was 
made to prepare this ozonide by the reaction of acetylene and ozone in the 
presence of an inert solvent. When the solvent was slowly evaporated the 
product was a yellow viscous transparent liquid which consisted of about 
81 per cent glyoxal and 5.6 per cent formic acid. As carbon dioxide was evolved 
during this operation there is no doubt but that some acetylene was lost through 
decomposition of the ozonide. Although, the evidence seems to indicate that the 
ozonide exists temporarily it is an extremely unstable substance. One interesting 
point, however, is brought out' in comparing the reactions of ozone with acetylene 
and with olefins. In acetylene, the triple bond appears to maintain the linkage 
of carbon atoms, but with olefins ozonization breaks the double linkage. 

Oxidation of Unsaturated Hydrocarbons in the Presence of 
Nitrooen Oxides 

Lenher has shown that the reaction between acetylene and oxygen between 
the temperatures of 170° and 250° C. is catalyzed by the presence of nitrogen 
peroxide. The acetylene is oxidized, and nitrogen peroxide forms nitric oxide 
which is oxidized by the oxygen again to nitrogen peroxide. The main reaction 
product found by I.^nher was trimeric glyoxal, yields of 50 per cent or more 
being obtained. The occurrence of large quantities of carbon monoxide and of 
only traces of formaldehyde, formic acid and hydrogen seem to indicate that the 
thermal decomposition of glyoxal to carbon monoxide and formaldehyde is the 
principal source of this oxide of carbon. The formaldehyde is then either 

U. S. Patent 1,856,639, May 3, 1931; assigned to I. G. Farbenindustrie A.-G.; Chem. Ahs., 
1932, 26, 3521. 

“Consortium fiir elektrocliemische Industrie. British Patent 16,957; 1914; Chem. Abs., 1916, 
10. 253. See also Matheson, British Patent, 132,557, 1918; Chem. Abs., 1920, 14. 288. Hibbert, 
Chem. Met. Eng.. 1918, 19. 397. 

“ This has been previously discussed in Chapters 28 and 38. 

Anon., Ind. chim. min. met.; Gior. farm. Chim., 1917, 66, 315; Chem. Abs., 1918, 12, 1386; 
sec Chapters 28 and .t8. 

” German Patent 544,691, 1930; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932, 
26, 3521. 

” Briiier and Wunenburger. Helv. Chim. Acta, 1929, 12, 786; Chem. Abs., 1929, 23, 5156. 

'^J.A.C.S,, 1931, 53, 2962. 
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oxidized to formic acid, which in turn decomposes to carbon monoxide and water, 
oi> it is oxidized by the nitrogen peroxide to carbon monoxide and water. The 
course of the oxidation reactions can be indicated as follows: 


2Na 



CO + H 2 O COa + HaO 

In the formation of acetic acid and acetaldehyde using nitrogen oxides as a 
catalyst, better results are obtained if the mixture is diluted with carbon dioxide.^* 

** Gutehoffnungshutte Oberhausen A.-G., French Patent 720,683, 1931; Chem. Ahs.^ 1932, 26, 3807. 



Chapter 40 

Autoxidation of Petroleum Distillates. Gum Formation 

By autoxidation or spontaneous oxidation is meant, according to Moureu, 
Dufraisse and Chaux,^ the combination of the whole molecule of oxygen with 
an oxidizable substance to form a primary peroxide which may then change in 
a number of ways to yield stable oxidation products. The theory proposed by 
these investigators assumes that autoxidation starts with the union of an oxygen 
molecule, Og, with a molecule of an autoxidizable substance, A, to yield the 
peroxide. [AOo]. Such peroxides are formed with the absorption of energy and 
may then decompose to yield various products or react with other molecules of 
the autoxidizable substance. It is suggested also that antioxygens or antioxidants 
catalyze the reverse action, the destruction of these peroxides. Antidetonants or 
knock suppressors likewise inhibit the formation of peroxides whose explosive 
properties allow them to act as detonating agents (see also Chapter 44). 

Substances which undergo autoxidation include phosphorus and sulphur com¬ 
pounds, sodium sulphite, benzaldehyde, paraffin, petroleum distillates, rubber, 
turpentine, spermaceti, silk, living tissues, and many other substances. 

The oxidation of turpentine or pinene by air is similar to the behavior of 
olefins and of petroleum distillates containing unsaturated compounds. A brief 
survey, therefore, of the oxidation of this substance, together with that of some 
of the cycloparaffins, is of interest. The slow oxidation of pinene results in the 
formation of peroxides, carbon dioxide, water, organic acids, alcohols, aldehydes, 
ketones and resinous bodies.^ 

Oxygen is readily absorbed by turpentine oil (which contains pinenes) to yield 
molecular oxygen compounds (peroxides). On mixing this oxidized oil with 
indigo the latter rapidly becomes decolorized as a result of oxidation. In fact it 
seems that one of the characteristic properties of such peroxides is the ease with 
which half of their oxygen is taken up by substances which are otherwise oxidized 
with difficulty. Other compounds which exhibit this same behavior towards oxy¬ 
gen are amylene, hexylene, trimethylethylene, some of the fulvenes, ketenes, and 
unsaturated naphthenes.* 

In studying the autoxidation of pinene by oxygen Dupont and Crouzet * em¬ 
ployed two methods: (1) measuring the decrease in the oxygen pressure in the 
reaction flask by the rise of mercury in a narrow manometer connected to the 
apparatus (the constant volume method) ; and (2) measuring the decrease in 
oxygen volume as indicated by the rise of the meniscus in a eudiometer (the con- 
•stant pressure method). In diffused light the rate of absorption of oxygen is 
proportional to the time. The rate of absorption, however, is greatly affected 
by the intensity of the light and the temperature. For example, when the reac¬ 
tion flask was covered with black paper no oxidation took place for 12(X) hours. 
At the end of that time the rate of oxidation increased very rapidly until it 

' Compt. rtnd., 1927, 184, 413; Chem. Abs„ 1927. 21, 1914. Chem. Rcvicivs, 1926, 3. 113; 
Chem. Abs., 1926, 20, 3374. See also Moureu and Dufraisse, J.C.S., 1925, 127, 1. 

■ Brook.*:. “The Non-Benzenoid Hydrocarbons,” Chemical Catalos: Co., Inc., New York, 1922, 427. 

* Enffler-IIdfer. “Das Erdol,” S. Hirzel, Leipzig, 1913, 1, 513, 514. 

* Bull, inst, pin., 1929, 55, 101; Pure Science, 1929, 3, 78; Chem. Abs., 1929, 23, 3455. 
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reached the corresponding rate of oxidation in the presence of diffused light. 
At 80® C. the rate was 2500 times as great, and at 60® C. it was 130 times as 
great as it was at IS® C. Carbon dioxide was formed at the higher temperatures. 

The rate of oxidation also increases in the presence of certain metallic cat¬ 
alysts, such as the resinates of cobalt, iron, lead, chromium and nickel. The first 
of these was found to be the most active, but after a time its effectiveness dimin¬ 
ishes as a result of decomposition.® The rate of oxidation is reduced by the 
presence of hydroquinone, gallic and pyrogallic acids, stannous chloride, reduced 
copper, copper resinate, sulphur, and other substances.® 

Some substances act first as antioxidants and then as pro-oxidants. Man¬ 
ganese resinate, for example, when added in the proportion of 1 part to 1000 
parts of pinene was found to reduce the rate of oxidation for 100 hours, after 
which the rate is accelerated several hundred times. When added in the pro¬ 
portion of 1 part to 100 parts of pinene, oxidation did not start for 700 hours. 

The autoxidation of pinene can be shown also by the spontaneous ignition 
of cotton on exposure to air after being treated with turpentine to which has 
been added a heavy metal resinate.^ When asbestos fiber is substituted for cotton the 
temperature of the oil rose to 300® C. The spontaneous ignition of cotton can be 
retarded by phenol, ^-naphthol or quinol, and prevented by a-naphthol, aniline, 
diphenylamine, quinhydrone, and other similar substances, and also by sulphur. 

When dissolved in acetic acid and oxidized with aqueous hydrogen peroxide at 
50® to 60® C, a-pinene yields principally a-terpineol (partly in the free state and 
partly as the acetate), small proportions of borneol (as the acetate) and dipentene, 
a trace of aldehyde of the formula CioHjeO, a small quantity of trioxyterpan, 
CioHi 7 (OH) 3 , and some resinous material.® )8-Pinene, on the other hand, when 
oxidized with hydrogen peroxide under the same conditions yields an oily product 
in which were identified principally borneol and fenchyl alcohol (as acetates).® 
The relation of these substances can be shown by the following formulas: 


CH, 

CH-CH 

\CH, 

CH,-CH-CH, 


a-pinene 
CH, 

CH-(!-CH, 


\C<CH. 

\CH, 
CHr—CH-CH. 


p-pinene 


CHr 


CH. 

-C=CH 


H 

CHr—C-CH, 

CHr-i—CH, 

a-terpineol 

CH, 


CHr- 


-C-CHOH 

I 


CHr 


CHr-C—CH, 

I 


H 


borneol 


CH, 


CH, OH 
CHr-^C—CH, 


OH 

CH,-L 

CHr-C—CH, 

I 

OH 

trioxyterpan 

CH, 


CH, 


-CH-CHOH 


CH— 

CH, 
C< 
\CH, 

\ 

CH,-CH,— 


Ch 


fenchyl alcohol 


” Taradoire, Compt. rend., 1926, 182, 61; Brit. Chem. Abs. B, 1926, 135. 

* Cf. oxidation of oils. Chapter 42. 

* Cf. oxidation of gasoline and lubricating oil discussed later in this chapter. 

* Henderson and Sutherland, J.C.S., 1912, 101, 2288. 

* Henderson and Chisholm, J.C.S., 1924, 12S. 107. 
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When oxidized in acetic anhydride with chromium trioxide, the CHa group ' 
adjacent to the double bond is converted to a ketone or an alcohol grouping. 
Thus a-pinene yields verbenol and verbenone.^® Acetic anhydride is used as a 
solvent in order to absorb any water formed during the oxidation, and also to 
acetylate alcohols as formed and thus prevent their further oxidation. 


CH* 



C=0 


CH, 

I 

CH-C-= 

\c<CH. 

\CH3 

* CHa-CH- 


-CH 


-CHOH 


verbenol . 


On passing a mixture of turpentine vanor and air through a copper net 
heated to 400® C., the hydrocarbon is oxidized and the heat of the reaction is 
sufficient to keep the copper glowing. The products of the reaction are carbon 
monoxide, carbon dioxide, some ethylene hydrocarbons, about 21 per cent of 
water-soluble substances, and 60 to 70 per cent of oil. About 75 per cent of the 
oil distills between 160® and 173® C. and this particular fraction contains a large 
percentage of cyniene.^^ It therefore has a pleasant odor and is suitable for use 
in perfumery. The presence of steam in the gaseous mixture during oxidation 
reduces the yield of oil. 

Peroxides are formed in some instances when ozone is used. Ramage sug¬ 
gested the production of the terpene peroxide, by blowing ozonized air 

through eucalyptus oil at 80® C. A^er removing the peroxide by a current of 
air it could be further oxidized to the diperoxide, C 10 H 18 O 4 , with an excess of 
ozonized air. This diperoxide is a colorless oil which, when placed in contact 
with water, slowly liberates active oxygen for a long period of time. 

Another class of compounds which are easily’ oxidized and polymerized are 

CH=CH 


cyclopentadiene and its derivatives, the fulvenes. Cyclopentadiene, 


\ 


CH,, 


/ 


CH--CH 

can be isolated from the first fractions in the distillation of crude benzene. 


It 


polymerizes on standing to the dimer, CiqHjj, which is partially reconverted to 
the original hydrocarbon on distillation. The dimer takes up oxygen from the 
air forming the diperoxide.^® * 

The fulvenes, which were first prepared by Thiele,are made by condensing 
ketones (acetone, acetophenone, or benzophenone) with cyclopentadiene. Dime- 

CH=CH CH, 

thylfiilvene, for example, has the formula C==C and when 

CH=CH^ \h. 

dissolved in benzene quickly absorbs oxygen from the air to form a voluminous 
white precipitate which gradually becomes granular.^® Light and heat shorten 
the time required for this reaction. The precipitate is a diperoxide of dimethyl- 
fulvene (C„Hi„0.|), wliich decomposes with violence when heated to 130® C. It is 


*»Treibs and Schmidt. Bcr., 1928, 6lB, 459; Chem. Abs.. 1928, 22, 1969. 

Orlov, Ukrainskii Khem. Zhurnal. 2, 1; Chem. Zentr., 1926, 2, 660; Chem. Abs., 1927, 21, 3894. 
** U. S. Patent 1,585,602, May 18, 1926; assigned to Ozonid Corp. ; Brit. Chem. Abs, B, 1926, 610. 
“ Stobtx! and Diinnhaupt, Ber., 1919, 52, 1436; Chem. Abs,, 1920, 14, 1327. 
w/?er., 1900, 33, 666. 

«Engler and Frankenstein, Ber., 1901, 34, 2933; J.S.C.I.. 1901, 20, 1151. 
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insoluble in the usual organic solvents, but dissolves, with some decomposition, 
in hot nitrobenzene and in acetic acid. On standing, it gradually becomes yellow 
and loses its explosive properties. This peroxide however is a very mild oxidizing 
agent. Methylphenylfulvene takes up oxygen much more slowly, forming the 
diperoxide of the formula C 18 H 12 O 4 . Contrasted with these, cyclopcntadiene 
absorbs only a small quantity of oxygen and forms a resinous product. 

In diffused sunlight 1,3-dimethylcyclopentane absorbs oxygen even at pres¬ 
sures as low as 60 mm. The product formed is a peroxide which, after reacting 
with potassium iodide, yields a mixture of 5-methyl-2-hexanone and 4-methyl-2- 
hexanone. These ketones must have been formed from the peroxide, the initial 
product of oxidation, by a rupture of the cyclic nucleus.^® 

Cyclopentane is found in certain fractions of some crude oils, and from such 
oils cyclopentanone (adipic ketone) can be obtained by oxidation. This ketone, 
according to Mentzel,^^ is very easily condensed with aromatic aldehydes in the 
presence of alkalies. 

Cyclohexene, when kept in contact with oxygen for a long period, yields a 
small quantity of cyclohexene peroxide.^® This substance, which is a mobile 
liquid boiling at 54° to 56° C. at 0.5 mm., possesses a pungent odor and is an 
energetic oxidizing agent. Molecular weight determinations indicate that the 
peroxide is monomolecular, but the sirupy residue from the distillation of the 
peroxide, which has the same composition as the peroxide, is bimolecular. These 
facts appear to indicate that two molecules of the peroxide combine to form a new 
substance with peroxide properties. Determination of the active oxygen content 
of the dimeric form indicates that it contains only one peroxide group. 

Zelinsky and Borisov observed that 20 grams of cyclohexene can absorb 
3200 cc. of oxygen in 151 days. The rate of absorption is rapid at first, then 
decreases, and finally ceases altogether. The oxygen absorbed corresponds to 
about 1 atom of oxygen per molecule of cyclohexene. The unchanged cyclohexene 
was removed by allowing the mixture to stand for three months in a vacuum 
desiccator over sulphuric acid. After evaporation, a tough, resinous, reddish 
yellow mass was obtained which gave the characteristic peroxide tests. Analysis 
indicated the substance to be cyclohexene peroxide of the formula CeHioO,. 

Cyclohexene, however, is oxidized much more rapidly in the presence of certain 
metallic catalysts. Willstatter and Sonnenfeld*® prepared a catalyst for such a 
reaction by heating osmium ammonium chloride in the presence of hydrogen. 
When 0.5 gram of the osmium so, prepared was added to a solution of 10 grams 
of cyclohexene dissolved in 10 grams of acetone the mixture absorbed 0.86 moles 
of oxygen in 22 hours. The products consisted chiefly of 2-cyclohexene-l-ol and 
1 -cyclopentene-l-aldehyde (I-methylal-l-cyclopentene) and adipic acid together 
with small proportions of unchanged cyclohexene and 2 -hydroxycyclohexanone. 
No oxidation occurred when the cyclohexene was dissolved in acetic acid. Plati¬ 
num, palladium, and ruthenium could not be substituted for osmium, and tellurium 
showed very little catalytic activity. No indication of the intermediate oxidation 
products (peroxides) was found, which showed that osmium accelerated their 
decomposition. Oxidation generally proceeds in more than one direction with 
the formation of secondary and transformation products. Substances which 
possess acidic properties appear to retard oxidation. 

** Chavanne, B«//. soc. ekim. Belg., 1927, 36, 206; Brit, Chent. Abs. A, 1927, 452. 

1903, 36. 1499. 

*• Stephens, J.A.C.S., 1928, 50, 568. 

1930, 63B, 2362; J. Russ. Phys.-Chem. Soc., 1930, 63, 2051; Chem. Abs., 1931, 25, 2044. 

»Ber., 1913, 46. 2952; Chem. Abs., 1914, 8 . 117. 
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Later, Medvedev and Alekseeva oxidized cyclohexene in the presence of 
a less active catalyst, osmium dioxide deposited oh asbestos. The activity of this 
catalyst was greatly reduced when metallic oxides such as aluminum oxide, ferric 
oxide, manganese sesquioxide, or cupric oxide were substituted for the asbestos. 
These investigators also observed that the oxidation products formed depend upon 
the nature of the solvent and that, contrary to Willstatter and Sonnenfeld, oxi¬ 
dation with this mild catalyst proceeds energetically in benzene. Tlie products 
obtained from the oxidation of cyclohexene were 2-cyclohexene-l-ol, adipic acid, 
an unidentified aldehyde, and some peroxides. 

The oxidation of cyclohexene may also be accomplished with lead tetrasalts 
(lead tetra-acetate, tetrabenzoate, and others). , For example, cyclohexene is 
oxidized with lead tetra-acetate at 80° C. to yield 2-cyclohexene-l-ol acetate. 
Cyclopentadiene, however, oxidized at 40° to 45° C., yields two products: 
3-cyclohexene-1,2-diol diacetate and the monoacetate monoacetylglycolate of this 
diol. These results, together with those obtained with many other unsaturated 
compounds, indicate that the lead salts react in two ways: (1) by the addition of 
two acid groups to the double bond, and (2) by the replacement of hydrogen by 
a hydroxyl group while the double bond remains unattacked. In no instance did 
substitution alone take place. 

Staudinger and Lautenschltiger measured the velocity of autoxidation of 
trimethylethylene, styrene, isoprene, dimethylbutadiene, cyclopentadiene, tetra- 
hydrobenzene, myreene, limonene, terpinene, pinene, and n^enthene in sealed vessels 
at 80° C, and determined the oxygen absorbed. The rate of polymerization was 
approximated by heating 10 grams of the -substance in a distillation flask in the 
presence of carbon dioxide or oxygen for various periods and removing all the 
matter volatile below 80° C. under reduced pressure. In all cases polymerization 
occurred more rapidly in oxygen than in carbon dioxide but the differences were 
small for the terpenes. From this it is concluded that autoxidation accelerates 
polymerizat;ion. The behavior of 1,5-hexadiene, 2,4-hexadiene, 2-methyl-2,4- 
pentadiene and 2,3-dimethyl-1,3-butadiene on autoxidation was studied by Koger- 
man.22b Practically no oxygen was absorbed during 3 months at 19° to 27° C. 
Two moles of oxygen per pair of double bonds were absorbed by 2,4-hexadiene 
and 2-methyl-2,4-pentadiene, but 2,3-dimethyl-l,3-butadiene absorbed only 1 atom 
of oxygen per molecule. The resulting compounds were similar to gums in 
cracked gasoline. Kogerman believed that a 1,4 addition of oxygen occurs in 
hydrocarbons with conjugated double bonds.-^® 

Gum in Gasoline 

Among the early investigators who observed the autoxidation of light pe¬ 
troleum distillates was Fudakowski.** After shaking ‘‘commercial benzine” with 
a large volume of air in sunlight he found that the liquid became “activated,” 
and that water extracted a neutral substance, apparently hydrogen peroxide. 
Longer exposure to air and light, followed by extraction with water, indicated 
that formic acid had been produced by the action of air on the distillate. The air 
above the distillate gave tests for what Fudakowski designated as “ozone.” Simi¬ 
lar results were obtained by Schaer with American oils. 

Papers Karpov Chetn. Inst. Bach Memorial VoU, 1927. 110; Chem. Abs., 1928, 22, 3086. 

»Criegee, Ann., 1930, 481. 263; Chem. Abs.. 1930, 24. 5286. 

*^*Ann., 1931, 488, 1; Brit. Chem. Abs. A, 1931, 1031. 

"•» Trans. 2nd World Power Conf., Berlin. 1930, 8. 33; Chem. Abs., 1931, 2S, 5549. 

***’ Cf. Martin, Gruse and Lowy, Ind. Eng. Chem., 1933, 2S, 381. 

"Bcr., 1873, 6. 106; Chem. Soc.‘ Abs., 1873. 26. 594. 

•*Ber., 1873, 6. 406; Chem. Soc. Abs., 1873, 26. 839. 
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Robinson noticed that water shaken up with light distillate of petroleum gave 
various aldehyde reactions, indicating the presence of acetaldehyde (estimated at 
0.001 per cent). The formation of acetaldehyde was accounted for by the decom¬ 
position of some oxygen-containing compounds in the crude oil. However, 
Kramer searched for acetaldehyde and ketones in oils but did not detect their 
presence. 

Schonbein observed that a small proportion of resins was also formed under 
these conditions in addition to formic acid and its homologues. A part of the 
dissolved oxygen is in a very active state. He also noted the formation of ‘‘ozone" 
in the air above the distillates. 

From our present knowledge of the autoxidation of unsaturated hydrocarbons 
it is very probable that the “ozone" thus reported was the vapor of the peroxides 
formed by oxidation. The formation of resins or gums by the oxidation of dis¬ 
tillates on exposure to air, as well as its prevention, has become of paramount 
interest, particularly since the introduction of cracked gasoline as an antiknock 
fuel. Hunn, Fischer and Blackwood-® discussed methods for the determination 
of gum in gasoline and the behavior of gasolines of different gum contents during 
engine tests. 

Cracked gasoline as it comes from the stills usually contains very little, if any, 
gum but it does contain certain hydrocarbons (unsaturated compounds) which 
form gum on storage. Gum formation is essentially an oxidation process, and 
the gum itself contains a high percentage of oxygen. Gasolines stored in the 
absence of air show no increase in gum content. 

The gum formed by oxidation during storage is of particular interest as it 
remains dissolved in the gasoline except in extreme instances when part of it 
precipitates. This gum is sprayed from the carburetor with the gasoline and is 
deposited on the heated portions of the intake manifold and on the intake valves, 
causing imperfect operation of the engine through the delayed seating of these 
valves. Only a portion of the dissolved gum, however, is deposited, the remainder 
being carried into the combustion chamber to be burned with the charge. 

The determination of dissolved gum,*^ and of the stability of the gasoline is 
of importance. The product marketed must be sufficiently stable toward oxidation 
to keep the dissolved gum content below the permissible maximum until the time 
of consumption. 

The usual copper-dish method for the determination of the gum content, which 
consists in evaporating 100 cc. of the gasoline in a copper dish on a steam bath, 
has been found to yield erratic and unreliable results. As pointed out by Voor- 
hees and Eisinger,^® the results obtained by this test vary, being dependent upon 
the rate of evaporation and accompanying oxidation and upon the catalytic action 
of the copper during evaporation. Voorhees and Eisinger agree with Hunn, 
Fischer and Blackwood that a gasoline which shows a high gum content by this 
test may perform satisfactorily in an engine. 

Hunn, Fischer and Blackwood suggested that the dissolved gum content be 

“•/.5.C./., 1899, 18, 232; Chem. Zentr., 1899. 1, 1065. See Engler-Hofer, “Das Erdol," S. Hirzel, 
Leipzig. 1913, 1, 431. 

See Engler-Hofer, “Das Erdol,” S. Hirzel, Leipzig, 1913, 1, 431. 
pr. Chcm., 1866, (1) 98, 257; ibid., 1867, (1) 100, 496; ibid., 1867, (1) 201, 145; see also 
Engler-Hofer, op. cit., 1, 517. 

^ S.A.E. Journal (Penn. Sect. Paper), 1930, 26, 31; Nat. Pet. News, 1929, 21 (43), 65; Chem. 
Abs., 1930. 24, 2280. 

’’Voorhees and Eisinger, Oil and Gas J., 1928, 27 (31), 155, 159; Chem. Abs., 1929, 23, 2286. 
Cf. Bcspolov and Degtyareva, Azerb, Neft. Khoz., 1932, 6, 118; Brit. Chem. Abs. B, 1933, 99. 

*• A summary of these tests is given by Kalichevsky and Stagner, “Chemical Refining of Petroleum,'* 
Chemical Catalog Co., Inc., New York, 1933, 319. Bridgeman and Aldrich (Oil and Gas J., 1931, 
29 (37), 42; Chem. Abs.. 1931, 2S. 1980) compared gum determinations by the copper dish and air-jet 
methods. Some proposed A.S.T.M. methods nave also been described (sec Proc. Am. Soc. Testing 
Materials, 1932, 32, Part 1, 412; Chem. Abs., 1933, 27, 1742). 
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determined by directing a jet of air towards the center of a 100 cc. sample of 
gasoline which is being evaporated in a glazed porcelain dish on a steam bath. 
As much air as possible should be used in order to cause complete evaporation 
in 12 to 15 minutes. The residue is then dried at 100® to 105® C. until constant 
Weight is obtained.*® Nitrogen or carbon dioxide may be substituted for air. 
The results with either of these gases agree with those obtained with air, indicat- 
ing that no appreciable oxidation takes place during the short time required for 
evaporation. Mulligan, Lx)vell and Boyd modified this method of determination 
of gum content by substituting a heated jet of air for the unheated air. 




Ti nre, hr. 

Courtesy of S.A.E. Journal. 


Fig. 32.—Typical Oxidation Stability Curves of Gasolines. 

(These show the definite instability of the Vapor-Phase Gasoline, the slightly greater 
stability of Cracked Gasoline No. 1, and the marked stability of Cracked Gasoline No. 2, 
which can be stored for prolonged periods.) (Hunn, Fischer and Blackwood.) 

The following method of determining the stability of a gasoline was sug¬ 
gested by Hunn, Fischer and Blackwood: A 100 cc. sample of the motor fuel in 
an 8-ounce bottle is placed in a bomb and oxygen is admitted until a gage pressure 
of 100 pounds per square inch is obtained (Fig. 33). The bomb is placed in a 
steam bath, and the pressure rises quickly to a maximum and remains constant, as 
shown by a recording gage, until oxidation starts. From then on the drop in 
pressure is very rapid (Fig. 32). A gasoline which will stand up for 1^ to 2 
hours before “breakdown’* occurs may be considered sufficiently stable for usual 

** The U. S. Bureau of Mines Steam Oven Test (Cooke, U. S. Bur. Mines Rep. 2686, 1925) gives 
essentially the same results. 

^ Ind. Eng. Chem., 1932, 4, 351; cf. methods of Norris and Thole (/. Inst. Pet. Tech., 1929, 
15. 681) and Mardles and Moss (/. Inst. Pet. Tech., 1929, 15, 657). 
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storage conditions.*® Winning and Thomas *®* suggested using the copper dish 
method in conjunction with the bomb test to predict the stability of gasolines. 

Results obtained by actual 'engine tests indicate that a dissolved gum content 
of 15 mg. per 100 cc. is permissible. The usual copper-dish gum determinations 
give no indication of the quantity of gum deposit that might be formed in the 
engine. On the basis of engine tests, Voorhees and Eisinger suggested 10 mg. 
of gum per 100 cc. of gasoline, as determined by the steam oven test, as a per- 



Courtesy of S.A.E. Journal. 

Fig. 33.—Apparatus for Measuring Stability of Cracked Gasoline toward Oxygen. 

(In making the accelerated oxidation test for gum formation, an open 8-oz. bottle 
containing the sample is placed in the Bomb b, the cover of which is screwed on tightly, 
and oxygen is admitted under pressure from the Cylinder c, until the pressure on the 
Recording Gage a registers 100 lbs., when the bomb is heated to 212“ F. by a steam bath. 
The pressure then rises to a maximum that remains practically constant until oxidation 
starts and the gasoline breaks down. This point being indicated by a sharp break in the 
pressure curve drawn by the gage.) (Hunn, Fischer and Blackwood.) 


mtssible quantity. They also indicated that the potential gum found in the oxygen 
test should not exceed 10 mg. per 25 cc. of gasoline. 

Rogers, Bussjes and Ward correlated results obtained by the Voorhees and 
Eisinger method with gum storage tests in glass bottles at 35® C. 

The formation of gum during storage can be prevented, at least for long 
periods of time, by the addition of a small proportion of certain oxidation in- 


•• Tlie test suggested by Voorhees and Eisinger (he. cit.) is to shake gasoline in long-necked Pyrex 
flasks filled with oxygen and placed in boiling water, and to note the decrease in pressure by a 
manometer. Oxidation appeared to be auto-catalytic as, in all cases, an induction period was noted. 
TTie duration of this induction period indicates the resistance of the gasoline to oxidation. The- oxygen 
bomb test has also been described by Zublin, Oil and Gas J., 1931, 30 (9), 26; Chetn. Abs., 1931, 
25. 5976. 

^Ind. Eng. Chem., 1933. 25. 511. 

^ Marley and Gruse (Ind. Eng. Chem., 1932, 24, 1298) also studied gum deposition in engines. 

« Loe. eit. 

n* Ind. Eng. Chem., 1933, 25. 397. 
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hibitors to the gasoline.** The antioxidant efficiency of a number of these com¬ 
pounds (examined by the Voorhees method) shows that the induction period is 
directly proportional to the concentration of antioxidant.*® The readily oxidizable 
nionosubstituted p-aminophenols are particularly effective for this purpose. Egloff, 
Morrell, Lowry and Dryer** found that substances which contained phenolic or 
aromatic amine groupings had pronounced inhibiting power. Most of the effec¬ 
tive compounds contained one of the following groupings: more than one hydroxyl 
or amine group, an aromatic hydroxyl and amine group, a single aromatic 
hydroxyl or amine group with one or more alkyl or other modifying groups, or 
an aromatic secondary amine grouping. Modifying g^'oups in amines and phenols 
were most effective in the ortho or para position^ but they exerted some beneficial 
influence when placed meta to the inhibiting group. The introduction of a nitro 
group into the phenols studied was generally disadvantageous. Hydrocarbons 
showed no positive inhibiting action nor did aromatic compounds which contained 
a halogen or other substituent group. Ethers exhibited no inhibiting properties 
but the presence of an amino group and an ether group in the same molecule had 
a slight beneficial influence. Ketones and quinones had variable effects as did 
acids and acid derivatives. Of the sulphur compounds, thiodiphenylamine showed 
marked inhibiting power. 

Various substances have been suggested for the stabilization of gasoline by 
many investigators. Fischer and Gustafson*® proposed c-naphthol, a-naph- 
thylamine, and hydrocarbons such as naphthalene or anthracene with a hydroxyl 
or amino group in the a position. sec.-Amyl-p-aminophenol, hexyl-p-phenylene- 
dianiine, methylaniline, toluidine, aminophenol, resorcinol, tricresol, anthraquinone, 
and a dye (blue indophenol formed by tlie condensation of a- or jS-naphthol with 
p-nitroso-dimethylaniline or the red indophenol obtained by condensing diphenyl- 
amine with p-nitrosophenol) have been suggested by Winning, Sargent and 
Dudley.** Oxazine, indamine, eurhodine, safranine, aposafranine and aminoazo- 
bases containing no sulphonic acid or thiobenzyl groups were recommended by 
Ciutzeit.*' Lewis and Mead proposed phloroglucinol, phenol, resorcinol, hydro- 
quinone, thymol or pyrogallol. The Pure Oil Company *^*> suggested catechol, 
aniline, camphor, pyridine, tannic acid, nitrobenzene, amyl acetate and )8-naphthol. 
Calcott and his co-workers proposed acyl derivatives of arylamines (acetani¬ 
lide),*"® methylaniline, ethylaniline, diphenylamine, 4-aniIinobiphcnyl, 2-mcthyl- 
diphenylamine, ditolylaniines and dixylylamines.*^*' Hyman and Ayers *^® em¬ 
ployed ammonia or its organic substitution products and catechol. The Gulf 

^ Oxidation inhibitors can he used with many other substances, for example, fats, fatty acids, 
soaps and rubber. For a study of a large number of such inhibitors see Smith and Wood, Ind. Ena, 
Chem. 1926, 18, 691. 

*■ Rogers and Voorhees, Jnd. Eng, Chem,, 1933. 25, 520. 

S4 JEfifj 1S^32 2^ \37Sm 

“U. S. Patent 1,904,433, April 18, 1933; Chem. Abs.. 1933, 27, 3598; French Patents 681,707 
and 681,708, 1929; Chem. Ahs., 1930, 24, 4384; Canadian Patents 302,372 and 302,373, 1930; Chem. 
Abs., 1930, 24, 4386; German Patent 562,920, 1929; Chem. Abs., 1933, 27, 1162; all patents assigned 
to Standard Oil Development Co. Cf. Imperial Chemical Industries. Ltd.. British Patent 366 041 
1929; Chem. Abs., 1933, 27, 1738. 

••British Patent 383,511, 1932; assigned to Standard Oil Development Co.; Chem. Abs. 1933 
27| 4386* 

•^ Canadian Patent 328,898, 1932; assigned to Standard Oil Development Co.; Chem. Abs. 1933 
27, 1501. 

British Patent 318,521, 1929; Brit. Chem. Abs. B, 1931, 236; French Patent 681,064. 1929; 
Chem. Abs., 1930, 24, 4384; Canadian Patent 302,371, 1930; Chem. Abs., 1930, 24, 4385; German 
Patent 582.105, 1933; Chem. Abs., 1933, 27, 5182; all patents assigned to Standard Oil Develon- 
ment Co. 

•»»» French Patent 701,340, 1930; Chem, Abs., 1931, 25, 4116. 

•»® Calcott and Lee, U. S. Patent 1,789,302, Jan. 20, 1931; assigned to E. I. duPont de Nemours 
and Co., Inc.; Brit. Chem. Abs. B, 1931, 873. 

»’4 Calcott and Walker, British Patent 388,826, 1933; assigned to E. I. duPont de Nemours and 
Co., Inc.; Chem. Abs., 1933, 27, 4665. 

British Patent 364,533. 1930; Chem. Abs., 1933, 27, 2027. 
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Refining Company suggested stabilizing gasoline with a substance which in¬ 
creases the period of induction of gum, such compounds being a-naphthol, 
pyrogallol, triphenyl phosphate, benzidine, ortho-, meta- and para-toluidine, to¬ 
gether with a substance which reduces the rapidity of formation after the period 
of reduction, for example, o- and / 8 -naphthylamines, diphenylamine, dimethyl- 
aniline, amyl alcohol, triphenylcarbinol and xylidine. 

Rather, Beard and Reiff recommended an alkaloid such as brucine in a 
butyl alcohol solution and nicotine or thiocarbanilide.®^*^ Jaeger employed various 
imidines and phthalide compounds and aniline.®^! Phosphatides of animal or 
vegetable origin were recommended by the Hanseatische Mtihlenwerke 
A semicarbazide or a derivative of semicarbazide such as 4,4-diphenylsemicarba- 
zide, or a hydrazine containing an aromatic radical, for example, unsym.- 
diphenylhydrazine, was suggested by Burk,®^^ and a small amount of crude 
petroleum spirit distilling above 140® C., by Vellinger and Radulesco.®^'** Sele- 
nomercaptans such as phenyl selenomercaptan also stabilize gasoline, according to 
Rosenstein and Hund.®^“ Ward, Jordan and Fulweiler ®^® found that mercaptans 
catalyze and phenols retard gum formation and that stannic chloride and antimony 
chloride remove gum-forming constituents. Lowry and Dryer ,®^p to stabilize 
gasoline, add a small quantity of the tar fraction obtained from the destructive 


distillation of wood. 

Egloff, Morrell, Lowry and Dryer ®^‘' established a correlation between the 
effectiveness of gasoline inhibitors and their critical oxidation potentials. The 
results indicated that the best inhibitors had potentials between 0.6 and 0.8 volts 
but fair inhibitors occur in the range of 0.8 to 1.043 volts. Compounds having 
potentials above 1.043 volts were observed to have no inhibiting action under the 
conditions of the test. 

Schuemann ®^*’ proposed a “gum-inhibiting index^’ defined as: 

_ . (Average percentage of potential gum reduction) 

Gum-mhibiting index =-77 -:- y-. --r r-. -:--- 

(Average concentration of inhibitor in mg. per 100 cc.) 

to show the efficiency of an inhibitor. 

Ramsay ®* extended the study of the accelerated gum test by varying the time, 
oxygen pressure, and temperature of heating. Comparison of the weight of gum 
formed with the induction period indicated that the steam-oven test gives a re¬ 
liable index of the stability of the gasoline in storage. Ramsay also observed 
that the induction period with 100 pounds per square inch oxygen pressure could 
be multiplied by 1.41 to give the induction period for air at 1 atmosphere pres¬ 
sure. When the induction periods were plotted against the absolute temperatures, 
on semi-logarithmic coordinate paper, a linear relation was established and the 


French Patent 742,716, 1933; Chem. Abs., 1933, 27, 3598. 

U. S. Patent 1,909,985, May 23, 1933; assigned to Socony-Vacuum Corp.; Chent. Abs., 
27, 4067. 

»»»• U. S. Patents 1,916,437 and 1,916,438, July 4, 1933; Chem. Abs., 1933, 27, 4662. 

U. S. Patent 1,908,705, Ma> 16, 1933; assigned to Selden Co.; Chem. Abs., 1933, 

3805. 

U. S. Patent 1,914,509, Jan. 20, 1933; assigned to Selden Co.; Chem. Abs., 1933, 

4388. 

French Patent 744,594, 1933; Chem. Abs., 1933, 27, 4388. 

U. S. Patent 1,906,044, April 25, 1933; assigned to Standard Oil Co. of Ohio; Chem. 
1933. 27. 3600. ' 

Compt. rend., 1933. 197, 417; Brit. Chem. Abs. B, 1933, 773. 

«“U. S. Patent 1,835,184, Dec. 8, 1931. 

Eng. Chem., 1932, 24, 969, 1238. 

**P U. S. Patents 1,889,835 and 1,889,836, Dec. 6, 1932; assigned to Universal Oil Products 
Chem. Abs., 1933, 27, 1744. Egloff, Morrell, Lowry and Dryer {Oil and Gas J., 1933, 31 (45) 
Chem. Abs., 1933, 27, 3594) give results obtained by the use of this “Universal Inhibitor.” 
wa Ind. Eng. Chem., 1933, 25, 804. 

"J^Natl. Petroleum News, 1933, 25 (14), 29; Chem. Abs., 1933, 27, 3594. 

19Z2, 24, 539. See also Ramsay and Davis, Ind. Eng. Chem., 1933, 25, 
Mrich and Robie, S.A.B. Jaumal, 1932, 30, 198T; Chem. Abs., 1932, 26, 3656. 


1933, 
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27, 

Abs., 
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, 64; 
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curve could be extrapolated to give the induction period at ordinary temperatures. 
The general equation for such curves is: 

log / = a ^ ft r 


in which I is the induction period, T is the Centigrade temperature, and a and ft 
are specific constants for each gasoline. The ratio of a to ft, however, did not 
give the exact slope of the straight line, and the induction periods at two different 
temperatures, at least, should be determined in order to obtain, by extrapolation, 
the induction period at ordinary storage temperatures. 

Although the actual mechanism of gum formation has not yet been determined, 
nevertheless all investigators agree that gum is an oxidation product and that 
peroxides are formed as intermediates.®®* * 

Several methods have been devised for the estimation of the peroxides formed 
by the oxidation of un.saturated hydrocarbons but none of them appears to be 
entirely satisfactory. All are based upon the oxidizing property of the peroxides. 

Stephens attempted to determine the peroxide oxygen in cyclohexene per¬ 
oxide with stannous chloride. The method, however, gave low results. The total 
oxygen by difference, after determining the carbon and hydrogen contents by 
combustion methods, nevertheless, checked with the theoretical values. Marks 
and Morrell,^® who worked with linseed oil and similar products, suggested that 
the sample be dissolved in glacial acetic acid, and a concentrated solution of 
potassium iodide be added, after which the liberated iodine can be titrated with 
thiosulphate. A possible source of error in the general use of this method is that 
in some instances the iodine may react with a portion of the unsaturated hydro¬ 
carbons present. Yule and Wilson allowed the peroxides to react with ferrous 
sulphate, in a water-acetone solution, and determined the ferric sulphate formed 
by titration with titanous chloride. From the quantity of ferric sulphate formed 
the ‘^peroxide number” was calculated. This peroxide number is defined as the 
number of gram equivalents of active oxygen per 1000 liters of gasoline. The 
last method, though rapid and sufficiently accurate for studying gum formation 
in gasoline, is open to two objections. (1) It cannot be used when the peroxide 
number exceeds 10. If this is the case, the sample must be diluted with a 
peroxide-free gasoline before test. (2) A correction factor has to be applied. The 
corrections are calculated by making the arbitrary assumption that the method 
gives a correct result for samples with a peroxide number of 3. The observed 
values are always lower than the corrected ones. The corrections with peroxide 
numbers of about 3 to 5 are small but become quite appreciable with numbers of 
8 to 10. Variations in the concentration of the reagents are said to alter the 
results. 

Peroxides are, as stated previously, the first products of the oxidation of 
unsaturated compounds by air, oxygen of the air uniting with the molecule at 
the double bond: 


>C=C< + O, 


>C—C< 

I I 

0-0 


The rate of formation of these peroxides is greatly affected by the presence of 
small quantities of positive or negative catalysts, and by the temperature at which 

Naphtall {Chem.'Ztg., 1930, 54, 371; Chem. Abs., 1930, 24, 3892) summarized the work of 
various investiRators in this field and showed that it substantiates the theory that Rum-formation is 
associated with oxidation. 

*• Loc. cit, 

^Analyst, 1929, 54, 503; Chetn. Abs,, 1929, 23. 5439. 

Ind. Eng. Chem., 1931, 23, 1254. This article gives an excellent review of the properties and 
the methods of determination of peroxides. 
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oxidation takes place. The temperature coefficient, however, is rather difficult 
to determine because of the lack of accurate data for the solubility of oxygen 
in gasoline at various temperatures. 

The induction period observed in the oxidation of gasoline may be due to 
either of two causes: (1) the slow initial formation of peroxides which, after a 
certain concentration is reached, actually catalyze the oxidation and (2) the 
naturally occurring inhibitors which delay the reaction until they have been 
oxidized. 

Peroxides react with reducing agents (hydrogen, hydrogen sulphide, or mer- 
captans) to form either glycol^ or substituted ethylene oxides. With lead mer- 
captides they yield substituted ethylene oxides, lead oxide, and disulphides. Sul¬ 
phur dioxide reacts in a similar manner with the peroxides, being converted to 
sulphur trioxide. Solutions of sodium hydroxide convert peroxides into alcohols 
and sodium salts of acids. Concentrated sulphuric acid readily decomposes 
peroxides and assumes a deep red color. 

Although the peroxides are stable at room temperature and can be kept for 
long periods, nevertheless decomposition or reaction with unsaturated hydro¬ 
carbons present occurs. These decomposition or reaction products are probably 
the source of gum for, in many instances, the quantity of gum obtained on 
evaporation of the sample, is proportional to the peroxide number. 

The presence of peroxides is, no doubt, the explanation of the decomposition 
observed by Ellis and Wells during the distillation of a cracked gasoline which 
had stood for some time and also for the explosion which occurred when the 
residue from distillation in vacuo was heated with a little sulphur. 

Yule and Wilson*® suggested that the gum in gasoline, particularly during 
storage, is present entirely in the peroxide form. Actual gum is not obtained 
until the gasoline is evaporated and the residue heated. All peroxides do not 
form gum since some of them are volatile. The actual mechanism of gum forma¬ 
tion has not yet been definitely established. 

Cassar** showed that simple olefins, when added to olefin-free gasolines (to 
the extent of 20 per cent or less), do not produce gum on evaporation. When 
such mixtures are subjected to an accelerated gum test for 4 hours little gum is 
obtained (under these conditions, most cracked gasolines yield large quantities 
of gum). When treated for 24 hours, however, gum was found. On the other 
hand, when diolefins such as- dimethylbutadiene are added to olefin-free gasolines, 
large quantities of gum result on evaporation. 

Brooks and Humphrey**® stated that tars sometimes observed in refining 
gasolines and kerosenes are due to the presence of diolefins. Cracked gasoline 
fractions which were found by Martin, Gruse and Lowy **•* to give the greatest 
gum formation had boiling points corresponding to conjugated diolefins and 
cycloolefins. After the fractions were treated with maleic anhydride, or partially 
hydrogenated, or the gasoline was refined with sulphuric acid before fractionation, 
the fractions were more stable to oxidation at 38° but formed gum at 50° C., the 
maleic acid-treated one being the least, and the hydrogenated fraction the most, 
resistant. The stability at 38° C. was attributed to the removal of conjugated 
diolefins and the instability at 50° C. to the presence of cycloolefins. 

Sulphuric acid converts olefins into gummy substances which are not volatile 
with steam and cati be eliminated by distillation (see Chapter 26). The action 

Jnd. Eng. Ghent., 1915, 7, 1029. 

“ Loc. cit. 

** Ind. Eng. Chem., 1931. 23, 1132. 

1918, 40. 85$. 

*»>Ind. Eng. Chem., 1933. 2S. 381. 
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of sulphur dioxide on olefins is negligible. This substance, however, promotes 
gum formation if the olefins contain peroxides, and such gum cannot be com¬ 
pletely removed by washing with sodium hydroxide solutions. Washing with 
alkaline solutions reduces the gum content of stored gasolines which give a posi¬ 
tive peroxide test with potassium iodide. The gum content of gasolines which 
do not give a positive test is increased in some instances and reduced in others. 
Peroxides were found to be strong knock-inducers and should therefore be re¬ 
moved before knock-rating is determined for the purpose of standardization. 
Removal of peroxides can be accomplished by washing with caustic alkali solu¬ 
tions or by the addition of formaldehyde. 

Flood, Hladky and Edgar showed that aliphatic monolefins could be added to 
olefin-free gasoline in proportions up to 10 per cent by volume without producing 
gum on evaporation or a drop in pressure for 4 hours during the accelerated test. 
As the olefin content was increased, however, shortening of the induction period 
was observed. Straight-chain olefins with <louble bonds rear the end are more 
stable than those with double bonds in other positions. For olefins of similar 
structures those of low molecular weight are the least stable. Branched-chain 
compounds are less stable than straight-chain isomers. Naphthenic monolefins 
with a double bond in the ring are only slightly less stable than aliphatic 
monolefins. Naphthenes with a side-chain containing a double bond resemble the 
simple olefins. Aromatic compounds having a double bond adjacent to the benzene 
ring are particularly unstable. The diolefins as a class are unstable, but stability 
increases as the double bonds are more widely separated. For equivalent con¬ 
centrations phenyl butadiene yields more gum than any other hydrocarbon in¬ 
vestigated. 

Analyses of various types of gum were made by Story, Provine and Bennett.**^ 
They found that gum can be divided into saponifiable and unsaponifiable portions, 
and that some of the acids obtained from the saponifiable portion are soluble and 
others insoluble in water. A typical analysis of gum obtained by the evaporation 
of a cracked gasoline in a copper dish is given in Table 142. 

Table 142, —Composition and Characteristics of Gum (from Copper Dish). 


Original Unsaponifiable Insoluble Soluble 

Gum Matter Acids Acids 

100 13.00 55.00 30.50 

Per Cent Per Cent Per Cent Per Cent 

Carbon. 70.73 64.20 73.22 66.70 

I lydrogen . 6.95 6.32 6.81 7,20 

Oxygen . 19.51 13.81 18.58 24.23 

Nitrogen . 0.13 Trace Nil Nil 

Sulphur . 0.68 0.29 0.41 1.07 

Ash . 2.00 15.38 0.98 0.80 


Hanus iodine value. 73 — 89 84 

Molecular weight . 200 — 119 — 

Saponification value. 191 0 104 94 

Neutralization equiv. 732 0 460 241 

Melting point. 98‘’-105‘’ C. - 192^-195- C. - 

Physical nature . Dark Dark Light Brown 

brown brown brown viscous 

resinous solid solid liquid 


«C/. Yule and Wilson, loc. cit. 

^ Ind. Ena. Chem., 193.1, 25, 1234; see Kalichevsky and Stagner, op cit., 316. 
**Ind. Eng. Chem., 1929, 21, 1079. 
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The ash was considered to be largely dust particles accumulated during evapora¬ 
tion of the oil in dishes. 

Gum formed in sunlight from a vapor-phase cracked gasoline yields similar 
products and Volatile acids in addition. The gasoline itself contained some vola¬ 
tile and non-volatile acids which could be extracted together with phenols by 
sodium hydroxide solutions. Acetic and acrylic acids were identified among the 
low-boiling acids. Acidity and peroxide and gum formation increase with the 
time of exposure to sunlight, but no direct relation between them could be 
established. Different rates of acid formation were observed during evaporation 
of the gasoline in copper and in glass dishes, the former giving the higher 
rate. Gum itself gives no test for peroxides, and only faint tests for aldehydes 
and ketones. It was suggested that the mechanism of gum formation is: 
Olefin —> Activated Olefin —» Peroxide —» Polymerized Acids and Higher Aldehydes 
and Ketones.*^* 

Freund found that the gum content of cracked gasolines increases with the 
length of exposure to ultraviolet radiation. Smaller amounts of gum were formed 
in straight-run benzines, paraffin, naphthene, and aromatic and simple unsaturated 
hydrocarbons under the same conditions. This led to the belief that complicated 
unsaturated hydrocarbons are the gum-forming constituents and that absorption of 
oxygen plays only a secondary role in this type of gum formation. On the other 
hand, Vellinger and Radulesco^^® observed that the amount of gum formed on 
exposure to radiation from a mercury lamp is a function of the speed of absorp¬ 
tion of oxygen. Gasolines were exposed in atmospheres of oxygen in closed 
containers. At the start the quantity of gum formed was neatly proportional to 
the amount of oxygen absorbed but as exposure continued, absorption of oxygen 
diminished and gradually approached a limit which depended upon the pretreat¬ 
ment of the sample. 

Although the subject of refining is beyond the scope of this book,*® some of 
the methods of removing gum are directly pertinent to this subject and deserve 
brief mention by way of illustrating the methods in general. In Chapter 26 some 
treatments for the removal of gum-forming constituents by polymerizing them 
in the presence of various contact materials have already been discussed. Stevens 
and Gruse heated gasoline distillates between 700® and 800® C. under a pressure 
of 1000 pounds per square inch. The undesirable substances polymerize and re¬ 
main on distillation. Borax may be added to the distillate to cause polymeriza¬ 
tion.*®** The distillate in this case is heated above room temperature but is kept 
below the cracking point. A mixture of ferric sulphate and fuller’s earth may 
also be used in a similar manner.*®® The addition of an aqueous solution of 
hydrogen chloride in the presence of aluminum, manganese, zinc, chromium, iron, 
cadmium, cobalt, nickel, tin, lead, antimony, boron, arsenic, copper or mercury 
has been suggested by Day,*®^ and Heath *®* treats gasoline with an aqueous 

*’• Cf. Rohinson. he. ext. 

Brennstoff-Chem., 1933, 14. 61; Chem. Abs., 1933, 27, 3808. 

Compt. rend., 1933, 196. 1495; Chem. Abs., 1933. 27. 4384. 

See Kalichevsky and Staaner, “The Chemical Refining of Petroleum,** Chemical Catalog Co., 
Inc., New York, 1933. 

British Patents 370.671, 370,672 and 372.928, 1932; Chetn. Abs.. 1933. 27, 3812; Canadian 
Patent 324,785, 1932; Chem. Abs., 1932, 26, 5412; all patents assigned to Gulf Refining Co.; cf. 
Holland, Natl. Petroleum News, 1931, 23 (52), 25; Chem. Abs., 1932, 26, 2309. 

Morrell and Essex, U. S. Patents 1,890,229 and 1,890,230, Dec. 6, 1932; assigned to Universal 
Oil Products Co.; Chem. Abs., 1933, 27, 1744. 

^ Cox and McDermott, British Patent 360,358, 1930; assigned to Refiners, Ltd.; Brit. Chem. 
Abs. B. 1932. 92. 

Day, U. S. Patents 1,920,247 and 1,920,248, Aug. 1, 1933; assigned to Universal Oil Products 
Co.; Chem. Abs., 1933, 27, 4916. 

Petroleum, 1931, 29, 542; Brit. Chem. Abs. B, 1931, 829. 
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alkaline solution of potassium ferricyanide followed by a treatment with sulphuric 
acid. 

In other proposed methods the vapors of gasoline are brought into contact with 
materials which induce polymerization and separation of gum>forming con¬ 
stituents. Among the substances suggested are phosphorus pentoxide with the 
addition of metal halides or organic oxycompounds; copper ;*** oxychlorides 
of tin, cadmium, copper and zinc; and a hot mixture of water, zinc and ammonium 
chlorides.^®* 

A preliminary induced oxidation and removal of gum-forming compounds 
has also been effected in both the liquid and vapor phases. In the liquid phase, 
oxidizing agents such as permanganates, lead dioxide, peroxides or persulphates 
are added to the gasoline. In the vapor phase, oxygen may be mixed with the 
gasoline vapors and the mixture injected into a closed chamber at a temperature 
of 150° to 175° C. The oxygen reacts with the undesirable compounds, the 
reaction products settling out.^®*^ Baxter^®* treats shale-oil gasoline with ozone, 
forming gum which is eliminated by centrifuging. This can be followed by a 
light acid treatment or .an extraction with methanol. A mixture of sulphur 
dioxide and oxygen as the oxidizing gases in the presence of ferric sulphate is 
recommended by Egloff and Morrell.*®*® 

Gum formation is prevented by Rather and Beard *®“ by passing an inert gas 
such as carbon dioxide or nitrogen countercurrent to a thin flow of gasoline. The 
inert gas removes any occluded air. 

Oxidation of Lubricating Oils 

All mineral lubricating oils absorb oxygen. The rate of absorption varies 
greatly with the nature of the oil, the extent of processing in refining, the tem¬ 
perature, and the presence of metallic catalysts. Most lubricating oils are used 
under conditions where a temperature rise occurs, and they are nearly always 
in contact with the oxygen of the air. Failures in lubrication, with accompanying 
damage to machinery, arise to a large degree from the oxidation of the lubricant, 
not because of any great loss of oiliness of the lubricant itself, but rather because 
oxidation yields viscous or solid bodies, or jelly-like emulsions with water, which 
interfere with the regular distribution of the lubricant at the bearing surfaces. 
One method of testing an oil for its behavior on oxidation consists of heating it 
to a given temperature and blowing oxygen or air through it for a specified time.*® 
The quantity of asphaltic matter formed is then determined. In comparing eight 
oils of approximately the same viscosity at 93.3° C. (200° F.) obtained from 
widely different sources, Moore and Barrett found them to differ greatly. 

Malishev, Petroleum Z., 1932, 28 (17), 7; Chem, Abs., 1932, 26, 4705. 

Graves, U. S. Patent 1,867,697, July 19, 1932; assigned to Standard Oil Co. of Calif.; Chem. 
Abs.j 1932, 26. 5200. 

Sumpter, U. S. Patent 1„912,603, June 6, 1933; assigned to Universal Oil Products Co.; 
Chem. Abs., 1933, 27, 4386. 

"* Kimball. U. S. Patent 1.917.648, July 11. 1933; Chem. Abs., 1933. 27, 4665. Cf. Uchman, 
Natl. Petroleum News, 1931, 23 (45), 32; Oil and Gas J., 1931, 30 (26). 30; Chem. Abs., 1932, 26. 
1425; see also Chapter 19. 

“1 Moreau, French Patent 748.267, 1933; Chem. Abs., 1933, 27. 5173. 

Youker, U. S. Patent 1,910,734, May 23, 1933; assigned to Phillips Petroleum Co.; Chem. Abs., 
1933, 27. 4069. 

Ind. Eng. Chem., 1929, 21, 1096. 

*•*" U. S. Patent 1,855,486, April 26, 1932; assigned to Universal Oil Products Co.; Brit. Chem. 
Abs. B. 19.13, 295. 

"" U. S. Patent 1,776,598, Sept. 23, 1929; assigned to Standard Oil Co. of N. Y.; Chem. Abs., 
1930, 24. 5477.. 

** For a review of methods of testing sludging and gumming characteristics of oils see Katichevsky 
and Stagner, op. cit., 341. 

Inst. Pet. Tech., 1926, 12, 582; Brit. Chem. Abs. B, 1927, 132; Chem. Abs., 1927, 21i, 
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Large increases in viscosity were found and these were greater with oils having' 
high sulphur contents. Asphalt and acidity formation for each oil were roughly 
parallel. The methods used were the Michie sludging test (air blowing for 45 
hours at 150® C.), and the British Air Ministry test (12 hours blowing at 
200® C). 

In examining the fitness of oils for use in internal combustion engines, 
Hoblyn employed evaporation tests at 250® C. in crucibles over an oil bath 
rather than blowing with air or oxygen. At regular intervals the loss was noted 
and the residue tested for soft asphalts, for asphaltenes soluble in carbon tetra¬ 
chloride, and for *'carbenes” insoluble in that reagent. The samples were also 
examined microscopically and engine tests of all the oils were made in typical 
automobile engines. When an oil which easily decomposed was subjected to the 
evaporation test, the soft asphalt content soon reached a constant value of about 
3 per cent. The asphaltenes rose to 30 per cent after heating for 28 hours, after 
which carbenes were found. The carbenes then increased at the expense of the 
asphaltenes until at the end of 40 hours the content of soft asphalt was 3.28 per 
cent; of asphaltenes, 23.88 per cent; and of carbenes, 7.85 per cent. Photo¬ 
micrographs showed early loss of homogeneity in the oil, increasing until the oil 
assumed a very dark mottled appearance. 

Garner,working with a series of lubricating oils from Texas and Penn¬ 
sylvania crudes, found that oils of similar distillation range have similar evapora¬ 
tion losses at the same temperature, irrespective of their origin, and that carboni¬ 
zation (that is, the formation of asphaltenes) increases on heating much more 
rapidly than does the evaporation loss. 

Chernojookov has pointed out that the sludge from oxidation of refined 
oils may be formed in three ways: 

(1) The unsaturated hydrocarbons, tars, and sulphur-containing substances on oxida¬ 
tion form a sludge consisting of asphaltenes and carbenes. 

(2) The saturated hydrocarbons on oxidation form acids of high molecular weight 

which cannot be dissolved in petroleum ether and which have acid numbers varying 
between 60 and 110. • 

(3) Another sludge is obtained by the reaction of the metals with acids in the 
presence of water. 

According to Chernojookov, the Conradson carbon appears to correspond 
only to the coke or carbon formed from asphaltenes and tars by evaporation of 
the oil. Saturated hydrocarbons (paraffins and naphthenes) do not form coke. 
Such carbonization values are, therefore, not representative of the oil in service. 
More reliable information appears to be obtainable by oxidizing the oil at high 
temperatures and pressures (150® C. and 15 atmospheres pressure) with air or 
oxygen. Treatment for 3 hours under these conditions seems to be sufficient. 

An oxidation test giving some insight into the probable behavior of lubricating 
oils in engines was devised by Ehlers.®* It consists of passing oxygen for 5 hours 

at the rate of two bubbles per second into 100 cc. of the oil heated to 170® C. 

Good oils yield no coke and only small quantities of tar. 

In studying the deterioration of mineral oils Mead®® and his collaborators 
used two methods. In one, the oil and oxygen are introduced into a closed system 
so designed that the quantity of oxygen absorbed by the oil can be determined by 

«/. Inst. Pet. Tech., 1925, 11, 1; J.S.C.I., 1925, 44. 274B. 

«/. Inst. Pet. Tech., 1921, 7, 98; J.S.C.I., 1921, 40, 27R. 

“/«rf, Enff. Ghent., 1929. 21, 315. 

** Petroleum Z., 26, No. 15, Motorenbetrieb und Maschinen^Schmierung, 1930, No. 4, 3; Chem. Abs., 
1930. 24, 3350. 

** Mead, Plielps, Washburn, Warner, Dirks, Bader and McCabe, Ind. Eng. Chem., 1927, 10, 1240. 
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direct measurement. Between 120® and 130® C. the rate of disappearance of 
the oxygen is proportional to the time of exposure. The rate at 130® C., how¬ 
ever, is 2.4 times as great as that at the lo^er temperature. At 120® C. and over 
small ranges (0.2 to 0.4 sq. cm. per gram) the surface exposed to the oxygen 
does not affect the rate of absorption. At higher temperatures, however, it may 
exert some influence. Sludge formation and acidity develop slowly at first, and 
the rate of sludge formation increases as oxidation is continued. The acidity 
developed probably catalyzes sludge formation. The rate of oxidation also ap¬ 
pears to depend upon the degree of unsaturation. 

In the other method proposed by these investigators, the oil is heated to 150® C. 
Acidity development is autocatalytic only when'the initial acidity is low. Sludge 
formation is greatly influenced by the initial acidity of the oil, larger quantities 
of sludge being formed when the initial acidity is high. 

Haslam and Frolich investigated the mechanism of oxidation of a highly 
refined oil. This oil was selected to eliminate, as far as possible, the effect of 
impurities. The oil (75 grams) was oxidized by passing through it dry oxygen at 
the rate of 10 liters per hour at 130® and at 140® C. The degree of oxidation, as 
indicated by the acidity, increases rather rapidly up to 28 hours, and from then 
on the increase is very slight up to 40 hours. The viscosity of the oil 
increases as oxidation progresses. The vi.scosity increases much more rapidly, 
however, after oxidation has apparently reached a maximum. Preheating the 
oil in the presence of nitrogen and the addition of the oxides of iron or copper 
or of various salts of copper catalyze the oxidation of the oil. Only a small 
proportion of the oxygen in the oxidized oils was found to be present as acids, 
the remainder being probably in the products of polymerization or condensation. 
On the basis of Bone's hydroxylation theory and the data obtained; the oxidation 
steps appear to be: Hydrocarbons Alcohols —^ Aldehydes and Ketones —»Naph- 
thenic or Fatty Acids, or Condensation and Polymerization Products (Asphaltic 
Bodies). 

That only a small portion of the dissolved oxygen remained in the oil, while 
the greater portion was present in the insoluble substances precipitated by the 
addition of petroleum ether, was pointed out by Waters.®^ The following re¬ 
sults were obtained before and after exposing an oil for 23 days to the action 


of light and air: 





Carbon 

Hydrogen 

Oxygen 



-Per Cent- 


Original oil . 

. 86.37 

13.73 

— 

“Insoluble product" . 

. 72.72 

7.83 

19.45 

Filtered oil . 

. 84.49 

13.42 

2.09 


The “insoluble product" was assumed to be of an acid character, for it readily 
dissolved in alcoholic potassium hydroxide. 

The effect of metals and metallic oxides on the oxidation of petroleum was 
also investigated by Waters.®® Two medium motor oils were used, one from a 
paraffin-base and the other from a naphthene-base crude. The oils were lieated 
in an open container for 2 hours at 250® C. and the quantities of substances 
formed insoluble in petroleum ether were determined. It was observed that zinc 
and aluminum are without effect; steel, cast iron, nickel and cobalt cause a small 
increase; and phosphor bronze, brass and copper are distinctly active and effect 

•*lnd. Eng. Ckcm., 1927, 19, 292. 

” J. Jnd. Eng. Chem., 1910, 2, 452. 

“y. Ind. Eng. Chem., 1921, 13, 901. 
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an appreciable increase in the oxidation. Cupric oxide, nickelous and cobaltous 
oxides, and ferric oxide ar^ also active. The greatest increases, however, are 
obtained by exposing the oils to air and light for 20 hours before testing. Later, 
Waters*® observed that lubricating oils containing relatively high percentages 
of sulphur compounds are more easily oxidized either by heating or by exposure 
to air and sunlight than those of low sulphur content.*® 

The oxidation of saturated paraffin oils which contain no sulphur compounds 
was investigated by Arditti *^ by bubbling air through them at different tempera¬ 
tures. The degree of oxidation of the oils was followed by measuring the 
change in the interfacial tension between 0.02 N sodium hydroxide solution and 
the oil, and by titration of the acidity with 0.1 alcoholic potassium hydroxide 
solution. The first method indicated that no oxidation occurs at 15® or 85® C., 
but after 16 hours at 110®, 3 hours at 123®, and hour at 150® C., marked 

changes had taken place in the oil. Great differences between the free and com¬ 
bined acidity of the oil were observed, which pointed to the occurrence of reac¬ 
tions of marked complexity. 

The presence of metals often increases the resin content of lubricating oils. 
The extent of this deterioration appears to depend on the nature of the metals,*^* 
It has also been suggested that the easily oxidizable constituents in the oils 
actually give off oxygen and thus contribute to the oxidation effect of metals. 
Borodulin found that the oxidation of steel plates in contact with oils of varying 
resin content bears no relation to the latter, but depends principally on the 
viscosity of the oil. The protective action of oils on steel plates is enhanced by 
increasing their viscosity by the addition of resins. Oils from which resins have 
not been completely removed afford better protection than highly refined oils. 

In a study of the effect of ozone on oils, Dover and Cromwell ®* used four 
unblended neutral mineral oils, two from paraffin and two from asphalt-base 
crudes. These oils were given a prolonged treatment with ozone after which 
the changes in their physical and chemical properties were determined. In all 
'cases there was a decrease in the iodine number, an increase in the acid number, 
and but very slight change in the specific gravity. The viscosity was, however, 
generally increased by the treatment. The coefficient of static friction of the 
paraffin-base oils was reduced, but a less regular and pronounced change was 
observed in the asphalt-base oils. No general relation between any of the proper¬ 
ties of the oils and their value as lubricants could be determined. It appeared, 
however, that an unsaturated oil would be a better lubricant than a saturated one. 

In spite of the recognized deleterious effects of oxidation on mineral oils the 
proposal has been made to prepare certain lubricants by oxidation. For example, 
lubricating oil may be produced by blowing air or oxygen through a mixture of 
a hydrocarbon oil in which is dispersed a catalyst consisting of manganese, lead 
or mercury compounds. The temperature is maintained below the cracking point 
of the oil and blowing is continued until the acidity reaches about 1 per cent. 
The volatile products are allowed to escape. The oxidized oil can then be blended 
with other lubricating stock.** 

»•/. /nrf. Eng. Chem., 1922, 14, 72S. 

** The Waters and a number of other oxidation tests have been discussed by Nash and Bowen, 
**The Principles and Practice of Lubrication,** Chapman and Hall, Ltd., London, 1929, 208. 

*^Cofnpt, rend., 1931, 192, 944; Chem. Abe., 1931, 25, 4112; see also Compt. rend., 1931, 193t 
589; Brit. Chem. Abs. », 1932, 7. 

Baader, Elektrisitswirtschaft, No. 461 and 463, 1928; Chem. Abs., 1929, 23. 2562; Boisselet 
and Mouraton, Chimie et indtisirie. Special No., March, 1931, 410; Chem. Abs., 1931, 25, 3471. 

Petroleum, 1927. 23. 1515; Brit. Chem. Abs. B, 1928, 148. 

** Ind. Eng. Chem.. 1927, 19. 94. 

•♦Harger. British Patent 167,789, 1920; Chem. Abs., 1922, 16, 30S; Stuart and Stuart, British 
Patent 367,848, 1930; Chem. Abs., 1933, 27, 2293. 
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Oxidation Inhibitors for Lubricating Oils 

Haslam and Frolich found that certain substances acted as negative catalysts, 
that is, delayed the oxidation of mineral oils for a period of time. After the 
catalyst had been eliminated either by oxidation, by decomposition by heating 
the oil or by evaporation, oxidation took place normally. The delay in hours 
when 0.01 gram of the negative catalyst was added to 75 cc. of the oil is given 
in Table 143. 

# 

Table 143. — Oxidation Inhibition of Various Substances. 


Delay in 

Catalyst Hours 

^-Naphthylamine .3 

Ethyba-naphthylamine. 3 

Methyl-a-naphthylaminc ... 4.5 

a*Naphthylamine . 4.5 

P’Aminophenol . 5 

Diphenylamine .*. 5.5 

Phenyl-a-naphthylamine. 11 

Diphenylhydrazine . 18 


The rate of oxidation of mineral oils and the formation of sludgy deposits 
can also be lessened by the addition of small quantities of cyclic amines or highly 
basic compounds such as piperidine, diethylaniline or phenylenediamine. 

Mead and his collaborators tested a large number of organic negative 
catalysts or inhibitors and concluded that no generalization could be drawn as to 
the most effective type of compound. The substances which showed the greatest 
effect as inhibitors were sulphur,®® nitrocresol and nitrobenzene. Small quantities 
of lead aryl or alkyl compounds (lead tetraethyl) have been suggested for pre¬ 
venting or hindering the partial decomposition and oxidation of mineral oils,®* 

Active inhibitors, according to Smith and Wood,’^® may be divided into two 
main groups: energetic reducing agents (stannous compounds and sodium thio¬ 
sulphate) and strong bases (amines). The presence of such inhibitors increases 
general stability and resistance to oxidation. Their influence, however, is tem¬ 
porary, and their period of activity depends upon the concentration, the tem¬ 
perature, and the nature of the oxidation products formed. After the effect of 
the inhibitor or antioxidant is lost, the rate of oxidation is the same as that of the 
original oil. These substances, therefore, control oxidation for definite but 
limited periods of time. With basic inhibitors, combination probably takes place 
with the acid oxidation products, which are themselves good oxidation catalysts. 
The amines, because of the tervalent nitrogen with two partial valences, may 
form intermediate compounds with the easily oxidized ethylene hydrocarbons. 
In some instances, alcohols and phenols are effective as inhibitors. With certain 
of these (for example with eugenol), there is a concentration at which the 
substance is most active as an inhibitor, and above which it acts as a positive 
oxidation catalyst. 

The inhibiting effects of a large number of nitrogen compounds were investi- 

Loc. cit. 

** Hofmann and Dunkel, British Patent 289,909, 1926; Brit. Chem. Ahs. B, 1928, 514; cf. 
British Patent 262,107, 1925. 

” Loc. cit. 

“ Cf. Waters, loc. cit. 

** Callendar, King and Mardles, British Patent 295,230, 1927; Brit. Chem. Abs. B, 1929, 161. 
ting. Chem., 1926, 18. 691. 
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gated by Moureu, Dufraisse and Badoche.^^ The secondary amines, diamines 
and aminophenols were found to be the most effective inhibitors. iV-Methyl 
derivatives of diamines or aminophenols are said to be equally active. Substitu¬ 
tion of both the amino and phenolic groups generally yields inactive compounds, 
but iV-acyl derivatives, such as o-acetamidophenol, are still active inhibitors. 
Most amino-acids or amides have little or no inhibiting properties. Cyclic com¬ 
pounds containing a nitrogen atom in the ring (pyridine or quinoline) are only 
slightly active. 


Oxidation of Transformer Oils 


The oxidation of transformer oils is very similar to that of lubricating oils, 
both as to mechanism and products formed. Since some of the work on the 
oxidation of transfornjer oils may shed light on the general mechanism of oxida¬ 
tion, it deserves attention here. The decomposition of transformer oil and the 
formation of sludge and other undesirable constituents can be prevented in actual 
use by maintaining a blanket of a non-reacting gas, such as nitrogen or carbon 
dioxide, over the oil.^- F(pwever, as oxygen is soluble in the oil to some extent 
it is necessary to remove it either by vacuum treatment or by bubbling an inert 
gas such as nitrogen through the oil before it is charged into the transformer. 
Vacuum-treated oils undergo no changes when heated for several days in an 
atmosphere of carbon dioxide, even in the presence of metallic catalysts. 
Yamada also showed that transformer oils which readily deposit sludge when 
heated in the presence of air yield no deposit and undergo no color change 
when heated in a vacuum or in the presence of nitrogen, carbon dioxide, or hy¬ 
drogen, for 100 hours at 140° C. 

Oxidation also depends to a large extent upon the degree of refinement of the 
oil. Highly refined oils are more easily oxidized than less refined oils. This is 
substantiated by oxidation tests made either by passing oxygen through the 
heated oil or by heating a mixture of oil and oxygen under pressure.^® Addition 
of unrefined oil or less refined oil to highly refined oil lessens the oxidizability of 
the latter. The protective action of the less refined or unrefined oils is probably 
caused by the presence of natural inhibitors which are eventually removed by 
the refining treatment. 

The oxidation of transformer oils can be accelerated by the introduction of 
either metals or metallic compounds acting as catalysts. Lead and copper are 
particularly effective, and of these two, the lead is the more active. The rate 
of acid formation with lead as a catalyst is slow during the first hour of oxida¬ 
tion but thereafter increases rapidly. Various oils differ widely in their sludge¬ 
forming properties. Based upon the data he obtained, Butkow^* suggested the 
following oxidation test for transformer oils: 100 cc. of the oil are heated to 
120° C. in the presence of a piece of copper gauze (70 x 15 mm.) for 70 hours 
during which time a current of Oxygen is admitted at the rate of 6 to 7 liters per 
hour. The oil is then poured into a graduated cylinder and the volume of sludge 
noted.^ The acidity and resin content of the oil are also determined. 

Stager and Bohnenblust investigated the effects of suspending strips of 


^Compt. rend., 1926, 183, 408; Brit. Chem. Ahs. A, 1926, 1031. 

"Rodman and Maude, Trans. Amer. Electrochem. Soc^ 1925, 47, 1; J.S.C.l., 1925, 44. 162B 
^ Soc. Chem. Ind.. Japan, 1930, 33, 64B; Brit. dhem. Ahs. B, 1930. 542 
Tytschinin and Butkow, Ne/L Khoe., 1925, 8, 38; J.S.C.L, 1925. 44, 746B. See also Ya 


(/. Soe. Ch^. Ind., 1931, 34. supplementary binding 188; Chem. Abs., 1931,^25, S009)"who 

*ijpwn that both acid and alcohol formation are smaller. ^ 


" Butkow. jErdoi «. Teer, 1927, 3. 551; Chem. Abs., 1927, 21, 4058. 
^^24, 7, 341; J.S.C.I., 1925, 44, 162B. 

^^•^^rotechn. Ver., 1924, 15, 93; Chem. Zentr., 192 


43, 898B; Chem. Abs., 1925, 19, 724. 


1924, 2, 1420; J.S.C.l., 1924. 
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metals ^nd alloys in transformer oils heated to 112® C. for. 1000 hours. Sludging 
is increased by the presence of copper, brass, tin, and zinc. Acid formation is 
greatly increased by copper and brass. Aluminum, iron and nickel have little 
effect. Lead, copper and zinc are attacked by the organic acids in the oil. Lead, 
in particular, tends to produce acids of low molecular weights which are in¬ 
soluble in the oil. Resinous substances rich in oxygen, which appeared to be 
monocarboxylic acids, were also formed. 

In the oxidation of transformer oils at 120® C. by a stream of oxygen, von der 
Heyden and Typke observed that the reaction is accelerated by the presence of 
sodium hydroxide, sodium or potassium carbonate, and ferric oxide. Magnesium 
oxide or carbonate give low values for both tar and acid. Lead monoxide de¬ 
creases oxidation and lead dioxide greatly accelerates it, and red lead (Pb 304 ) 
has little, if any, effect. Of the organic substances, phenol, starch, oxalic acid 
and oleic acid accelerate oxidation; and salicylic acid, hydroxylamine hydro¬ 
chloride and especially pyrogallol and aniline have the opposite effect. 

Anticatalysts or inhibitors of the same general type as those used with lubri¬ 
cating oils (that is, principally aromatic phenols and amines) can be used to re¬ 
duce or prevent the oxidation of transformer oils. For example, Butkow sug¬ 
gested adding 1 per cent of )3-naphthol to the oil, and the British Thomson- 
Houston Co.®® proposed to protect oils in actual use with quinol suspended in 
the oil at or near the surface exposed to oxidation. Amino-compounds such as 
urea, piperidine, diethylaniline or phenylenediamine, are said to protect the oil 
against both oxidation and polymerization.®^ 

Other inhibitors which may be used are metallic soaps and adsorbents. By 
adding, for example, not more than 2 per cent of a neutral soap of aluminum, 
calcium, copper, lead, nickel, tin or zinc, the sludging tendency of the oil is 
reduced.®^ The soaps need not be soluble in the oil. The* useful life of the oil 
may be prolonged two to three times by the addition of about 6 per cent of fuller’s 
earth.®® Mizushima and Yamada ®* also showed that free sulphur or organic 
sulphides such as isoamyl sulphide or selenium compounds are antioxidants for 
transformer oils,®® 

Some interesting information as to the mechanism of the oxidation of trans¬ 
former oils has been given by Stadnikov and Vozzinskaia.®® Data obtained by 
the systematic analysis of the deposit from used transformer oils indicated that 
sludge results from the condensation of resinous substances with organic com¬ 
pounds formed by oxidation of the oil. In these condensations the sulpho-acids 
or tlieir sodium salts (present in oils that have been treated with sulphuric acid 
and imperfectly washed) act as catalysts. Only traces of such catalysts need 
be present, and they can exist in the oil in the form of emulsions invisible to the 
eye but visible under the microscope. 

This view is further supported by the oxidation of acid-treated oils. One 
portion was treated with 90 per cent acid and another, with fuming acid (4.3 per 
cent SOj). After careful washing, both were oxidized with air for 45 hours 
at 120® C. in the presence of copper gauze. Both oils showed increased acid and 

^•Petroleum Z., 1927, 33, I2S3; Brit. Chem. Abs. B, 1927, 899; see also Erdol «. Teer, 1927, 3, 
471: Chem. Abs., 1927, 21, 4058; Typke, Z. angew. Chem., 1928, 41, 418. 

^ Erdol u. Teer, 1927, 3, 267; Chem. Abs., 1927, 21, 2184, 

•• British Patent 212,928, 1924; Brit. Chem. Abs. B, 1926, 550. 

" I. G. Farbenindustrie A.-G., French Patent 636,332. 1927; Chem. Abs., 1929, 23, 275. 

Evans, British Patent 267,174, 1925; assigned to C. C. Wakefield and Co.; Chem. Abs., 1928, 
22. 1233. 

**Cox, British Patent 278,365, 1927; assigned to British Thomson-Houston Co.; Brit. Chem. Abs, 
B, 1928, 843. * 

■*/. Soc. Chem. Ind., Japan, 1929, 32, 848; Brit. Chem. Abs. B, 1929, 931. 

»Cf. Waters, he. eit. 

** T^rans. Karpov Inst. Chem., 1926, 5, 109; Chem. Abs., 1928, 22, 2049. 
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resinification numbers, but these increases were much less for the oil treated with 
90 per cent acid. No solid deposits formed in either oil. These same oils were 
reoxidized after the addition of 0.1 per cent of naphthene sulphonic acids. They 
soon darkened and yielded considerable quantities of a brown precipitate. Oxida¬ 
tion was repeated in the presence of 0.2 per cent of the potassium salts of sul¬ 
phonic acids and a much greater formation of the precipitate took place. 

A further indication of the condensing action of the naphthene sulphonic 
acids was obtained by these same workers®^ in the following manner: When 
the refined oil was heated in an atmosiihere of carbon dioxide with acetic acid 
and cyclohexanol, the reaction was one of saponification only. If, however, 
naphthene sulphonic acids were present, resin-formation took place. Glacial 
acetic acid itself yielded resins with the naphthene sulphonic acids. As a test 
for naphthene sulphonic acids it is suggested that the oil be heated with acetalde¬ 
hyde and acetic acid. A discoloration of the acetic acid layer indicates their 
presence. 

In refining transformer oils, the oil, after washing with acid, is treated for 
about hours with silica gel. Silica gel replaces alkali for the elimination of 
excess acid, and the stability of the oil is improved because of the absence of 
alkali salts of organic acids. Air oxidation followed by a similar treatment with 
silica gel has also been proposed as a substitute for the acid treatment. 

Refining transformer oils by oxidation with air followed by precipitation of 
the oxidized substances by the addition of an alkaline reagent was suggested by 
Maloney.*® 

Evers,®® however, believed that the sludge in transformer oils is the result 
primarily of a reaction of the oil with water and atmospheric oxygen, which is 
catalyzed by condensation in the capillary spaces of the insulated coils or other 
parts immersed in the oil. The oxidation products consist mainly of acidic com¬ 
pounds and partly of asphaltenes. These can be removed by treatment with 
fuller s earth at 60° C. Contrary to Butkow’s results, Evers found that these 
products are not removed with silica gel. 


Evaluation op Transformer Oils 

The most important property of a transformer oil is its resistance to oxidation. 
A large number of tests have been devised for ascertaining the extent to which 
various oils possess this property. Some of the fundamental points which must 
be considered in making these tests are as follows: ®^ 


(1) Temperature. This varies between 100® C. and 175® C, but the temperature 
most generally used is about 110® G. 

(2) Hating. A covered thermostat is better than an exposed oil surface on account 
of the variability of air currents. 

(3) Container. Most metals act as oxidizing catalysts to some degree but glass 
apparently does not. A vessel of the same material should therefore be used in all tests 
to secure comparable results. 

(4) Quantity of oil. This varies from 10 grams in the French method to 1000 cc. 
in the Swiss method. The ratio of volume of oil to exposed surface determines the 
speed of the reaction. A small surface is recommended as it prevents too rapid and 
tmeven oxidation. 


” Stadmkov and Vozzinskaia, Neft. KhoM., 1927, 12, 694; Chem. Zentr., 1927, 2. 1915; Chem. 
Ahs.. 1928, 22. 4240. 

“Hutkpw, Neit. Kkoa., 1926. 10, 388; Chem. Abs., 1927. 21. 2554. 

“U. S. Patent 1,540.218, Ju»c 2, 1925; Chem. Abs., 1925, 19, 2271. 
angew. Chem.. 1925, 38, 659; J.S.C.I., 1925, 44, 746B. 
lo-i? Borella, Chem. Utnschau Fetie, OeU, iVachse u. Harse, 1927, 34, 331; Chem. Abs., 

1920f 22t 4784* 
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(5) Catalyst. Copper in the form of a wire gauze or sheet is preferred. The total 
surface is of secondary importance. 

(6) Air. The use of air or oxygen shortens the time but increases the manipulation 
required. It is unnecessary when copper is used. 

(7) Electrostatic held. The obtainable information on this point is somewhat vague. 

(8) Time. This varies from 5 hours to 24 days, and is arbitrarily selected. The 
Italian standard of 300 hours is long enough to yield sufficient quantities of oxidation 
products for the necessary determinations. 

(9) Oxidation Products. The change in color of the oil is no criterion of quality. 
The total sediment (i.e., material insoluble in standard benzine) and the total acids (the 
intermediate products) should both be determined. 

These oxidation products, in addition to being partially precipitated by the 
addition of petroleum ether, can also be extracted, because of their acid nature, 
by a solution of sodium hydroxide in 50 per cent alcohol (Kissling reagent). 
Kissling®* suggested the terms “tar-forming value" and “coke-forming value" 
for mineral oils, effecting the separation of the two with the alcoholic sodium 
hydroxide reagent. 

Numerous methods for making oxidation tests of transformer oils have been 
suggested. Stager®® proposed heating the oil at 112® C. for various periods up to 
1000 hours. The sludge which separates is extracted with chloroform and 
weighed. The asphaltogenic acids in the weighed residue are determined by 
saponification with standard alcoholic alkali. The sludge insoluble in oil is de¬ 
termined by filtering the hot oil at 80® C. and weighing the residue. No direct 
relation was found between sludge formation and iodine number, formolite num¬ 
ber, or other chemical characteristics. 

Oxidation tests have also been devised by Butkow,®* by Marcusson and Bauer- 
schafer,®* and by Evers and Schmidt.®® Butkow passed oxygen into an auto¬ 
clave with some Wood’s metal on the bottom heated at 150° C. in which glass 
tubes containing the oil are immersed. Subsequently the oil is treated with sul¬ 
phuric acid, the acid layer is separated, and determinations are made of the 
acidity, sludge-formation, and saponification value. 

The Marcusson and Bauerschafer method is a modified sludge test in which 
sodium hydroxide is used as a catalyst. The oil is heated with pumice saturated 
with sodium hydroxide at 120° C. for 24 hours. To the mixture is then added 
alcoholic sodium hydroxide solution, with which it is refluxed for 20 minutes. 
The soap solution thus formed is separated, acidified, and the acids are extracted 
with benzene. The benzene extract is washed to remove any mineral acids, and 
the tarry material obtained by the evaporation of the benzene is weighed. 

Evers and Schmidt compared the relative stabilities of various oils by heat¬ 
ing them for 2 hours at 150° C in the presence of silica gel impregnated with 
vanadium and ferric oxides and then determining their acid values. The test 
may be .modified by heating the oil and oxygen in a closed container at 120° C 
in the presence of the catalyst, followed by determination of the oxygen absorp¬ 
tion. They expressed the opinion that oxidation is confined to unsaturated con¬ 
stituents. 

In the test proposed by Matthis ®^ the oil is heated under specified conditions 
and the time required for the formation of sludge is observed. The useful life 


^Chcm.‘Ztg., 1907, 31, 328; 1907, 26, 463. Chem.-Ztg., 1908, 32, 938; J.S.C.I., 1908. 

27, 10.S3. 

w/Zf/v. C/iim. Acta, 1923, 6, 62; Chem. Ahs„ 1923, 17, 18S1. 

^Ncft. Khoe., 1927, 13, .132; Chem. Abs., 1928, 22, 2458. 

** Petroleum Z., 1926, 22, 572; Chem. Abs., 1927, 21, 1182; Brit. Chem. Abs. B, 1926, 427; 
Chem. Ztg., 1926, 50. 263; Brit. Chem. Abs. B, 1926, 427. 

** Wiss. Verdffentlich. Siemens-Konsern, 1926, 5, 210; ibid., 1928, 7, 343; Brit. Chem. Abs. B. 
1927, 98; Chem. Abs., 1929. 23, 3565. 

"Rev. gin. ileciriciti, 1927, 21, 901; Chimie ei industrie, 1928, 19, 62; Chem. Abs., 1928, 32, 1467. 
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of the oil in service is said to increase with the time required for the sludge 
to appear. By this method an experienced operator can detect the formation 
of 0.001 per cent of asphalt. 

Vanglielovitch extended the method proposed by Hoblyn by determining 
microscopically the time required for the precipitation of asphalt when the oil 
is heated at 250° C. The order of oxidation appears to be: Oil —> Hard 
Asphalt Soft Asphalt Carbenes (colloidal carbon) -> Coke. The heating 
may be avoided by another method in which the limiting concentration of nitric 
acid which will precipitate asphalt from the oil is determined. A thin film of 
the oil is placed under the microscope and a drop of nitric *acid is added. This 
is repeated with solutions of various concentrations until precipitation of the 
asphalt occurs. The limiting concentration of nitric acid determines the resistance 
of the oil to oxidation. The results with nitric acid closely agree with those 
obtained by prolonged heating at 250° C. 

According to Ford/°® unsaturated hydrocarbons and naphthenes are both 
important in the oxidation of these oils. When over 5 per cent of unsaturatcd 
compounds is present, the quantity of sludge formed is independent of the source 
of the oil, i.e., whether the oil is of paraffin or asphalt base. Naphthene hydrocar¬ 
bons of high molecular weight are less sensitive to oxidation than those of low 
molecular weight. Mixtures of the former with paraffins give oils highly re¬ 
sistant to oxidation and to sludging. No general rule can be given concerning 
the effect of different temperatures on the rate of oxidation of different oils. 
High temperature tests, however, did not agree with results obtained in actual 
use. Ford^®^ devised a method for the determination of the different types 
of hydrocarbons in transformer oils. 


TurbinU: Oils 

The oxidation of turbine oils is very similar in many respects to that of lubri¬ 
cating and transformer oils, so that it is unnecessary to discuss it in detail. In 
general these oils are affected by the same reagents, and oxidation tests can be 
carried out in practically the same manner as for the other two. 

As an oxidizing test, Schmidt recommended bubbling a slow stream of 
oxygen (2 bubbles per second) through 125 grams of oil heated to 100° C. 
Superficially oxidized copper gauze is also introduced into the oil and oxida-* 
tion is continued for 70 hours. At the end of this time the acid number and 
the quantity of sludge are determined. 

Rogers and Miller suggested iron as a catalyst in a similar procedure. 
Butkow,^*^^ on the other hand, preferred to heat the oil with oxygen under 15 
atmospheres pressure for 4 hours at 150° C. He also found that the highly 
refined turbine oils oxidize more readily than less refined ones. 

The presence of small proportions of lead tetraethyl as an oxidation inhibitor 
in turbine oils, according to Hatta,^®® materially reduces the darkening of color 
and sludge formation in paraffin oils. With naphthene oils, however, although 
the darkening is retarded, the acid and sludge formation are increased. Oxida- 

**/!«//. soc. chim. Romania, 1926, 7, 93; Brit. Chem. .-lbs. B, 1926, 307. 

Loc. cit. 

^^Ind. Eng. Chem., 1927, 19, 1165. 

- hid, Eng. Chem.. 1927, 19, 1165. 

angexo. Chem., 1928, 41, 1197; Brit. Chem. Abs. B, 1928, 918. 

Eng. Chem.. 1927, 19, 308. 

«>*Erdbl u. Tcer, 1927, 3, 823; Chem. Abs., 1928, 22, 863. 

Soc. Chem. Jnd., .Japani 1925, 28, 1346; Chem. Abs., 1926, 20, 816. 
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tion tests in both instances were made at 120° C, with moist oxygen passed in 
at the rate of 150 bubbles per minute. 

To prevent the formation of acids and the increase of emulsibility in use, 
Rogers suggested adding an inhibitor containing either a hydroxyl or an 
amino group, such as diphenylamine, gallic acid, or dibutyl resorcinol, to refined 
oils. 

*®*U. S. Patent 1,774,845, Sept. 2, 1930; assigned to Standard Oil Co. of Indiana; Chem. Ahs., 
1930, 24, 5149. 



Chapter 41 

Oxidation of Aromatic Hydrocarbons 

The conversion of petroleum distillates into other products by vapor phase 
catalytic oxidation is a reaction of abundant promise and one which has received 
much attention. Since both aromatic and cyclic compounds have been isolated 
from petroleum fractions, the vapor phase oxidation of such hydrocarbons is of 
interest. As pointed out in Chapter 36, the oxidation of the vapors of some 
petroleum distillates has yielded maleic acid, and Ellis ^ obtained phthalic acid by 
oxidizing the vapors produced by cracking petroleum distillates. 

Many petroleum fractions contain aromatic hydrocarbons and the isolation 
of some of these has already been described in Chapter 1. Mizuta,^*^ in deter¬ 
mining the physical and chemical composition of Japanese gasolines, noted that 
fractions cut at 97® C., 120® C., and 150® C., contained benzene, toluene and 
xylene, respectively. Gasolines from crude oils from the southern part of the 
Japanese Archipelago were rich in aromatics and contained only a small propor¬ 
tion of naphthenes. The reverse was true of gasolines from the northern part. 
Zelinski and Juriev - observed that analytical determinations indicated as high 
as 16 to 17 per cent of aromatics in Ural benzine. Bruun, Leslie and Schicktanz * 
by careful fractionation have obtained, from an Oklahoma crude, a fraction boil¬ 
ing at 107® to 108® C. containing about 32 per cent toluene. This distillate on 
nitration yielded dinitrotoluene quantitatively. 

Marek^^ discussed methods and apparatus for the oxidation of hydrocarbons. 
Ifc states that aromatics require high temperature and a catalyst and that the 
reaction proceeds in stages, hence a good yield of intermediate oxidation prod¬ 
ucts can ordinarily be obtained. An extensive study of the vapor-phase catalytic 
oxidation of hydrocarbons has also been made by Wilken-Jorden.®** 

The catalysts most extensively used in the vapor phase oxidation of aromatic 
compounds are oxides of the metals of the fifth and sixth groups of the periodic 
system, especially vanadium, uranium, tungsten and molybdenum. The metallic 
catalyst generally employed in the oxidation of aromatic hydrocarbons to acids 
appears to be vanadium. For producing aldehydes, other oxides, such as those 
of uranium or molybdenum, are used as they seem to be less energetic catalytic 
agents and hence more appropriate. Often a mixture of the oxides of these 
latter metals is more effective than the oxide of either metal alone.* 

Reaction can be secured by passing the vapors of the aromatic compounds 
with air or oxygen over the heated catalyst, or by mixing a spray of a colloidal 

' U. S. Patent 1,516,720, Nov. 25, 1924; Chem. Abs., 1925, 19, 397; U. S. Patents 1,697,262 to 
1,697,267, Jan. 1, 1929; Chem. Abs., 1929, 23, 1259; assigned to Ellis-Foster Co. 

Proc. World Eng. Cong., 1929, 31, 31; Brit. Chem. Abs. B, 1931, 828. 

.-icad. Set. U.S.S.K.. 1930, 851; Brit. Chem. Abs. B, 1931. 661. 

“ Bur. Standards J. Research, 1931, 6, 363; Brit, Chem. Abs. B, 1931, 660. 

••-/«(/. Bna. Chem.. 19.32, 24. 1103. 

Chem. Met. Mining Soc. S. Africa. 1932, 32, 248, 283, 322; Brit. Chem. Abs. B. 1932. 
927; Chem. Abs., 1932, 26, 4941, 5406, 5744. 

* For a very complete classification of these catalysts, see Graver, U; S, Patents 1,636,854 and 
1,636,855, July 26, 1927; both patents assigned to Barrett Co. For the use of vanadium pentoxide. 
see Selden, British Patent 170,022, 1921; assigned to Selden Co. 

914 



OXIDATION OF AROMATIC HYDROCARBONS -915 

suspension of the oxide in the hydrocarbon with air in a heated reaction chamber. 
By the latter method Caspari ® produced maleic acid from benzene, and benzalde- 
hyde or benzoic acid from toluene. 

In addition to the oxides, various salts of these same metals can he used, 
for example, a ferric vanado-chromate ® or a complex vanadium pentoxide sili¬ 
cate.^ The latter catalyst is not poisoned by sulphur compounds which may be 
present in the aromatic substances. “Zeolite^* catalysts, or the reaction products 
of silicates with metallic salts such as potassium vanadate, are employed in the 
partial oxidation of aromatic hydrocarbons, or in the purification of such hydro¬ 
carbons by preferential oxidation.® The addition of stabilizers (the neutral or 
acid salts of the alkali and alkaline earth metals) and also of ^‘stabilizer pro¬ 
moters” (compounds of heavy metals with amphoteric metals, e.g., aluminum, 
zinc or lead) to these catalysts is also recommended. These zeolites, after being 
used in oxidation processes, can be revivified by heating to 300® to 500® C. with 
halogens, non-metallic halides, acids or acid anhydrides, together with air or 
oxygen. The mass is subsequently mixed with hydrogen peroxide, which is re¬ 
moved later by evaporation. Or the catalytic mass may be heated to 300° C. in 
a stream of ozonized air.® 

In catalytic vapor phase processes excessive oxidation of the aromatic com¬ 
pounds can be lessened by the addition of some other substance which is more 
readily oxidized.^® For example, in the preparation of benzaldehyde or benzoic 
acid, methyl alcohol or gasoline vapors can be mixed with the vapors of toluene. 
Or gasoline vapors may be used similarly in the conversion of acenaphthene to 
naphtlialic anhydride or of cresol to salicylaldehyde and salicylic acid. 

Weiss, Downs and Burns investigated the mechanism of the catal 3 rtic oxi¬ 
dation of benzene to maleic acid, particularly the oxide equilibria in the vanadium 
oxide catalyst. At 400® C. the catalyst at the end of the runs consisted of 
vanadium pentoxide and tetroxide, the proportion of the former increasing 
rapidly as the ratio of oxygen to benzene in the reacting gases increased. Even 
when the initial catalyst was a mixture of vanadium trioxide and tetroxide its 
final composition appeared to depend only on the ratio of oxygen to benzene. 
Catalytic action, therefore, appears to depend upon an oscillation between vana¬ 
dium pentoxide and tetroxide, the dissociation of the former compound furnish¬ 
ing the activated oxygen. 

At temperatures higher than 400° C., for any given ratio of air to benzene, 
the proportion of vanadium pentoxide decreased rapidly while complete combus¬ 
tion also increased at the expense of the partial oxidation products. The reverse 
was true at lower temperatures. Complete combustion is, therefore, not dependent 

S. Patent 1,674,589, June 19, 1928; British Patent 263,201, 1925; Chem. Abs., 1928, 

22, 90. 

•Meigs, U. S. Patent 1,486,781, Mar. 11, 1924; assigned to Carleton Ellis; Chetn. Abs., 1924, 
18. 1504. 

’’Monsanto Chemical Works, British Patent 298,142, 1927; Chem. Abs., 1929, 23, 2792. For 
the use of pyrovanadates, see Monsanto Chemical Works, French Patent 635,717, 1927; Chem. Abs., 
1928, 22. 4678. Compagnie nationale de niatieres colorantes et manuf. produits chim. du nord 
reumes ctablissenients Kuhlmann, French Patent 646,263, 1927; Chem. Abs., 1929, 23, 2256. Chariot 
(Compt. rend., 1933, 196, 1224; Chem. Abs., 1933, 27, 3454) determined the comparative volumes of 
carbon dioxide produced by air oxidation of toluene, diphenylmethane, naphthalene, alcohol, heptane, 
benzyl alcohol, xylene and benzoic acid in the presence of magnesium oxide, nickel oxide, molybdenum 
oxide, and tungsten oxide at 300* to 450* C. 

•See Jaeger, U. S. Patents 1,678,626 and 1,678,627, July 24, 1928; 1,682,787, Sept. 4„1929; 
1.694,122, Dec. 4, 1928; 1,692,126. Nov. 20, 1928; 1,709,853. Apr. 23, 1929; 1.722,297, July 30, 
1929; all assigned to Selden Co. British Patents 281,307, 1927; 291,419, 1927; 295,270. 1927; 
296,071, 1927; 299,419, 1927; 300,968, 1927; 315,854, 1928; all assigned to Selden Co. Also, Selden 
Co., French Patent 649.292, 1927; Chem. Abs., 1929, 23, 2985. Cf. Jaeger, U. S. Patents 1,851,361, 
1,8.51,362, 1,851,363, Mar. 29, 1932; assigned»to Selden Co.; Chem. Abs., 1932, 26, 2987. 

•Selden Co.. British Patent 280,712, 1926; Brit. Chem. Abs. B. 1928, 90. 

*• Jaeger, U. S. Patent 1,909,354, Mav 16. 1933; Chem. Abs., 1933, 27, 3725; British Patent 
348.604, 1930; both patents assigned to Selden Co. 

»/nd. Eng. Chem., 1923, IS. 965. 
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on the ratio of vanadium pentoxide to tetroxide, but on some other factor, per¬ 
haps the activation of the reacting substances themselves. 

The nature of the products of combustion must also be a function of some 
property of the catalyst other than the activation of oxygen by dissociation of 
the oxide. For example, there may be some specific relation between the struc¬ 
ture and the dimensions of the metallic atom and the structures and the dimen¬ 
sions of the organic substances being oxidized. This surmise is illustrated in 
the case of benzene. The best catalyst for bringing about partial oxidation is 
an oxide of vanadium, though more complex molecules, such as naphthalene and 
anthracene, are susceptible to a large variety of catalysts. With benzene a mix¬ 
ture of various oxides will often effect partial oxidation, although the individual 
oxides do not possess this property. 

Forrest and Frolich,^^* however, maintain that with careful control of tem¬ 
perature and concentration of oxygen, aromatic compounds may be converted 
to partial oxidation products without the aid of catalysts. In their process, the 
heat of the oxidation reaction is compensated for by the latent heat of evapora¬ 
tion of the reacting material. By regulation of the pressure, thus causing evapo¬ 
ration or condensation, the temperature may be held practically constant. The 
pressures employed varied from 750 to 2500 pounds per square inch and the 
temperatures from 200® to 320® C. Toluene, for example, with 4.1 mole per 
cent oxygen under a pressure of 1000 pounds per square inch at 305® C. was 
converted after 30 minutes to benzoic acid, benzaldehyde, and carbon dioxide, 
corresponding to 24.8, 9.9, and 5.4 per cent, respectively, of the oxygen conver¬ 
sion. Other substituted benzene or polynuclear cyclic compounds such as cyclo¬ 
hexane may be used; with benzene itself, however, the ring is broken. 


Production of Maleic Acid 


Kempf ^2 was probably the first to obtain maleic acid by the oxidation of an 
aromatic compound. He oxidized quinone with silver peroxide (made by mixing 
solutions of silver nitrate and potassium persulphate) and the products were 
maleic and formic acids, carbon monoxide and dioxide. 

Another procedure consists in passing equal weights of benzene vapor and 
air over a vanadium oxide catalyst at 400® to 450° C. at such a velocity that the 
time of contact is about 0.25 second.^® Quinone may be added to the benzene, 
and the mixture similarly vaporized and catalytically oxidized to maleic acid. 
Inert gases may be used as diluents to control the reaction.^^ In addition to 
benzene, other aromatic hydrocarbons, e.g., toluene, can be oxidized to maleic 
acid in tlie presence of a vanadium qxide catalyst.^® The temperature during oxi¬ 
dation may be regulated by passing the reacting materials over the catalyst sup¬ 
ported on tubes which contain mercury. Vaporization of the mercury regulates 


U. S. Patent 1,902,550, Mar. 21, 1933; assigned to National Synthetic Corp.; Chem. Abs., 
1933, 27, 3221. 

“•* U. S. Patent 1,916,923, July 4, 1933; assigned to National Synthetic Corp.; Chem. Abs., 1933, 
27, 4540. 

1905, 38, 3963; 1906, 39, 3715. 

«^yci5s and Downs, U. S. Patent 1,318,633, Oct. 14, 1919; Canadian Patent 192,766, 1919* 
for the use of other metallic catal;rsts see U. S. Patent 1,318,631, Oct. 14, 1919; all patents assigned 
to Barrett Co. For the preparation of a catalyst carrier see Downs, U. S. Patent 1.636.685 Tulv 

26. 1927; U. S. Patent 1,672,308, June 5, 1928; both patents assigned to Barrett Co. 

M Weiss and DoWns, U. S. Patent 1,318,632, Oct. 14, 1919; assigned to Barrett Co.; J SCI 
1920, 39, 44A. • , . . 

Yabuta and Simose {Bull. Inst. Phys.-Chem. Research, Tokio, 1929, 8, 197; Chem. Abs., 1929 
23. 3441) made a study of the influence of inert gases, the methods of preparing the catalyst* 

and the effect of acidic metal oxides in the catalyst on this oxidation. * 

Weiss and Downs, Canadian Patent 235,972, 1923; assign^ to Barrett Co. 
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the temperature and thus prevents overheating. The boiling point of the mercury 
can be adjusted by the application of pressure.^® 

Better yields of maleic acid or anhydride can be secured by using a mixed 
catalyst, for example, one which consists of vanadium pentoxide together with 
the higher oxides of molybdenum or uranium, or any of the oxides of the metals 
included in the fifth and sixth groups of the periodic system.^^ Not more than 
two such oxides should be incorporated in the catalyst. The temperature used 
with the various catalysts varies from 450® to 550° C. and the time of contact 
for the gases is about 0.3 second. These catalysts may be deposited on an inert 
porous carrier containing fused aluminum oxide.^® 

Alternate catalytic oxidation and decarboxylation may be applied to the step- ‘ 
wise degradation of aromatic hydrocarbons in the preparation of maleic acid.^® 
For example, naphthalene and air can be passed over vanadium pentoxide at 
400° C., then over cadmium oxide at 400° C., and finally over a mixture of cad¬ 
mium and aluminum oxides at 380° C. At the end of these steps benzene is the 
principal product. Air is added to the benzene vapors and the mixture led over 
a vanadium pentoxide catalyst at 410° C. to form maleic acid, together with 
some benzoquinone. 

Maleic acid can be obtained not only from aromatic hydrocarbons but also 
from other substances containing a ring structure, such as furane. In Chapter 36 
it is pointed out that maleic acid is a product of the oxidation of gasoline vapors.*® 
This may probably be due to the naphthenes present in gasoline. Ellis showed 
that this same acid is formed, along with other dibasic acids, by the oxidation 
of the vapors from cracking kerosene and other petroleum fractions. 

In anotlicr method, crude furfural was atomized with pure oxygen and passed 
over zinc vanadate or granulated aluminum at 300° to 350° C. The yield of 
maleic acid corresponded to about 30 per cent of the theoretical. Yields of about 
50 to 60 per cent were secured when pyromucic acid was oxidized.** This process 
was somewhat modified by using furane with a large excess of oxygen or air 
(20 to 100 times tlie theoretical quantity) together with steam, the latter assist¬ 
ing in the vaporization of the furane.** The gaseous mixture was also passed 
over the catalyst at a lower temperature (about 180° C.). 

By vaporizing furfuraldehyde in a current of air at 40° to 50° C. and lead¬ 
ing the vapors over a vanadium oxide-asbestos catalyst at 200° to 300° C., a 
14 per cent yield of maleic acid was obtained.*^ Other products formed at the 
same time arc maleic anhydride, formaldehyde, water, and carbon dioxide, but 
no fumaric acid. 

The oxidation of pyrroline derivatives by nitric acid to maleic acid derivatives 
was described by Ciamician and Silber.** Brominated thiophens on oxidation give 
the corresponding bromomaleic acids.*® 

Weiss ami Downs, U. S. Patent 1.374,720, Apr. 12, 1921; assigned to Barrett Co. Sec also 
Downs and Stupp. U. S. Patent 1,515.299, Nov. 11, 1924; assigned to Barrett Co. 

Craver, U. S. Patent 1,636,857, July 26, 1927; assigned to Barrett Co. 

** Punnett, U. S. Patent 1,985,522, Jan. 31, 1933; assigned to National Aniline and Chemical Co.; 
C/irm. /lbs., 1933, 27, 2458. 

^ I. G. Farbenindustrie A.-G., British Patent 268,775, 1927; Brit. Chem. Abs. B, 1928. 598; 
Swiss Patent 127,034, 1927; Chem. Abs., 1929, 23, 1141. 

Shiniose, Sci. Papers Inst. Phys. Chem. Research {Tokyo)^ 1931, 15, 251; Brit. Chem. Abs. A. 
1931, 932. 

«U. S. Patent 1.697,265, Jan. 1, 1929 (.see Chapter 42). 

»*Zumstein, German Patent 478,726, 1927; assigned to C. H. Boehringer Sohne; Chem. Abs., 1929, 
23, 4712. A1.SO British Patent 285.426, 1927; Chem. Abs., 1928, 22, 4539. 

« Boehringer, British Patent 297,667, 1927: Chem. Abs., 1929, 23, 2724. 

«Ses.sions, J.A.C.S., 1928, 50, 1696. Milas {J.A.C.S., 1927, 49, 2005) reported a large yield 
of fumario acid by the oxidation of furfuraldehyde with a solution of sodium chlorate in the 
presence of vanadium pentoxide. 

1887, 20, 698, 2594. 

"Angeli and Ciamician, Ber., 1891, 24, 77, 1347. 
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The purification of crude maleic acid, made by the oxidation of benzene or 
naphthalene, by recrystallization from solvents (e.g., diethyl maleate or mixtures 
of the esters of maleic acid and hydrogenated polynuclear aromatic hydrocarbons) 
is described by Jaeger,*^ Iron compounds are removed from the crude acid by 
sodium cyanide.*® 

Maleic acid is converted to fumaric acid (the isomeric compound) by heating 
it either alone or in the presence of solvents, such as water or ^nzene,*° to 
temperatures above its melting point. The addition of nitric acid to an aqueous 
or ether solution of maleic acid produces the same results.®^ Terry and Eichel- 
berger reported that maleic acid, in aqueous solution, is transformed to fumaric 
acid by heating to 99.2® C. in the presence of hydrochloric or hydrobromic acid 
as catalysts. The reaction proceeds without the formation of by-products and its 
velocity is proportional to the concentration of the catalyst and to the second 
power of the original concentration of the maleic acid. 

Both maleic and fumaric acids can be oxidized in aqueous solution to tartaric 
dcid (racemic) by adding a solution of potassium permanganate at such a rate 
that the temperature does not rise above 50® to 60® C.®-® On tlie other hand, in 
the presence of such acids as sulphuric, phosphoric, acetic and perchloric the 
principal product obtained on oxidation (with permanganate) is formic acid.®® 


Production of Benzaldehyde 


Both benzaldehyde and benzoic acid can be produced by the oxidation of 
the same aromatic hydrocarbon, particularly toluene. In vapor phase oxidation 
the formation of one of these substances in predominance is dependent upon the 
conditions of oxidation, such as the rate of flow of the gases through the ap¬ 
paratus, the temperature, the quantity of air or other oxidizing gas, and the 
catalyst. Generally, high flow rates and a relatively low proportion of air or 
oxygen favor the production of the aldehyde. 

Coquillion ®* obtained benzaldehyde as one of the oxidation products when a 
mixture of air and toluene vapor was passed over an incandescent platinum or 
palladium wire. Later Woog®* used pumice impregnated with a reduced plati¬ 
num salt, or the oxides of iron, nickel or copper at temperatures varying from 
150® to 300® C. In the presence of manganese dioxide complete oxidation of 
the hydrocarbon was observed. Toluene was also oxidized at 370° C. in the 
presence of coke, yielding a small amount of benzaldehyde and a large propor¬ 
tion of benzoic acid. Woog considered that the best results were secured with 
the iron oxide catalyst. The reaction can be controlled by diluting the gaseous 
mixture with an inert gas, carbon dioxide or nitrogen.®® ^Orloff®^ reported a 


U. S. Patent 1,900,649, March 7, 1933; assigned to Selden Co.; Chem. Abs., 1933, 27, 2964. 
»»Witzel, U. S. Patent 1,900,680, March 7, 1933; assigned to Selden Co.; Chem. Abs., 1933, 
27, 2965. 

»Pelou 2 e, Ann., 1834, 11, 266; Tanatar, Aftn., 1893, 273, 33; JOhem. Soc. Abf., 1893, 64 (1), 193; 
Skraup, Monatshefte, 1891, 12, 117; Chem. Soc. Abs., 1891, 60 (1), 1338; Monatskefte, 1893, 14, 502; 
Chem. Soe. Abs., i894, 66 (1), 15. 

Tanatar, Ann., 1893, 273, 33; Chem. Soc. Abs., 1893, 64 (1), 193; Bcr., 1894, 27, 1366. 

« Schmidt. Ber., 1900, 33, 3241. 

J.A.C.S., 1925, 47, 1402; see also Milas and Terry, J.A.C.S., 1925, 47, 1412. 

Tanatar, Ber.. 1880, 13, 1383; Kekul6 and Anschutz, £er., 1881, 14, 714. 

“Hatcher and West, Trans. Roy. Soc., 1927, (3) 21, Sect. 3, 269; Chem. Abs., 1928, 22, 1518 
** Compt. irend.. 1873, 77, 445; Chem. Soc. Abs., 1873, 26, 1214; Compt. rend,. 1875. 80. 1089: 
Chem. Zriitr., 1875, 422. ’ ’ . ’ 

^ ComM. rend., 1907, 145, 124; Chem. Soe. Abs., 1907, 92 (1), 753. Dennestedt and Hassicr 
(German Patent 203,848, 1907; I.S.C.I., 1908, 27, 1223) suggested the use of coal, lignite or peat 
an catalysts for the oxidation of hydrocarbons, especially for the production of borneol and iso1x>rneoi 
The addition of picric acid is said to increase the catalytic action of the carbonaceous materials. 
“Chavy, Delage and Woog, French Patent 379,715, 1907; J.S.C.I., 1907, 26, 1254. 

“7. Russ. Phys.-Chem. Soe., 1908, 40, 652; Chem. Soc, Abs., 1908, 94 (1), 521. 
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2.5 to 4 per cent yield of benzaldehyde on passing a mixture of toluene vapor 
and air over heated copper. Other oxidation products, resembling phenols, were 
formed at the same time. 

Kuznetzov and Stepanenko investigated the following catalysts for the vapor 
phase oxidation of toluene to benzaldehyde: (1) basic zinc manganate, (2) 
vanadium pentoxide on asbestos, (3) vanadium pentoxide on pumice, (4) molyb¬ 
denum trioxide on asbestos and (5) bismuth vanadate on pumice. The best 
catalyst was found to be molybdenum trioxide. The catalyst was preheated to 
375® C., but after oxidation started the temperature rose to 475® C. Somewhat 
better yields were obtained using small pieces of molybdenum oxide (2 to 3 mm. 
in diameter) and keeping the temperature of the catalyst at 500® C. Under these 
conditions 42.3 per cent of the volatilized toluene was oxidized, of which 55.2 per 
cent was benzaldehyde, 5 per cent benzoic acid, and the remainder carbon dioxide. 
No carbon monoxide was formed. , 

Although vanadium pentoxide or vanad*)t.es appear to be excellent catalysts 
for the oxidation of aromatic compounds to acids, benzene to maleic acid or 
naphthalene to phthalic acid, for example, they do not favor good yields of 
benzaldehyde.*® Meigs noted when another metal, such as silver, was incor¬ 
porated in the catalyst that larger proportions of benzaldehyde were obtained by 
the vapor phase oxidation of toluene. The temperature of the catalyst was kept 
at about 250® C., and steam was mixed with the reacting gases. The temperature 
and the quantity of steam were regulated so that the concentration of carbon 
dioxide in the exit gases was maintained at about 3 per cent. Good yields of 
benzaldehyde, however, are obtained by the use of vanadium pentoxide in the 
catalytic oxidation of benzyl alcohol or benzyl chloride with air.*^ 

In the production of benzaldehyde by the catalytic oxidation of toluene vapors 
with air, Downs*® controlled the temperature in the reaction zone by the vapori¬ 
zation of sulphur adjacent to but out of direct contact with the catalyst. The 
boiling point of the sulphur can be varied by changing the pressure on the 
system. 

Several procedures have been developed for the liquid phase oxidation of 
toluene to benzaldehyde. One of these involves the use of manganese dioxide 
and sulphuric acid, the latter being in excess.*® When 65 per cent sulphuric acid 
is employed, at 18® to 19® C, and the ratio of toluene to manganese dioxide is 
4:1, the yield of benzaldehyde (calculated on the basis of the active MnOj con¬ 
tent) is 55 to 56 per cent.** The addition of a small quantity of nitric acid ac¬ 
celerates the reaction, but cupric sulphate or potassium iodide are without effect.*® 
Substitution of manganese dioxide by powdered pyrolusite, which had been pre¬ 
viously treated with sodium hydroxide (10 to 25 per cent) in an autoclave at 
156° to 158° C. under 6 to 6.5 atmospheres, reduced the proportion of aldehyde 
formed to about 14 per cent. 

Other oxidizing agents include sulphuric acid solutions of manganese dioxy- 

** Ukrainskii Khem, Zhur„ 1929, 4, (Tech. Pt.), 1S3; Chem. Abs., 1930, 24, 2434. 

** Shotigin, Kizberg, Troitski and Smolyaninova, /. Chem. Ind. Moscow, 1929, 6, 25%;. Brit. Chem. 
Abs. B. 1929, 934. 

^ U. S. Patent 1,560,297^ Nov. 3, 1925; assigned to Ellis-Foster Co. 

^ Shorigin, Kizberg, Troitski and Smolyaninova, he. cit. 

U. S. Patent 1,589,632, June 22, 1926; Chem. Abs., 1926, 20, 3015. 

" Soc. chim. des usines du Rhone ancienneraent Gilliard, Monnet et Cartier, German Patent 101.221, 
1897; Chem. Zentr., 1897, 1, 959; German Patent 107,722, 1898; Chem. Zentr., 1900, 1, 1113. 
Law and Perkin, J.C.S., 1907, 91, 261. Cf. Kaminskii, Russian Patent 58,1924; Chem. Abs., 1933, 
81, 3942. 

** Shorigin. Kizberg, Troitski and Smolyaninova. he. cit. 

*The use of cupric sulphate (CuSO^.H^O) as a catalyst is described by Evdokimov, J. Chem. 
Ind. (Russia), 1929, 6, 207; Chem. Abs., 1930, 24, 2737. 
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sulphate (prepared by the electrolysis of a solution of manganous sulphate) at 
50® C. or of the ammonium manganic alum, (NH 4 ) 2 S 04 .Mn 2 (S 04 ) 3 . The 
addition of sulphuric acid slowly to a cooled mixture of lead dioxide, water- and 
benzol also yields benzaldehyde.^^ A mixture of cerium dioxide in 60 per cent 
sulphuric acid at 90® C. is suggested as well as ammonium persulphate in Sul¬ 
phuric acid (containing a small proportion of silver sulphate), at room tempera¬ 
ture.** Oxidation of toluene with chromyl chloride furnishes the compound 
CQHBCH(CrOCl 2 . 0 H )2 which on hydrolysis gives benzaldehyde. The reaction 
may be carried out in either carbon bisulphide or chloroform solutions. 

Toluene can be oxidized indirectly to benzaldehyde. Per instance, benzyl 
chloride (obtained by chlorinating toluene) is hydrolyzed to benzyl alcohol by re¬ 
fluxing with a solution of sodium hydroxide for several hours. The reaction 
product is treated with aqueous sodium hypochlorite, containing 2 to 3 per cent 
sodium hydroxide. During the addition of the hypochlorite, the benzaldehyde 
/ormed is separated by steam distillation.®* 

Aldehydes can be obtained directly from aromatic hydrocarbons by treating 
them with carbon monoxide and hydrogen chloride in the presence of aluminum 
chloride.®® To illustrate, carbon monoxide and hydrogen chloride are passed 
for 6 to 8 hours into a solution of benzene in nitrobenzene to which aluminum 
chloride is added. During passage of the gases a temperature of 50® to 60® C. 
is maintained. The reaction product is poured onto ice, and benzene, benzalde¬ 
hyde and nitrobenzene are separated by steam distillation. The benzaldehyde 
can be further purified by converting it to its bisulphite compound. This method 
is applicable not only to the production of substituted aldehydes, such as chloro- 
benzaldehyde or p-toluic aldehyde, but to the preparation of chlorine-free alde¬ 
hydes which can be used in the manufacture of perfumes and preservatives. 

When dissolved in glacial acetic acid saturated with nitrous oxides (N 0 O 3 ) 
and exposed to light or heated to 120® C., toluene yields a mixture of benzalde¬ 
hyde, benzoic acid, and a small proportion of unidentified nitrated products.®* 
Benzaldehyde and benzoic acid are separated from the mixture by treatment with 
a concentrated solution of sodium bisulphite and a dilute solution of sodium hy¬ 
droxide, respectively. Similar results were obtained when nitrogen tetroxide was 
used as the oxidizing agent. The reactions involved may be represented by: 

C 0 H 5 CH, + N,0, —GHsCOOH -h HaO + Na 
2CaH«CH, + NaO* —>- 2CaiaCHO + 2 HaO + Na 

One of the characteristic reactions of benzaldehyde is its autoxidation, particu¬ 
larly in the presence of sunlight. This apparently takes place in two stages: 
( 1 ) the formation of perbenzoic acid from benzaldehyde, and ( 2 ) the oxidation 
of benzaldehyde to benzoic acid by the perbenzoic acid. 

C.H.CHO + Oa —>- C.HaCOOOH 
GHaCOOOH 4-QHaCHO —>- 2CaHaCOOH 

^ Badische Anilin- und Soda-Fabrik, German Patent 175,295, 1903; Chem. Zentr., 1906, 2, 1589. 
Cf. Lang, German Patent 189,178, 1902; Chem, Abs., 1908, 2, 1209. 

Law and Perkin, 1907, 91, 261. 

^Farbwerke vorm Meister, Lucius und Pruning, German Patent 158,609, 1902; Chem. Zentr., 
1905. 1, 840. 

^Law and Perkin, he. eit, 

“•fttard, Ann. chtm. phys., 1881, (5) 22, 225; Chem. Soc. Ahs., 1881, 40, 581; Bornemann, 
Bet., 1884, 17. 1464. 

“ Law and Perkin, toe. cit. 

“ Renedetti, Vanselow and Vanselow, U. S. Patent 1,405,261, Jan. 31, 1922; Chem. Abs., 1922, 
16. 1781. 

“Schiitz, German Patent 403,489. 1921; J.S.C.I., 1925, 44, 378B; assigned to Gelsenkirchener 
Bergwerks A.*G. The action of carbon monoxide on aromatic hydrocarbons has been extended to 
hydroaromatics. such as hexahvdrotoluene and cvniohexane; I. G. Farhenindustrie A.-G., German 
Patent 520.1.54, 1927; Chem. Abs.. 1931. 25. .3664. 

**Giacalone, Cats. chim. ital.; 1931, 61, 828; Chem. Abs., 1932, 26, 1910. 
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These reactions can be accelerated, particularly when the aldehyde is dissolved in 
a solvent, by the presence of iron powder. Tin and aluminum powders, however, 
have no effect. , Perbenzoic acid may be isolated from an acetone solution by 
distilling off the acetone, or by extracting the benzoic acid with dilute sulphuric 
acid followed by extraction with chloroform.®® When dissolved in pyridine, 
benzaldehyde fails to exhibit autoxidation. 

Production of Benzoic Acid 

In making benzoic acid by the vapor phase oxidation of toluene, Kuznetzov 
and Stepanenko ®® used a large excess of air, stannic vanadate as the catalyst, and 
a temperature of 290° C. About 21 per cent of the vaporized toluene was 
oxidized, the products consisting of 87.9 per cent benzoic acid and 7 per cent 
benzaldehyde. 

Maxted ®^ reported that stannic vanadate can be used in the vapor phase oxi¬ 
dation of toluene and ethylbenzene to benzoic acid. With the former a 50 per 
cent yield was obtained, and with the latter, a 40 per cent yield. The same 
catalyst can be employed in the oxidation of benzyl alcohol and benzaldehyde to 
benzoic acid. Bismuth vanadate yielded results similar to those with the tin 
compound though the temperature of activity is about 100° C. higher (about 
390° C.). Pansegrau ®^® employed hydrated ferric oxide at 150° C. as a catalyst 
for the conversion of toluene to benzoic acid under pressure in the presence of 
a liquid aqueous phase. 

Other methods for the catalytic oxidation of toluene to benzoic acid involve 
the use of a zeolite catalyst ®® containing vanadium, tungsten and molybdenum; 
the spraying of a colloidal solution of vanadium oxide in toluene ®® together with 
eight times its vapor volume of air into a chamber kept at 200° to 300° C.; 
and the oxidation of naphthalene in the presence of a relatively large quantity of 
steam (see Phthalic Acid). 

This acid can be made also by heating solutions of phthalic acid or of phthal- 
ates to 150° to 300° C. under pressure,®® or by heating a mixture of solid calcium 
phthalate and calcium hydroxide.®^ 

Several procedures are available for the recovery of benzoic acid from 
phthalic acid made by the oxidation of naphthalene. The aqueous solution, or 
dispersion, of these two acids can be continuously leached with a current of an 
organic solvent, such as gasoline or benzene, in which the benzoic acid is the 
more soluble.®* Benzoic is recovered from this solvent and phthalic acid from 
the water. Mixtures of benzoic and phthalic acids may be treated with the 
vapors of an organic solvent for benzoic acid at temperatures at which the latter 
acid is volatile (125° to 150° C.) but below those at which phthalic acid is 
transformed into the anhydride.®* This operation can be carried out in the pres¬ 
ence of steam and made continuous. 

Van der Beek, Rec. irav, chim., 1928, 47, 286; Brit. Chem. Ahs. A, 1928, 413. 

Loc. cit. 

1928, 47. lOlT. 

U. S. Patent 1,815,985, July 28, 1931; assigned to I. G. Farbenindustrie A.-G.; Chem. Ahs., 
1931, 25. 5432. 

"Jaeger, U. S. Patent 1,694,122, Dec. 4, 1928; assigned to Selden Co.; Chem. Ahs., 1929, 
23, 850. 

"Caspari, British Patent 263,201, 1925; Brit. Chem, Ahs. B, 1927. 378; U. S. Patent 1,674,589, 
June 19, 19PR; Chem. Ahs., 1928. 22. 2756. 

•• Daudt, U. S. Patent 1,551,373, Aug, 25, 1925; Chem. Ahs.. 1926, 20, 51. 

Fairweather, Beckett and Thomas, U. S. Patent 1,727,102, Sept. 3, 1929; assigned to Selden 
Co.: Chem. Ahs,, 1929, 23. 5196. 

"Jaeger, U. S. Patent 1,685,634, Sept. 25, 1928; assigned to Selden Co.; Chem. Ahs., 1928, 

22, 4539. 

"Jaeger, U. S. Patent 1,694,124, Dec, 4, 1928; assigned to Selden Co.; Chem. Ahs., 1929. 

23. 849. 
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The mixture of acids can also be subjected to the action of superheated steam 
at temperatures (150° to 175° C.) below which phthalic anhydride is formed. The 
vapors of steam and benzoic acid are partially condensed and benzoic acid 
recovered.®* 

Although both the liquid- and vapor-phase oxidation of toluene at ordinary 
pressures gives mainly benzaldehyde and benzoic acid, Newitt and Szego®*» ob¬ 
served that at 50 atmospheres and 210° C., toluene is oxidized by air to hydroxy- 
lated compounds, of which benzyl alcohol is the chief product. Small amounts 
of 2,4-dihydroxytoluene, benzaldehyde and benzoic acid are aUo formed, 


Production of Phthalic Acid 

Phthalic anhydride, from which phthalic acid can be obtained, is easily pro¬ 
duced at a low cost by catalytic oxidation of naphthalene with air. It is an 
important raw material in the manufacture of anthraquinone or vat dyes and also 
of synthetic resins.®*’* Esters of this acid are used as plasticizers. 

The catalysts most extensively employed in the oxidation of naphthalene are 
vanadium pentoxide or vanadates. When the vapors of naphthalene or alkylnaph- 
thalenes (e.g., methylnaphthalene) together with air are conducted over vanadium 
pentoxide at 450° C. about 87 per cent of the hydrocarbon is converted to 
phthalic anhydride.®* Other compounds produced at the same time are benzoic 
acid, carbon dioxide and possibly naphthols. Buylla and Pertierra ®®*‘ observed 
that o-xylene under similar conditions also yielded phthalic anhydride. The cat¬ 
alyst is best prepared by fusing vanadium pentoxide and then reducing it to a 
powder. Arsenic trioxide and sulphur dioxide do not affect the catalyst. Sodium 
salts, however, greatly lower its efficiency. Molybdenum can be used as a catalyst, 
though it is not as efficient as vanadium pentoxide. The oxidation of naphthalene 
with air takes place also in the presence of zeolites ®® as well as the vanadates 
of tin and bismuth,®^ The catalysts may be supported on a smooth or polished 
metal carrier. For example, a catalyst is prepared by immersing small polished 
strips of aluminum into molten vanadium pentoxide.®® 

Kusama®® found that acidic oxides were the best promoters for vanadium 
pentoxide catalysts, as the basic oxides, including the lower oxides of vanadium, 
combine with the acid which is produced. He also noted that the presence of 
water vapor increased the yield of benzoic acid. The addition of steam has 
been reported by Conover,^® who obtained a 90 per cent yield of benzoic acid by 
passing phthalic anhydride vapors and steam over catalysts of zinc, copper or 
aluminum oxide at 200° to 600° C. Phthalic acid, together with maleic acid, 

**Jaeger, U. S. Patent 1,686,913, Oct. 9, 1928; assigned to Selden Co.; Chem. Abs., 192$, 
22 4539 

’•*»Chem. and Ind., 1933. 645; Chem. Abs., 1933, 27, 5064. 

•«>Sec Ellis, Ind. Eng. Chem., 1933, 25, 125; ibid., 1934, 26, 37; “Synthetic Resins and Their 
Plastics,** Chemical Catalog Co., Inc., New York. Uses of noaleic acid and phthalic anhydride are 
discussM by Downs, Ind. Eng. Chem., 1934. 26, 17. 

••Conover and Gibbs, Ind. Eng. Chem., 1922, 14, 120. Gibbs, U. S. Patent 1,591,619, July 6, 
1926: assigned to £. I. duPont de Nemours and Co., Inc.: Chem. Abs.. 1926, 20, 3171. Cf. Buylla 
and Pertierra, Anal. soc. cspan. Us. quim., 1933, 31, 59; 6rit. Chem. Abs. A., 1933, 943. 

•*• Loc. cit. 

••Jaeger, U. S. Patent 1,692,126, Nov. 20, 1928; U. S. Patents 1,844,387 and 1,844,388, Feb. 9, 
19.32. Chem. Ahs.. 19.32. 26. 1947; all patents assigned to Selden Co. 

•» Maxted and Coke, British Patent 228,771, 1924; J.S.C.I.. 1925, 44, 279B. 

••Verein fur chemische und metallurgische Produktion, German Patent 478,192, 1924; Chem. Abs., 
1929, 23, 4231. Cf. Compagnie nationale de matieres colorantes et manuf. de produits chim. du nord 
r6unies etablissements Kuhlmann, French Patent 646,264, 1927; Chem. Abs., 1929, 23, 2078. 

^ Bull. Inst. Phys. Chem. Research (.Tokyo), 7, 1087; Abs. sect., 1928, 1, 105; Chem. Abs., 
1929, 23, 3621. 

** U. S. Patent 1,645,180, Oct. 11, 1927; assigned to Monsanto Chemical Works; Brit. Chem. Abs, 
B, 1928, 117. 
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carbon dioxide and water, is obtained by the catalytic oxidation of hydro-aromatic 
compounds, such as decahydronaphthaleneJ^ 

Catalytic processes of the kind described above, e.g., the conversion of ben¬ 
zene to maleic acid or naphthalene to phthalic anhydride, depend for their success 
on the accurate control of temperature. For such control a number of methods 
have been developed, several of which have already been mentioned. 

Downs,’* for example, immersed the reaction vessel in a eutectic mixture of 
sodium and potassium nitrates to maintain a constant temperature. The catalyst 
was coated directly on the walls of the vessel. This mixture of nitrates and a 
large number of small reaction chambers has been employed by Gibbs.’® 

As heat absorbents, alloys of mercury, cadmium and lead can be used.’* These 
three metals are mixed in various proportions to obtain alloys which boil over 
a wide range of temperatures. Using mercury alone presents some disadvan¬ 
tages, since its boiling point is low, its cost high, and it has a relatively low heat 
conductivity. Alloys formed from these tiiree metals have low melting points, 
sufficiently high boiling points, high thermal capacities, and relatively low specific 
gravities. Various details of apparatus for controlling the temperature have also 
been described by Jaeger’** and Selden.’*** 

Green ’® suggested that the surplus heat generated during the oxidation reac¬ 
tions be absorbed by the injection of a water spray into the spaces between the 
successive catalyst zones. The evaporation of the water by the hot gases thus 
reduces their temperature. 

Temperature control is also obtained by allowing oxidation to proceed in 
steps. The gases are first passed over a less active catalyst at a moderate tem¬ 
perature and then over a more active catalyst.’® The heat of reaction from the 
first step thus heats the gases to an appropriate temperature ’ for the second step. 
For example, naphthalene vapors and air are led first over vanadic acid on metal¬ 
lic granules at 320° C. and then over vanadic acid on powdered kieselguhr at 
350° to 410° C. 

Crude phthalic anhydride can be purified in several ways. The reaction 
products coming directly from the reaction chamber are brought into contact 
with large surfaces of solid adsorbents (e.g., silica gel or pumice) which are 
maintained at a temperature low enough to prevent decomposition of the reaction 
products.” Granulated pumice or bauxite have been suggested for the removal 
of impurities in a similar manner.’® In another process the crude solid anhydride 
is vaporized into a current of air or purified flue gas at a temperature of about 
200° C. The gaseous mixture is cooled in successive stages to fractionally crystal¬ 
lize the vaporized substances.’® The crude acid or anhydride may be freed of 

” Shimose, loc. cit. 

1926. 45. 188T. U. S. Patent 1,604,739, Oct. 26, 1926; assigned to The Barrett Co.; 
Brit. Ckcm. Abs. B, 1927, 60. 

” U. S. Patent 1,599.228, Sept. 7, 1926; assigned to E. I. duPont de Nemours and Co.. Inc.; 

Chem. Abs., 1926, 20, 3460. Also British Patent 275.321, 1926; Brit. Chem. Abs^ B, 1927, 772. 

Canon and Andrews, U. S. Patent 1,689,860, Oct. 30, 1928; assigned to Selden Co.; Chem. 
Abs., 1929, 23, 156. See also, U. S. Patent 1,735,951, Nov. 19, 1929, and British Patent 282,559, 
1927; both patents assigned to Selden Co.; Chem. Abs., 1930, 24, 670; ibid., 1928, 22, 3714. 

U. S. Patent 1,685,672, Sept. 25, 1928; Brit. Chem. Abs. B, 1929, 229; U. S. Patent 1,812,341, 
June 30, 1931; Chem. Abs., 1931, 25, 5016; British Patent 306,519, 1928; Brit. Chem. Abs. B, 
1929, 628; British Patent 310,956, 1929; Brit. Chem. Abs. B, 1930, 493; all patents assigned to 
Selden Co. 

S. Patent 1,647,317, Nov. 1, 1927; Chem. Abs., 1928, 22, 242. 

»• British Patent 249,973, 1925; Chem. Abs.. 1927. 21. 1007. 

*•1. G. Farbenindustrie A.-G., German Patent 441,163, 1922; Brit. Chem. Abs. B, 1927, 903. 

” I. G. Farbenindustrie A.-Gy British Patent 272,557, 1926; Brit. Chem. Abs. B, 1928, 440. 

^ Brode and Johannsen, U. S. Patent 1,693,915, Dec. 4, 1928; assigned to Grasselli Dyestuff 
Corn.; Chem. Abs., 1929, 23, 845. See also Brode and Johannsen, U. S. Patent 1,889,945; Dec. 6, 
1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 27. 1642. 

** Andrews, U. S. Patent 1,685,624, Sept. 25, 1928; assigned to Selden Co.; Chem. Abs., 1928, 
22, 4539. 
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impurities by selective steam distillation at temperatures below which the acid 
distills.*® 

The crude product can also be treated in the solid or liquid phase with re¬ 
agents which react with the impurities and afterwards the phthalic acid is sepa¬ 
rated by distillation. These reagents may be condensing agents, for example, man¬ 
ganese dioxide or zinc chloride,*^ an aldehydic material such as trioxymethylene,** 
acid compounds, e.g., sulphuric acid,*® lactic, mucic, or citric acid®*» or sodium 
acid sulphate,** or the impurities may be selectively chlorinated to form high- 
boiling substances.*® The crude acid is also purified by distillation followed by 
extraction with toluene or xylene or mixtures of these solvents.** 

The decarboxylation of phthalic acid to yield benzoic acid has been effected 
by subjecting the vapors to the influence of splitting catalysts *** and to electronic 
discharges.**® 


Production of Anthraquinone 

Anthraquinone is of commercial importance because of its use in the prepara¬ 
tion of dyes, particularly alizarin, quinizarin and purpurin. One of the earliest 
methods of preparation on a commercial scale was the oxidation of anthracene 
by potassium dichromate and sulphuric acid.®^ 

Anthraquinone is now, however, produced by the vapor phase catalytic oxida¬ 
tion of anthracene. Thus, Jaeger *® oxidized anthracene with air in the presence 
of a zeolite catalyst at 400® to 500° C. Canon and Andrews ®® used molybdenum 
trioxide at 450° to 550° C. and kept the temperature .constant by removing the 
excess heat generated by means of a cooling medium consisting of an alloy of 
cadmium and mercury. 

Wohl ®®® oxidized anthracene to anthraquinone by passing a mixture of air 
and anthracene over a vanadium oxide catalyst supported on pumice at about 
400° C. Triphenylmethane also yielded anthraquinone, whereas toluene produced 
benzaldehyde and benzoic acid. Tar fractions containing aralkyl hydrocarbons 
were found to give a mixture of aldehydes and acids. Unsaturated hydrocarbons 
of high molecular weight such as those which occur in brown-coal tar were simi¬ 
larly converted to acids. 

••Jaeger, U. S. Patent 1,892,396, Dec. 27, 1933; assigned to Selden Co.; Chcm. Abs,, 1933, 27, 
1895; U. S. Patent 1,889,961, Dec. 6, 1932; assigned to Selden Research and Engineering Corp.; 
Chem. Abs., 1933, 27, 1640. 

Bowers, U. S. Patent 1,728,225, Sept. 17, 1929; assigned to £. I. duPont de Nemours and Co., 
Inr.: Chcm. Abs., 1929. 23, 5196. 

••Conover, U. S. Patent 1,755,242, April 22, 1930; assigned to Monsanto Chemical Works; 
Chem. Abs., 1930, 24. 2760. 

••Foster, U. S. Patent 1,817,304, Aug. 4, 1931; assigned to National Aniline and Chemical Co., 
Inc.; Brit. Chem. Abs. B, 1933, 219. 

•••Conover, U. S. Patent 1,916,657, July 4, 1933; assigned to Monsanto Chemical Co.; Chem. 
Abs.. 1933, 27, 4545. 

••Bowers, U. S. Patent 1,897,110, Feb. 14, 1933; assigned to E. I. duPont de Nemours and Co., 
Inc.; Chem. Abs.. 10.13. 27, 2695. 

••Jaeger and Canon, U. S. Patent 1,702,871, Feb. 19, 1929; Chem. Abs., 1929, 23, 1650; 
Jaeger, British Patent 285,017, 1928; Brit. Chem. Abs. B, 1929, 672; both patents assigned to Selden 
Co. See also French Patent 647,880, 1928; Chem. Abs., 1929, 23, 2449. 

•* Compagnie nationale de matifres colorautes et manuf. de produits chim. du nord reunies 
etablissements Kuhlmann, French Patent 648,163, 1927; Chem. Aos., 1929, 23, 2724. 

••• Jaeger, U. S. Patent 1,892,766, Jan. 3, 1933; assigned to Selden Co.; Chem. Abs., 1933, 27, 2160. 

•••‘Jaeger, U. S. Patent 1,909,357, May 16, 1933; assigned to Selden Co., Chcm. Abs., 1933, 
27, 3671. 

•» Levinstein. J.S.C.l., 1883. 2. 219. Kopp. Jahresberichte, 1878, 1188. 

•• U. S. Patent 1,685,635, Sept. 25, 1928; Brit. Chem. Abs. B. 1929, 200. Jaeger and Pietzsch, 
U. S. Patent 1,849,833, Mar. IS, 1932; assigned to Selden Research and Engineering Corp.; 
ettem. Abs., 1932, 26. 2748. 

••U. S. Patent 1,614,185, Jan. 11, 1927; Chem. Abs., 1927, 21, 745; Reissue 16,824, Dec. 
20, 1927. 

••* U. S. Patents 1,787,416 and 1,787,417, Dec. 30,«1930 (application date in Germany, June 22, 
1916); assigned to I. G. Farbentndustrie A.-G.; Chem. Abs., 1931, 25, 716. 
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Graver concluded that the oxides of vanadium were too energetic as cat¬ 
alysts and with them phthalic anhydride was the main product in the oxidation 
of anthracene. The oxides of molybdenum, uranium, or other metals of the 
fifth and sixth groups in the periodic system were more satisfactory. Best re¬ 
sults were obtained by using a mixture of such oxides. The optimum tempera¬ 
ture for oxidation is about 475° C. and the time of contact of the gases with 
the catalyst about 0.5 second. 

Instead of using air alone, the oxides of nitrogen together with air furnish 
a convenient oxidizing gas. In one process these oxides are absorbed by basic 
oxides, such as zinc or copper oxide, and the resulting compounds mixed with 
anthracene. The mixture is heated to 250° to 350° C. and a stream of air passed 
through the mass. In this manner anthracene is oxidized to anthraquinone.®^ 
Nitrogen oxides may be dissolved in nitrobenzene and anthracene added slowly 
to the solution. After standing for some time the excess oxides are removed by 
heating to 100° C. On cooling the nitrobenzene, crystals of anthraquinone sep¬ 
arate and are freed ^f the solvent by filtration. Additional anthraquinone is 
obtained by steam distillation of the nitrobenzene. This method of oxidation 
is not applicable to antliracene containing a large proportion of impurities, as it is 
difficult to separate anthraquinone from other substances formed on oxidation.®^ 
Small quantities of anthraquinone have also been obtained in the oxidation of 
toluene vapor, or the vaj)or of toluene-containing petroleum distillates, using 
a catalyst consisting of aluminum grains coated with vanadium pentoxide,®^ at a 
temperature of 400° C. 


Oxidation in the Liquid Phase 

Oxidation of aromatic hydrocarbons can be carried out in the liquid phase 
as well as in the vapor phase. In the preparation of phenol, benzene is emulsi¬ 
fied with an equal volume of 20 per cent sodium hydroxide solution and this 
emulsion is heated in an autoclave at 320° to 400° C. for one hour, an internal 
pressure of about 200 atmospheres being maintained.®* The oxides of uranium, 
together with tlie oxides of molybdenum, vanadium or tungsten, are used as cat¬ 
alysts. The oxygen in the air above the liquid in the autoclave is absorbed wdth 
the formation of phenol, which dissolves in the alkali. The yield of phenol is 
small. Amiel ®** heated 1 mole of benzene with 15 gram-atoms of oxygen at 460° 
to 490° C. for periods ranging from 1.4 to 2 hours. The maximum yield of 
phenol was 4.5 milligrams from 25 milligrams of benzene. At the same time, 
1.7 milligrams of 1,4-benzoquinone were formed. 

Aromatic hydrocarbons with side chains, when heated in an autoclave with 
air or oxygen under high pressure (60 atmospheres) in the presence of a solution 
of alkalies produce acids or aldehydes.®® Good stirring during heating promotes 
emulsification which, in turn, facilitates oxidation. High temperatures and long 
reaction periods, however, favor the formation of acids. Aldehydes require 


•• U. S. Patent 1,636.856, July 26. 1927; assigned to Barrett Co. 

Chem. Fabr. Grtinau, LandshofF and Meyer A.-G., German Patent 215,335, 1908; 1909, 

28. 1310. 

Jljinski, Maksorov and Elagin, J. Chem. Ind. {Moscow), 1928, 5, 469; Chem, Abs., 1928, 22, 
3888. For purification of anthracene by selective catalytic oxidation and .selective solvent action of 
furfural see Jaeger, Ind. Eng. Chem., 1928, 20, 1330; U. S. Patent 1,920,796, .\ug. 1, 1933; assigned 
to Selden Co.; Chem. Abs., 1933, 27, 4813. 

Bowen and Nash. J. Inst. Pet. Tech., 1928, 14. 106. 

•♦Hale, U. S. Patent 1,595,299, Aug. 10, 1926; assigned to Dow Chemical Co.; Brit. Chem. Abs. 
B, 1926, 910. 

Compt. rend., 1933, 196, 1896; Chem. Abs., 1933, 27, 4530. Cf. Amici, Compt. rend., 1933, 
196. 1122; Brit. Chem. Abs. A, 1933, 600; Newitt and Saego, Chem. and Ind., 1933, 645. 

"■Fischer, German Patent 364,442, 1919; J.S.C.I., 1923, 42, 576A. 
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lower temperatures and shorter reaction periods and also continuous removal 
of the hydrocarbon, in which the aldehyde is soluble. Compounds which arc 
oxygen carriers may be used as catalysts. 

Alkylbenzenes having a side chain of two or more carbon atoms can be 
oxidized in the liquid phase with air or oxygen in the presence of catalysts such 
as the oxides or hydroxides of silver, copper, zinc and other metals, or the ace¬ 
tates, stearates or resinates of iron and manganese.®® The temperature varies 
with the hydrocarbon being treated, the range generally being from about 50® C. 
to the boiling point of the hydrocarbon. As an example of the"products obtained 
by this process, ethylbenzene at 120° to 140° C. is oxidized to a mixture of 
acetophenone and methylphenylcarbinol. 

The oxidation of ethylbenzene in the liquid phase has been studied by 
Stephens ®®» and King, Swann and Keyes.®®** The best yield of acetophenone was 
obtained with manganese acetate as catalyst, although acetic anhydride and to 
some extent, cerium oxide, also accelerated the oxidation. 

Senseman and Stubbs ®®« investigated both the vapor- atid liquid-phase oxida¬ 
tion of p-cyjnene. Vanadium pentoxide supported on porcelain was employed at 
300° to 400° C. as a catalyst for the vapor-phase and manganese dioxide at 
140° to 160° C. for the liquid-phase oxidation. The products in either case were 
p-toluic acid, terephthalic acid, acetic acid, formaldehyde, carbon dioxide and 
water. p-Tolyl methyl ketone was also found in the liquid-phase reaction prod¬ 
ucts. Senseman and Stubbs ®®‘* also carried out the liquid-phase oxidation of 
ethylbenzene at temperatures of 102° to 104° C. in the presence of manganese di¬ 
oxide. Acetophenone, benzoic acid, phenylmethylcarbinol, formaldehyde, carbon 
dioxide and water resulted. 

Oxygenated products of hydroaromatic compounds are made by oxidation at 
relatively low temperatures in the presence of mild catalytic agents. Thus, 
o-ketotctrahydronaphthalene and other oxidation products are obtained at tem¬ 
peratures below 130° C. with oxygen or.other oxidizing agents with catalysts 
such as the salts or oxides of manganese or copper.®^ 

Aromatic hydrocarbons are oxidized with oxygen under the influence of light 
in the presence of anthraquinone or chloroanthraquinones.®® By the addition of 
acetic anhydride, or acetyl chloride or other substances whicli react with the 
final or intermediate oxidation products, derivatives of the oxidation products, 
such as esters, can be obtained directly. 

In the oxidation of aromatic alcohols with gaseous oxygen Stephens ®® noted 
that three reactions appear to take place: (1) a small proportion of the alcohol 
is oxidized.directly to ketones; (2) high-boiling compounds are formed which cor¬ 
respond to two molecules of the alcohol less one molecule of water, this reac¬ 
tion taking place to the largest extent; and (3) the formation of unsaturated 
compounds by dehydration. All three of these reactions are completely inhibited 
by the presence of excess water. The alcohols used in this investigation were 
methylphenylcarbinol, ethylphenylcarbinol, dimethylphenylcarbinol and others of 
a similar type. 

I. G. Farbenindustrie A.-G., British Patent 309,005, 1927; Brit. CAem, Abs. B. 1929. 917. 
See also French Patent 676,826, 1929; Chem, Abs., 1930, 24. 3022. 

*^J.A.C.S., 1926, 28, 1824; ibid., 1926, 48, 2920; ibid., 1928, 50, 2523. 

Ind. Eng. Chem., 1929, 21, 1227. 

^Ind. Eng. Chem., 1931, 23, 1129, ibid., 1932, 24, 1184. 

•*^Jnd. Eng. Chem., 1933. 25, 1286. 

^’^Hess and Felser, German Patent 520,290, 1925; assigned to J. D. Riedel-E.de Haen A.-G.; 
Chem. Abs., 1931, 25. 2740. 

** Eckert, British Patent 182,487, 1922; Chem. Abs., 1922, 16, 4214. 

" J.A.C.S., 1928, SO, 186. See also Nozicka, British Patent 354,096, 1930; assigned to Kreidl, 
Rosen and Rutter, (Verein. Chem. Fabr. Kreidl, Heller & Co.); Brit. Chem. Abs. B, 1931, 1133. 
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Electrochemical Oxidation 


Many attempts have been made to utilize the electric current as the oxidizing 
agent for the commercial preparation of organic compounds. Although this 
has been done successfully in a number of processes, nevertheless, in many others 
the results have been disappointing because of low yields and the difficulty of 
regulating the oxidizing action. A great many organic compounds are oxidized 
completely in this manner, to yield carbon dioxide and water. Some of the 
factors regulating these electrolytic oxidation processes have been pointed out 
by Fichter.ioo 

Aromatic hydrocarbons such as benzene dre insoluble in aqueous solutions 
and are non-conductors. They must, therefore, be vigorously stirred with 
solutions to form exceedingly fine emulsions, which behave like true solutions. 
The final oxidation product then depends upon the construction of the apparatus, 
the type of electrodes used, and the choice of the electrolyte. These points can 
be illustrated by the following brief description of the conditions for the oxidation 
of benzene. 

The construction of the apparatus.—^With a platinum electrode and a cell which 
contains a diaphragm, benzoquinone is obtained, but in the absence of the dia¬ 
phragm, quinol is formed. 

The type of electrode.—The most vigorous oxidation is obtained with smooth 
electrodes. Peroxidized lead electrodes are next in order of activity. Graphite 
can be used, but it disintegrates mechanically, and also absorbs the organic sub¬ 
stances. Electrodes in operation often become hot and may produce undesirable 
changes in the organic materials. 

The type of electrolyte.—Dilute sulphuric acid is most generally used. It has 
been suggested that with this electrolyte the reaction is an indirect electrochemi¬ 
cal oxidation as the acid is oxidized to persulphuric acid which is then reduced 
by the organic substance. This may also apply to the use of salts of metals 
possessing more than one valence state, such as chromium, manganese, or vana¬ 
dium. Alkaline solutions often yield products entirely different from those ob¬ 
tained in acid solutions. Thus, the electrochemical oxidation of benzene in au 
alkaline solution does not yield quinones, not because they are not formed but 
because in alkaline solutions quinones are unstable and are immediately oxidized to 
hydroxyquinone-like substances. 

Anodic oxygen, however, is the strongest of all oxidizing agents. It attacks 
benzene and its homologues directly in the nucleus, changing them into phenols 
and quinones. It can also effect the linking together of two molecules by elimi¬ 
nating one atom of hydrogen from each. In addition side-chains are attacked, 
forming aldehydes and oxides. The latter substances themselves can be further 
transformed into hydroxy-acids, which in turn can undergo degradation. 

Several procedures for the electrolytic oxidation of aromatic compounds have 
been proposed. Mann and Paulson found that toluene could be oxidized to 
benzaldehyde by the electrolysis of toluene-acetic acid-nitric acid mixtures. The 
highest yield was 19 per cent. A diaphragm and electrodes of sheet platinum 
were used. Acetone, alcohol, and carbon tetrachloride were found to be unsatis¬ 
factory as solvents and the principal objection to ether was its low boiling point. 
The reaction is distinctly electrochemical, since experiments carried out under 


1929. 48. 32ST, 341T. /. chim. phys., 1926, 23. 481; Brit, Chem. Abs. A. 1926, 

912. The electrolytic oxidation of alcohols, aromatic amines and phenols has been studied by Marie 
and Leieune (Compt. rend., 1928, 187, 343; Chem. Abs., 1928, 22, 4345; 7. chim. phys., 1929, 26, 
237; Chem. Abs., 1929, 23, 4411). 

Trans. Amer. Electrochem. Sac., 1925, 47, 101; Chem. Abs., 1925, 19, 783. 
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identical conditions but without the applied electromotive force yielded no traces 
of benzaldehyde. 

Both the indirect and direct oxidation of toluene has been investigated by 
Mitchell.^®® In the former method toluene was first sulphonated to p-toluenesul- 
phonic acid. The electrolysis of a 40 per cent aqueous solution of this acid at 
100® C. yielded p-sulphobenzoic acid in quantities equivalent to 21.8 per ceAt 
current efficiency. An anode of lead wool was used. In the direct method, with 
an emulsion of toluene and a solution of 2N sulphuric acid or sodium hydroxide, 
practically no oxidation took place. The addition of various emulsifying agents 
did not help. However, when the toluene was emulsified with 55 per cent sul¬ 
phuric acid containing manganous sulphate, at a temperature of 55® C., and using 
sheet lead electrodes, benzaldehyde was produced at a current efficiency of 61 
per cent in a continuous system. With chromic sulphate under the same con¬ 
ditions benzoic acid was produced with an efficiency as high as 54 per cent. In 
these two latter treatments the toluene is oxidized by the manganic sulphate or 
chromic acid, which are the primary anodic oxidation products. A certain 
amount of cresol is also produced by the direct anodic oxidation of toluene. 

The electrochemical oxidation of xylene yields a variety of products depend¬ 
ing upon the conditions during electrolysis.^®"* Using a lead oxide anode, a lead 
cathode, and a diaphragm, the oxidation of toluene suspended in 0.5N sulphuric 
acid yielded p-toluic acid and aldehyde, p-xylenol, p-xyloquinol and p-xyloquinone. 
Without a diaphragm the products were about 70 per cent p-hydrotoluoin, 10 per 
cent iso-p-hydrotoluoin, and some p-tolylmethyl alcohol. Suspending the xylene 
in a mixture of acetone and 2N sulphuric acid the oxidation products were 
p-tolualdehyde, a trace of terephthalic acid, and a small ()uantity of w-acetylstyrene- 
p-carboxylic acid. The latter compound was formed by the condensation of 
acetone with the terephthalic acid formed by the electrochemical oxidation. 

Anthracene, suspended in dilute sulphuric acid, is oxidized only to a very 
slight extent even at 80® C. The use of ceric sulphate as a catalyst increases the 
current efficiency to only 8 to 9 per cent. With the type of anode developed 
by Rasch and Lx>wy,^®* however, a current efficiency of over 26 per cent was 
obtained. This type of electrode is prepared by inserting a paste of a finely 
ground mixture of anthracene and lead peroxide (1:3) with dilute sulphuric acid 
into the openings of the grid plate of a lead accumulator, after the grid has been 
superficially oxidized with nitric acid. This grid is then used as the anode in 
an electrolytic cell containing dilute sulphuric acid. The addition of ceric sulphate 
to the sulphuric acid increased the current efficiency to over 40 per cent with 
this anode. 

For the electrochemical oxidation of anthracene and other organic compounds 
Field suggested a catalyst made from Swedish cerite ore. The ore is treated 
with concentrated sulphuric acid at 200® C., and then with cold water. The 
precipitate formed on the addition of oxalic acid, or sodium hydroxide, and which 
contains metals of the rare earth type, is used as a catalyst. 

Miscellaneous Oxidation Reactions 

The catalytic oxidation of the nitro and halogen derivatives of toluene pro¬ 
ceeds in about the same manner as the oxidation of toluene itself.^®® Thus, in 

Trans. Amet. Elecirochem. Soc., 1929, 56, 49S; Brit. Chem. Abs. B, 1929, 972. 

Fichter and Rinderspacher, Helv. Chitn. Acta, 1926, 9, 1097; Brit. Chem. Abs. A. 1927. 48. 

Trans. Amer, Elecirochem. Soc„ 1929, 56, 477; Brit. Chem. Abs. B, 1929, 886. 

>•* British Patent 265,672, 1925; Chem. Abs., 1928. 22, 359. 

^ Maxted and Dunsby, J.C.S., 1928, 1439. 
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the oxidation of p-nitrotoluene with air at 270° to 300° C. in the presence of 
granulated tin vanadate as a catalyst a 14 to 16 per cent yield of p-nitrobenzoic 
acid was obtained. Under the same conditions o-bromotoluene yielded about 24 
per cent of o-bromobenzoic acid, and o-chlorotoluene about 14 per cent of o-chloro- 
benzoic acid. o-Nitrotoluene, however, decomposed to such an extent that very 
little or practically none of the corresponding acid could be obtained. 

Acenaphthene vapors when mixed with 9 to 12 volumes of air and passed 
over manganese dioxide or an oxide of vanadium or molybdenum at about 400° C. 
yielded a mixture of acenaphthylene, acenaphthenequinone, and napithalic an¬ 
hydride. The products could be separated by fractional condensation.^®^ Among 
the catalysts employed by Jaeger for the vapor-phase oxidation of acenaph¬ 
thene are compounds of alkali and alkaline earth metals, molybdenum, tungsten, 
uranium, chromium, iron, silver, manganese, aluminum, nickel, and cobalt. 

j8-Naphthol heated to 300° C. in contact with air in the presence of either 
tungsten or molybdenum trioxides gave 2,2'’dinaphthyl ether.^®® Under similar 
conditions but employing vanadium pentoxide, )S*dinaphthol was obtained. At 
340° C, l,T-dinaphthylene-2,2'-oxide was formed, though in the absence of air 
only the 2,2'-dinaphthyl ether was produced. When titanium dioxide was used, 
the product was mainly 2,2'-dinaphthyl ether together with some l,T-dinaphthyl- 
ene-2,2'-oxide. 

Lucas and Bibb have shown that a mixture of benzene vapor and air, 
containing a small quantity of nitric acid vapor or oxides of nitrogen as catalysts, 
passed through a tube at 600° to 750° C. yields some phenol. By regulating 
the conditions, such as rate of flow, concentration of the catalyst, and temperature 
of the tube, 5 to 5.5 per cent of the benzene was oxidized to phenol. 

Benzoic acid and p-nitrobenzoic acid are the main products if toluene is 
boiled with nitric acid.'^® Some o-nitrotoluene, carbon dioxide and traces of 
picric acid are also formed. No p-nitrotoluene was obtained as this substance is 
comparatively easily oxidized to p-nitrobenzoic acid. Little difference was noticed 
in the results obtained by oxidizing under 10 and 15 atmospheres^ pressure.“^ 
Reaction proceeds slowly at 150° C, much faster at 180° to 185° C., and above 
190° C. there is a tendency to explode. Benzoic acid was recovered almost 
quantitatively when toluene was heated with 22.5 per cent nitric acid at 180? 
to 185° C. under 10 to 20 atmospheres of oxygen. 

Oxidation of hydroaromatic compounds can be effected with nitric acid. Cy- 
clohexanol, for example, may be oxidized with 50 per cent nitric acid at 50° C. 
in the presence of a small quantity of ammonium vanadate.^^ This operation 
yields principally adipic acid, together with small proportions of both glutaric 
and succinic acids. The vapor phase oxidation of methylcyclohexanol with air 
at 300° to 400° C., using vanadic acid as a catalyst, also gives adipic acid.^^* 
A mixture of cis- and trans-hexahydro-o-phenylenediacetic acid, with some octa- 

Lewis, U. S. Patent 1,649,833, Nov. 22, 1927; assigned to National Aniline and Chemical Co.: 
Brit, Chew. Abs, B. 1928, 152. 

U. S. Patents 1,844,390 and 1,844,392, Feb. 9, 1932; Chem. Abs., 1932, 26, 1947; British Patent 
318,617, 1928; Chem. Abs., 1930, 24, 2145; Jaeger and Norton, U. S. Patent 1,844,391, Feb. 9 
1932; Chem. Abs,, 1932, 26, 1947; all patents assigned to Selden Co. 

»«»Clemo and Spence. J.C..^., 1928. 2811. 

Eng. Chem., 1929, 21, 635. 

”«Askenasy, Elod and Trogus, Ann., 1928, 461, 109; Brit. Chem. Abs. A, 1928, 746. 

See also Chemische Fabriken Worms A.-G., French Patent 529,461, 1921. 

“•Riedel, British Patent 265,959, 1927; Brit. Chem. Abs. B, 1928, 117. Cf. Schrauth, U. S. Patent 
1,921,101, Aug. 8, 1933; assigned to E. I. duPont dc Nemours & Co., Inc.; Chem. Abs. 1933 27 
5084. 

“•Deutsche Hydrierwerke A.-G., German Patent 473,960, 1926; Chem. Abs., 1929, 23, 2988. 
The action of free oxygen on hydroaromatic compounds has been discussed by Chavanne. Miller 
and Cornet (Bull. soc. chim. Bela., 1931, 40, 673; Brit. Chem. Abs. A, 1932, 372) and by Wienhaus 
{Z. angew. Chem., 1928, 41. 617). 
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hydrocinnamic-o-carboxylic acid, results from the treatment of decahydronaphthol 
with 60 per cent nitric acid at 50® C. in the presence of ammonium vanadate.^^* 
Binapfi treated tetrahydronaphthalene at 100® C. for 9 hours with air or 
oxygen in the presence of nitrocellulose and benzyl nitrate, the products being 
a-ketotetrahydronaphthalene and a-hydroxytetrahydronaphthalene. The oxidation 
of side chains of aromatic compounds such as methylbenzanthrone has been 
effected by heating them with selenious or selenic acid.^^*^ The aromatic ring is 
said to be unattacked by this treatment and the oxidation proceeds to the forma¬ 
tion of aldftyde, carboxyl or ketonic groups. 

Benzene and its homologues absorb ozone like unsaturated compounds.^^® This 
absorption, however, is not complete, even though ozone is present in large ex- 
cess.^^® Compounds such as styrene and phenylcyclohexene add ozone at the 
ethylenic linkage and when this addition is complete the nucleus is attacked. 
Acetylenic hydrocarbons, in their behavior towards ozone, are intermediate be¬ 
tween ethylenic and benzenoid hydrocarbons. Ozonizatioii curves can be used to 
distinguish sharply between these three types of hydrocarbons. 

Instead of air or oxygen, carbon dioxide can be employed in some instances 
as an oxidizing agent. For example, toluene and anthracene are oxidized to benz- 
aldehyde and anthraquinone, respectively, by conducting the vapors of these 
compounds mixed with moist carbon dioxide over vanadic acid deposited on pumice 
at 480® to 500® 

The treatment of coal with potassium permanganate at 70® to 130° C. to yield 
aromatic carboxylic acids, of which mellitic acid is the chief constituent, has 
been described by Bone and Quarendon.^^^* 

Kinney and Langlois observed that, with catalysts of the zinc-copper- 
chromium oxide type, benzene was directly carboxylated to benzoic acid at about 
300® C. under a pressure of 30 atmospheres. The yield of acid was low, how¬ 
ever, but was increased in a further study by Kinney and Ward by the use 
of a similar catalyst prepared in a different manner. In this later investigation, 
diphenylmethane, triphenylmethane, styrene, phenol, anisol (phenyl ethyl ether) 
bromobenzene, dimethylaniline, nitrobenzene, catechol, resorcinol and quinol, but 
not phenol, were also carboxylated by this treatment. Similar treatment of diiso¬ 
propylbenzene or cuminol with carbon dioxide in the presence of aluminum chlo¬ 
ride, cuprous chloride or hydrogen chloride has been said to yield diisopropyl- 
benzaldehyde,^^^** 

''♦Deutsche Hydrierwerke A.*G., German Patent 474,985, 1926; Chem. Abs., 1929, 23, 2988. 

“♦• German Patent 537,434, 1929; Chem. Abs., 1932, 26, 1296; German Patent 539,476, 1929; 
Chem. Abs., 19.32, 26. 1614; both patents assigned to I. G. Farbenindustrie A.-G. 

“♦•» I. G. Farbenindustrie A.-G,, British Patent 347,743, 1930; Chem. Abs., 1932. 26, 2748. 

'“Harries and Weiss, Ber., 1904, 37, 3431. Houzeau and Renard. Compt. rend., 1873, 76, 572; 
Renard, ibid., 1895, 120, 1177. Leeds, Ber., 1881, 14, 975. 

»*• llrus and Peyresblanques, Compt. rend., 1930, 190, 685; Brit. Chem. Abs. A, 1930, 588. 

Schmidt, Seydel and Ufer, German Patent 408,184, 1920; assigned to Badische Anilin- und 
Soda-Fabrik; J.S.C.I., 1925, 44, 475B. 

'“•British Patent 286,006, 1925; assigned to Gas Light and Coke Co.; Brit. Chem. Abs. B, 
1927, 402. 

^^^J.A.C.S., 1931, S3, 2189. 

J.A.C.S.. 1933, 55, 3796. 

' '“4 I, G. Farbenindustrie A.-G., British Patent 293,703, 1927; Chem. Abs., 1929, 23, 1649. 



Chapter 42 

Production of Acids from Petroleum Hydrocarbons 


Methods of producing acids frpm hydrocarbons by oxidation may be classified 
roughly into three main divisions: 

(1) The oxidation of hydrocarbons by air, oxygen, nitrogen dioxide, or other 
gaseous oxidizing agents. This type of reaction may be accelerated by catalysts, 
and the hydrocarbons can be gases, liquids or 3 oIids. This method appears to be 
most promising from an industrial point of view. 

(2) The oxidation of hydrocarbons by ozone. The low yields generally ob¬ 
tained by this method appear to limit its application materially. 

(3) The conversion of halogen derivatives of the hydrocarbons, particularly 
chlorides, to unsaturated compounds and subsequently to acids by oxidation. This 
method is perhaps too complicated for any extensive industrial adaptation. 

In this chapter the production of acids from both gaseous and liquid hydro¬ 
carbons by vapor and liquid phase oxidation !s discussed. Some oxidation proc¬ 
esses which yield acids and a variety of other products have also been mentioned 
in a preceding chapter (36). The oxidation of solid hydrocarbons (such as 
paraffin wax) is described in the next chapter. The acids obtained from heavy 
petroleum distillates resemble, more or less, the “wax acids’" produced from paraffin 
wax.^ 


Oxidation of Gaseous Hydrocarbons 

Methane can be oxidized to formaldehyde, as described in Chapter 38, and 
formaldehyde to formic acid. Numerous attempts have been made to produce 
formic acid by reaction between carbon monoxide and water, thus: 


(1) CH. + O, —CO + HaO + Ha 

(2) CO + HaO —HCOOH ' 


Reaction (1) is, of course, that involved in the partial oxidation of methane to 
produce hydrogen from natural gas.* Reaction (2), however, is a reaction not 
particularly pertinent to this chapter. Syntheses with carbon monoxide * are 
too far removed from the scope of this volume, hence only a few which pertain 
to the production of formic acid are given. 

Nielsen * proposed to effect the partial oxidation of methane to formic acid in 
the presence of a copper suboxide catalyst at temperatures which are said to 


' Danaila and Boltus Goruneanu {Bui. chim. soc. romana stiinte, 1929, 31, 133-200; Chem. Abs., 
1930, 24, 2282; Chem. Zentr., 1931, 1, 1393) believed that only the acids from paraffin wax can have 
practical application—those from mineral oils being semi-solid acids resembling humic acids, of 
objectionable odor and color, which they state are useless in the manufacture of soap. These investiga¬ 
tors reviewed the literature from 1855. 

* This reaction is discussed more completely in Ellis, "Hydrogenation of Organic Substances," 
D. Van Nostrand Co., Inc., New Yorl^ 1930, 771; see also Chapter 8 of this book: Marek and 
Hahn, "Catalytic Oxidation of Organic Compounds in the Vapor Phase,” Chemical Catalog Co.. Inc 
New York, 1932. 259. 

* For detailed information on this subject see Ellis, op. cit., 652, et sea. 

*U. S. Patent 1,665,175, Apr. 3, 1928; Chem. Abs., 1928, 22. 1832. See also Nielsen. U. S. 
Patent 1,672,081, June 5, 1928; British Patent 198,385, 1921; J.S.C.I., 1923, 42, 760A. 
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. range from 250® to 800® C. The process is not continuous since the catalyst 
becomes reduced and requires reoxidation. 

Dreyfus ® stated that wjien methane together with carbon monoxide or carbon 
dioxide is passed under pressure over heated catalysts, a mixture of acetic acid, 
acetaldehyde, and acetone is formed. The temperature during the reaction can 
range between 120® and 350® C., and the pressure from 12 to 500 atmospheres. 
The catalysts may be (1) copper, iron, nickel, cobalt, platinum, palladium, plati¬ 
num or palladium black, ferrites, ferrates, cobaltites or cobaltates of alkali or 
alkaline earth metals used in conjunction with zinc, magnesium, calcium, alumi- 
num, chromium, molybdenum and vanadium or (2) carbonates which dissociate 
below 500° C., as for example nickel carbonate. 

The reactions involved in this process have been known for a long time.® 
Moldavski,^ by thermodynamic calculations ® and by experiment, showed that this 
procedure is not feasible economically. In his tests, Moldavski obtained an acetic 
acid yield of 0.00001 per cent on passing the gases once over a catalyst made 
by heating nickel formate to 200® to 250® C.® 

Acetaldehyde, which is one of the partial oxidation products of gaseous hydro¬ 
carbons (see Chapter 38), can be further oxidized to acetic acid by passing its 
vapors together with air over copper or platinum at 150® to 200® The 

oxidation of acetaldehyde or its solutions can also be effected by conducting the 
vapors countercurrent to a stream of air through a series of towers maintained 
at gradually increasing temperatures.^^ 

In a study of the oxidation of acetaldehyde with oxygen, Pease came to 
the following conclusions: (1) Peracetic acid is the largest product except 
when the reaction vessel is coated with potassium chloride; (2) the reaction is 
accelerated by broken glass packing, and by coating the vessel with potassium 
chloride; (3) the reaction is inhibited by ethyl alcohol vapor but not by water 
vapor. Nitrogen, hydrogen and ethane are without effect on the rate. (4) The 
initial rate is proportional to the square of the acetaldehyde concentration and 
independent of the oxygen concentration. (5) The reaction is auto-accelerated 
and is believed to be of the chain type, with chains starting on the walls and 
ending in the gas phase. 

Butyraldehyde may also be oxidized by oxygen producing butyric acid.^® 

The indirect oxidation of ethylene to acetic acid can be effected by converting 
it to ethyl alcohol (see Chapter 13) which can then be oxidized to acetic acid 
either (1) electrolytically^ (2) with chromic acid or potassium permanganate, or 
(3) by air.^^ Strache^® described a method in which unsaturated hydrocarbons. 


“British Patent 226,248, 1923; Chem. Ahs., 1925, 19, 2057. See also French Patent 581.908, 
1924; French Patent 737,610, 1932; Chem. Abs., 1933, 27, 1642; Quim. e ind., 1930, 305; Mullm 
and Hunter, Chemical Markets, 1931, 29, 380, 482; Chem. Abs., 1932. 26, 1897; Dreyfus and Pader, 
U. S. Patents 1,864,531 and 1,864,643, June 28, 1932; assigned to Celanese Corp. of America; Chem 
Ahs.. 19.32. 26. 4.346. 

•See Pasquin, Metallhdrse, 1932, 22, 563; Chem. Abs., 1932, 26, 3879; Dreyfus. British Patent 
337,014, 1929; Brit. Chem. Abs. B, 1931, 148; British Patent 337,410, 1929; Brit. Chem. Abs B 
1931, 194. 

»/. Appl. Chem. (U.S.S.R.), 1931, 4, 667; Chem. Abs.. 1932, 26. 964. 

» The possihility of synthesizing carboxylic acids from aromatic hydrocarbons and carbon dioxide 
has also been shown to be thermodynamically impossible by Parks and Huffman, and by Bonner (per¬ 
sonal communication). 

® Cf. Pasquin, toe. cit. 

‘•Dreyfus, British Patents 105.065. 1917; Chem. Abs., 1917, 11, 2137; British Patent 108 459 
1918; Chem. Abs., 1917. 11, 3041; British Patent 110,545, 1919; Chem. Abs., 1918, 12, 484. ’ See 
Marek and Hahn. op. cit., 97. 

“Young and Hcrrly, U.S. Patent 1,620,180, Mar. 8, 1927; assigned to Carbide and Carbon Chemi¬ 
cals Corp.; Brtt. Chem. Abs. B, 1927. 378. 

^^J.A.C.S., 1933. $5. 2753. 

“ Young. Canadian Patent 245,157, 1924; Chem. Abs., 1925, 19. 657. * 

” i^e Usher and Venkateswaran. J.S.C.I., 1918, 37, 194R. 

“British Patent 147,905, 1920; Chem. Abs., 1921, 15, 168; German Patent 344 877 1917* JSCT 
1922. 41. 210A. ’ ’ * 
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obtained from a variety of sources, are esterified with a mineral acid, such as 
sulphuric acid, and then oxidized with potassium dichromate. Volatile acids can 
be separated from the products by steam-distillation. 

Acetic acid may be produced from acetylene by passing this gas together 
with hydrogen and air, the latter being added in stages, over the vanadates of 
tin, silver, or mercury at 200° to 250° C. 

Oxidation of Liquid Hydrocarbons in the Liquid Phase 

One of the earliest investigators of the production of organic acids from 
petroleum hydrocarbons was Schaal.^^ His wort: included the oxidation of not 
only petroleum hydrocarbons but also those resulting from the distillation of coal, 
shale and peat. In the oxidation air was passed into a mixture of hydrocarbons 
and alkalies, such as the carbonates or hydroxides of the alkali or alkaline earth 
metals, heated under pressure. Additional aikali was added from time to time 
during the heating so as to maintain always a slight excess. Copper was found 
to be a good catalyst. Pumice, infusorial earth, sodium chloride and sulphate 
also aided the reaction. After the oxidation, the soluble materials were removed 
with as little water as possible, leaving the acids dissolved in the petroleum. 
These acids were then extracted with alkalies and afterwards liberated by the 
addition of mineral acids.^* 

In several instances the hydrocarbons were difficult to oxidize, in which event 
oxidation was started by the use of bleaching powder. With this reagent the 
hydrocarbon mixture had to be cooled frequently to avoid too violent a reaction. 
At the end of the oxidation the lime was removed with hydrochloric acid and 
the organic acids were extracted from the oil with alkalies. The residual oil 
could then be oxidized further with air. 

Loffl^® oxidized petroleum fractions at 115° to 120° C. under 3 atmospheres 
pressure in the presence of water,^® Lead and mercury compounds were recom¬ 
mended as catalysts. The products were acids together with some aldehydes and 
ketones, which were fractionated by distillation up to 200° C. with superheated 
steam and then by steam distillation in vacuo. 

Zerner produced acids by the oxidation of liquid hydrocarbons obtained on 
the distillation of petroleum in the following manner: the hydrocarbon was 
treated with liquid sulphur dioxide, to remove unsaturated compounds, and then 
blown with air or other oxygen-containing gases, in the presence of bases. Fum¬ 
ing sulphuric acid can be used in place of liquid sulphur dioxide to remove 
constituents which form resinous or asphaltic substances. This preliminary re¬ 
fining, however, may be eliminated in one of two ways: (1) the reaction-promoting 
agents which are formed by blowing the liquid hydrocarbons in an acid medium 
are added to the hydrocarbons before treating in the presence of a base, or 
(2) the liquid hydrocarbons may be blown first in the presence of an acid and 
the treatment afterwards continued in the presence of a base.®* The refining 
may be eliminated entirely if oxidation is carried out in steps in the presence of 

I. G. Farbenindustric A.-G., Ilriti.sh Patent 304,855, 1927; Brit. Chetn. /tbs. B, 1929', 315. 

»» British Patent 12,806, 1884; J.S.C.I., 1885, 4, 679; U. S. Patent 335,962, Feb. 9, 1886; 
German Patent 32,705, 1884. 

For a method of acid separation by alkali treatment see Standard Oil Development Co., French 
Patent 658,417, 1928; Chem. Abs., 1929, 23, 5195. 

^•Chetn. Ztg., 1920, 44. 561; J.S.C.I., 1920, 39, 604A. 

>• Water was also observed to increase the oxidizability of Caucasian petroleums. (Ivanov and 
Petin, /. Gen. Chem. Russia. 1931, 1. 704; Brit. Ghent. Abs. B, 1932, 409). 

"British Patent 174,611, 1921; Chem. Abs., 1922, 16, 1878. U. S. Patent 1,436,136, Nov. 21, 
1923: Ghent. Abs., 1923, 17. 63. 

^ Winternitz, Rullinger and Teichner, British Patent 174,642, 1922; Chetn. Abs., 1922, 16, 
1878. 
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a base and detrimental reaction products are removed between steps by filtration.*® 
Luther and Harder *“• suggested a preliminary purification of paraffin or naph¬ 
thene hydrocarbons by treating with dilute nitric acid at 80® to 100° C., and sub¬ 
sequently with concentrated sulphuric acid. Pressure hydrogenation in the pres¬ 
ence of metals of groups IV to VII have been proposed for the removal of 
sulphur compounds prior to oxidation of hydrocarbons by air with a manganese 
stearate catalyst.*®** 

Oxidation of Caucasian oil at 140® C. by air in the presence of fuming sul¬ 
phuric acid yielded about 5 per cent crude acids.** Of the crude acids approxi¬ 
mately 60 per cent was soluble in benzene and the remainder, acids and resins, 
was insoluble.*® 

The work of Tuichinin and Ivanov*® indicated that treatment with liquid 
sulphur dioxide or with 50 per cent alcohol increased the oxidizability of a Baku 
gas oil more than did anhydrous sulphuric acid. Poor results were obtained with 
oleum, however. 

In comparing the catalytic action of various metals, Petrov, Danilovich and 
Rabinovich*^ oxidized petrolatum oil at 100® to 105® C. in the presence of 
powdered lead, iron and zinc. Of these metals, lead proved to be the best, yield¬ 
ing about 2.6 to 3.6 per cent acids. With the other metals the yields were less 
or no more acids (0.41 to 0.7 per cent) than were produced in the absence of 
the catalyst. The oil, however, after being refined with sulphuric acid and 
alkali, was not oxidized when exposed to a current of air for 49 hours at 100® C, 
either in the presence or absence of zinc or iron. Lead catalyzed the formation 
of hydroxy-acids which were insoluble in benzene. 

Arditti ** observed that with zinc and lead, oxidation of paraffin oil at 130® C. 
is faster at first but after some time it becomes even slower than in the absence 
of a metallic catalyst. Copper and nickel definitely hasten the reaction but sulphur 
retards it. 

In the oxidation of paraffin oils, Tutiinnikoff *® used manganic oxide, man¬ 
ganese dioxide, and red lead oxide as catalysts. The lead oxide was found to 
be the best catalyst. By long passage of air it was possible to oxidize 90 per 
cent of the oil. The paraffin oil yielded chiefly saturated acids. 

Metallic salts of organic acids are also used as oxidation catalysts. For ex¬ 
ample, Teichner ®® oxidized Galician spindle oil which had been freed of unsatu¬ 
rated compounds by treatment with 20 per cent oleum, with air or oxygen at 
110® C. in the presence of zinc stearate. 

Liquid petroleum hydrocarbons are oxidized under a pressure of 100 to 320 
pounds per square inch, at temperatures of about 120° to 130° C., with manganese 
stearate or oleate as a catalyst, in a method developed by Burwell.®^ If oxida- 


•* Winternitz, Bullinger and Teichner, British Patent 174,643, 1922; Chem. Ahs., 1922, IS. 
1878. 

German Patent 566,449, 1929; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs.. 1933, 27, 

991. 

“*» I. G. Farbenindustrie A.-G., British Patent 363,711, 1930; Brit. Chem. Ahs. B, 1932, 249. 
•♦Petrov and Danilovich, Trans. Karpov. Inst. Chem. {Russia), 1925, 4, 143; Chcm.-Abs., 1926, 
20, 1512. 

••Resinous substances, as pointed out by Tschernoshukov {Inestia Thermo-Tech. Inst., Moscow, 
1928, 6, 7; Brit. Chem. Ahs. B, 1929, 85) may result from acids by loss of carbon dioxide and 
subseouent condensation of the unsaturated hydrocarbons thus formed and also by condensations 
of aldehydes. 

•*N^t. Khoz., 1930, 18, 979; Brit. Chem. Abs. B, 1931, 284. 

3074. Also Trans. Karpov. Jnst. 

Chem., 1926, No. 5. 81; Chem. Abs., 1928, 22, 2073. 

"Compt. rend., 1931, 193. 589: Chem. Abs., 1932. 28, 1234. 

^Z. angew. Chem., 1924, 37, 300; Chem. Abs., 1924, 18, 2423. 

•• British Patent 148,358, 1920; Canadian Patent 218,215, 1922; U. S. Patent 1.436.214. Nov 21 
1922; Ciitm. Abs., 1923. 17, 631. 

•• U. S. Patents 1,690.768 and 1,690,769, Nov. 6, 1928; Chem. Abs., 1929, 23. 509. U S 
Patent 1,828,356. Oct. 20, 1931; Chem. Abs., 1932, 28. 737. British Patents 309,382, 309.383, and 
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tion is carried on until about 20 per cent of the hydrocarbons are oxidized, the 
products are principally the simple carboxylic acids. Hydroxy-acids predominate 
when the oxidation is conducted to the extent of about 80 per cent. The type 
of distillate being oxidized also determines to some extent the kind of acid which 
will be present in the larger proportion. The two types of acids may be sepa¬ 
rated in several ways: In one method, fresh oil is added to the oxidized 
mixture. The simple carboxylic acids are thus dissolved and the hydroxy-acids 
can then be withdrawn. The mixed acids can also be separated with concen¬ 
trated sulphuric acid, which dissolves the hydroxy-acids but not the simple car¬ 
boxylic acids.®® It is also possible to partially oxidize the hydrocarbons, withdraw 
the products insoluble in the hydrocarbon mixture, and then continue oxidation. 
The products obtained by the oxidation of a 42f® Be distillate from Pennsylvania 
crude oil by Burwell’s procedure were: 5 per cent formic acid, 5 per cent of 
acids varying from C 7 H 14 O 2 to Ci 2 H 240 a, and 90 to 95 per cent of liquid acids 
having an average molecular weight greater, than 345. 

Dietrich destroyed hydroxy acids by heating the oxidation products of 
high molecular hydrocarbons in the presence of catalysts which have a dehydrat¬ 
ing effect. For instance, the crude product obtained from the oxidation of gas 
oil was heated for 4 hours at 250® C. and under 50 atmospheres pressure in the 
presence of naphthalenemonosulphonic acid, nickel and hydrogen. The solubility 
of the initial substance in petroleum ether changed from 58.2 to 91.8 per cent, 
and the iodine value from 17.8 to 46.7. 

In addition to the metallic salts of fatty acids, Petrov and his collaborators®® 
showed that metallic salts of naphthenic acids also can be used for the oxidation 
of oils. With an acid-treated Caucasian oil the yield of acids on oxidatjon was 
considerably increased by the presence of cobalt naphthenate. This same sub¬ 
stance also produced a much higher yield of acids than did lead, which had 
proven to be the best metallic catalyst.®® The activities of various naphthenates 
were compared by these same investigators. Manganese naphthenates were the 
most and zinc naphthenates the least active. Copper and lead naphthenates were 
intermediate in activity.®^ The manganese salts of sulplio-acids of high molecular 
weight were the most active catalysts. It was observed that oils refined with sul¬ 
phuric acid were oxidized to about the same extent as unrefined oils. The former, 
however, yielded the larger quantity of soluble acids and the latter gave more 
hydroxy-acids. Distilled oils which were highly refined with sulphuric acid were 
not oxidized in the absence of a catalyst but darkened as a result of decomposi¬ 
tion. The oxidizability of an acid-treated oil, however, can be increased also by 
the addition of the lithium, sodium, potassium, or iron salts of naphthenic acids.®* 

309,384. 1927; CItem. Abs., 1930, 24, 717; see also U. S. Patent 1,770.875, July 15, 1930; Chem. Abs., 
1930, 24, 4647; U. S. Patent 1,895,374, Jan. 24, 1933; Chem. Abs., 1933, 27, 2572; all patents 
as.signed to AloX Chemical Co. 

Stetzenko and Buman (Masloboino-Zhirovoe Deh, 1932, No. 9, 18; Chem. Abs., 1933, 27, 
3354) found that the detergency of hydroxy-acids which form in the oxidation of solar oils is about 
eouni to that of the carlxixytic acids, hence, this separation mav not he necessary in many cases in 
which the acids are to be used in soap manufacture. The acids had about one-half to one-third the 
detergent power of fatty acid soaps and were similar in properties to the soaps of naphthenic acids. 
See also Hellthaler and Peter, German Patent 546,913, 1933; Chem. Abs., 1933, 27, 4249; Dovankov, 
Masloboino-Zhirovoe Deh. 1932, No. 1, 54; Brit. Chem. Abs. B, 1933, 27, 661. 

** C/. Dovankov, Masloboino-Zhirovoe Deh, 1932, No. 1, 54; Chem. Abs., 1932, 26, 4704; ibid., 
1933. 27. 2424. 

’^German Patent 575,950, 1933; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933, 
27 . 481 . 3 . 

’’^Petrov, Danilovich and Rabinovich, Trans. Karpov. Inst. Chem. (Russia), 1925. 4, 143; 
Chem. Abs., 1926, 20, 1512. Trans. Karpov. Inst. Chem. (Russia), 1926, 5, 81; Chem. Abs., 1928, 
22, 2073. 

"Petrov, Danilovich and Rabinovich, Seifensieder-Ztg., 1926, 53, 475, 494; Chem. Abs., 1926, 
20, 3074. 

Petrov, Danilovich and Rabinovich, Papers Karpov, Chem. Jnst., Bach Mem. Vol., 1927, 157; 
lirit. Chem. Abs. B, 1929, 7. 

" Tuichinin and Ivanov, Neft. Khog., 1930, 18, 979; Brit. Chem. Abs, B, 1931, 284. 
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Dietrich and Harder*** obtained high-molecular oxygenated compounds by 
oxidizing Pennsylvania middle oil with a five-stage air treatment at 160® C. in 
the presence of manganese naphthenate. The mixture obtained was first treated 
with sodium hydroxide to remove the acids formed and then the residue hydro¬ 
genated at 200® C. with a nickel-kieselguhr catalyst. On shaking the resulting 
mixture with liquid sulphur dioxide, two layers formed, the upper containing 
hydrocarbons of hydroxyl number 1.3, and the lower, alcohols of hydroxyl 
number 95. 

In oxidizing mineral oils to acids, Zerner *® used, among other catalysts, man¬ 
ganese resinate and turpentine. Only catalysts containing a* metal, especially 
manganese, were found to start the oxidation at low temperatures, and variations 
in the quantities of catalyst used, from 0.1 to 5 per cent, made little difference. 
He considered the disagreeable odor of the products to be a disadvantage in their 
use for soap making. 

As catalysts for the oxidation of mineral oils to acids, acetylacetonates of 
manganese, cerium, nickel, cobalt, or zinc have also been suggested.*®. Metallic 
oxides may be added at the same time. 

Luther and Klein*®* suggested the use of aliphatic saturated carboxylic acids 
containing up to four carbon atoms in the molecule. They subjected the hydro¬ 
carbons in the liquid phase, to which had been added from 2 to 20 per cent of 
formic, acetic, or propionic acid, to treatment with oxidizing gases at 80® to 
200° C. under pressures as high as 50 atmospheres. Resinates or oleates of alkali 
or alkaline-earth metals, aluminum, magnesium or manganese, and solid bodies 
of aluminum, or inert bodies such as glass and porcelain, may be employed as 
catalysts. Explosions are prevented by controlling the ratio of oxidizing gas to 
the hydrocarbon liquid by dilution with an inert gas, such as carbon dioxide. 
In this method esters are formed by the reaction of the resulting alcohols and 
the added acids. The esters are not attacked by the oxidizing agents and no 
resinification or polymerization takes place. 

Activated carbon, obtained from vegetable raw material in such a manner 
that the structure of the raw material is retained, has also been proposed as a 
catalyst for the oxidation of oils.*^ The carbonized material may be used in one 
of three ways: (1) It is mixed with the liquid and the mixture under pressure 
is treated with the oxidizing gas. (2) The liquid and gas can be passed, counter- 
currently, through a column filled with the granular carbon. Or, (3) the carbon 
can be made to adsorb the oxidizing gas, for example, at low temperatures under 
pressure, and the liquid is then treated with the charged carbon. 

Yamada ** studied the effect of oxidation at 130° C. on the acid saponification 
and acetyl values of a petrolatum and a switch oil. These values increase almost 
linearly with the time, but the acetyl value of the unsaponifiable fraction shows 
a definite maximum. 

*** German Patent 559.522, 1930; assigned to I. G. Farbenindustrie A.-G.; Chetn. Ahs., 1933, 27, 
730. 

^ Chetn. Age, 1930, 23, 254. See also Flammer and Kelber, German Patent 406,866, 1919 ; 

1925, 44. 338B. 

^Luther and Klein, U. S. Patent 1,872,774, Aug. 23, 1932; Chetn. Abs., 1932, 26, 5963; British 
Patent 303,268, 1927; Chetn. Abs., 1929, 23, 4567; both patents assigned to 1. G. Farbenindustrie 
A.-G. 

U. S. Patent 1,864,079, June 21, 1932; Chetn. Abs., 1932, 26, 4343; cf. British Patent 345,391, 
1930; Brit. Chetn. Abs. B, 1931, 666; addition to British Patent 312,388. 1928; Brit. Chetn. Abs. B, 
1929, 746; German Patent 570.732, 1933; Chetn. Abs., 1933, 27, 4238; German Patent 539,572. 1928; 
Chem. Abs., 1932, 26, 2194; all patents assigned to I. G. Farbenindustrie A.-G.; Dietrich and Luther. 
German Patent 581,238, 1933; assigned to I. G. Farbenindustrie A.-G.; Chetn, Abs., 1933, 27, 5082. 
I. G. Farbenindustrie A.-G. (British Patent 353.047, 1930; Brit, Chetn. Abs. B, 1931, 1132) applies 
this same method in treating hydrocarbons with boiling point above 180* C. (see Chapter 43). 

** Algemeene Norit Maatschappij, British Patent 188,667, 1923; Chem. Abs., 1923. 17, 1678. 

** J. Soc. Chem. 2nd. Japan, 1931, 34, 188B; Brit. Chem. Abs. B, 1931, 829. 
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Oxidation of Liquid Hydrocarbons in the Vapor Phase 

The vapor-phase oxidation of light distillates has been discussed in Chapter 36. 
Examples are described by Ellis,in which a petroleum distillate is cracked by 
being passed through a heated zone and the vapors are mixed with air, or oxygen, 
and conducted over a heated catalyst. -Both mono- and di-basic acids, such as 
formic, acetic, maleic and phthalic, are obtained. Shimose** also showed that 
vapor-phase catal 3 rtic oxidation of both saturated and unsaturated hydrocarbons 
leads to the production principally of maleic acid, together with carbon dioxide 
and formaldehyde. 

Schill and Seilacher^® dispersed heated grease or oil in the form of a spray 
with a hot blast of air. Part of the spray condenses immediately, but the greater 
portion is passed through a series of chambers, allowing longer contact for oxida¬ 
tion. Ozonized air or a mixture of ammonia and air can be used. The products 
may be employed in the manufacture of leather and soap, and in dyeing as a sub¬ 
stitute for toumante oil. 

In a process developed by Walter^® the petroleum distillate, boiling above 
300° C., is sprayed into a current of air mixed with steam. After being con¬ 
ducted over a catalyst, consisting of asbestos coated with finely divided copper 
oxide, which is kept at a red heat, the mixture is cooled in a condensing ap¬ 
paratus. By regulating the proportions of air and steam it is possible to keep 
the catalyst at a red heat without the application of heat from an outside source. 
The aqueous layer of condensed products contains acetic acid and its homologues. 
From the oily top layer it is possible to extract the water-insoluble acids with 
alkaline solutions. Aldehydes can be separated from the organic acids with 
sodium bisulphite. 

This method of oxidizing liquid petroleum distillates has been modified as 
follows: The liquid is sprayed through atomizers into the top of a tower 

which is kept at 80° C. and is packed with pumice impregnated with nickel oxide. 
At the bottom of the tower either oxygen or oxygen diluted with nitrogen is in¬ 
troduced. The gases leave the tower at the upper end and, after passing through 
condensers and scrubbers, can be used over again with the addition of fresh 
oxygen. The hydrocarbons pass out of the lower end of the tower into reservoirs, 
and from there through the apparatus again until sufficient oxidation has been 
effected. This method of oxidation favors the production of high molecular 
weight, water-insoluble acids. Blowing of the distillate results in the formation 
of considerable quantities of alcohols, esters, and low molecular weight, water- 
soluble acids. 

To oxidize low-boiling aliphatic hydrocarbons to acids Wiezevich and Tan- 
nich circulated the gases together with air through a non-catalytic partial 
oxidation zone under pressures of 300 to 3000 pounds per square inch at tem¬ 
peratures of 200° to 600° C. 

Aldehyde-acids have been found to form as the principal products when liquid 
hydrocarbons are oxidized at high temperatures. To produce aldehydes and 

«U. S. Patent 1,516,720, Nov. 25, 1924; U. S. Patents 1.697,262, 1,697,263, 1,697,264. 
1.697.265, 1,697,266, and 1,697.267, Jan. 1, 1929; assigned to Ellis-Foster Co. 

Papers Inst. Phys. Chem. Research {Tokyo), 1931, 15, 251; Chem. Ahs., 1931, 25, 4694. 

"British Patent 12.799, 1886; J.S.C.I., 1887, 6, 549. 

"British Patent 21,941, 1905; J.S.C.L, 1906, 25, 1173. French Patent 360,785, 1905; J.S.C.L, 
1906. 25, 493. German Patent 168,291, 1904; Chem. Zentr., 1906, 1, 1199. 

"Deutsche Erdol A.-G., British Patent 148,892, 1920; 1921, 40, 729A. 

" U. S. Patent 1,838,032, Deg. 22, 1931; assigned to Standard Oil Development Co.; Chem. Abs., 
1932. 26, 1300. 

•Pressure is also recommended by Soc. franoaise de catalyse g6n6raUs6e, French Patent 726,074, 
1931; Chem. Abs., 1932, 16, 4973. 
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aldehyde-acids,®® the vapors of the liquid hydrocarbons together with air, or other 
oxygen-containing gas, are passed over metallic oxides at 500° C. Oxides of 
molybdenum, especially the ‘‘blue oxide,” appear to be the best catalysts. The 
quantity of oxygen actually present in the gas is generally slightly in excess of 
that required stoichiometrically, and steam can be added to lessen the risk of 
explosion. The condensed products contained, as a typical example, about 70 per 
cent aldehyde-acids, 25 per cent aldehydes, and about 5 per cent unchanged hydro¬ 
carbons together with undetermined substances. 

The aldehyde-acids can be separated from the other materials by precipitation 
as insoluble salts, such as those of aluminum.®^ The solution of the aldehydes 
and aldehyde-acids is agitated with the hydroxide of the metal and the insoluble 
salt thus formed is removed by filtration or decantation. Or the mixture con¬ 
taining aldehyde, aldehyde-acids, and hydrocarbons can be heated to 100° C. with 
the carbonate or hydroxide of the metal. On cooling, the soap separates from 
this mass and can be easily removed. Numerous derivatives of these oxidized 
products have been proposed.®^ 

Efforts have been made to eliminate the disagreeable odor associated with the 
soaps of the aldehyde-acids by converting these acids to dibasic acids.®® The 
oxidation can be carried out with nitric acid or with nitrogen dioxide in the 
presence of vanadium pentoxide or molybdenum trioxide or the acids, dissolved 
in water, may be oxidized with chlorine in the presence of cobalt chloride. The 
soaps themselves can also be oxidized with chlorine provided the medium is kept 
alkaline. In some instances the aldehyde-acids can be oxidized to dibasic acids in 
the vapor phase with air or oxygen in the presence of a uranyl molybdate catalyst. 

Oxidation of Liquid Hydrocarbons by Other Oxidizing Agents 

Acids, as well as esters, are obtained when petroleum benzines which boil 
below 180° C. are oxidized at temperatures varying from 80° to 200° C., under 50 
atmospheres pressure, with oxides of nitrogen.®* Resinates, oleates, and enolates 
of the alkali and alkaline earth metals, magnesium, aluminum or manganese can 
be used as catalysts. The products from the oxidation of hexane, for example, 
under these conditions contained the lower members of the fatty acid series with 
2 to 6 carbon atoms and their esters. 

Ozone can be used as an oxidizing agent for the preparation of either acids or 
aldehydes and ketones.®® For example, lignite-tar oil is treated with liquid sul¬ 
phur . dioxide which removes the highly unsaturated compounds but leaves the 
less saturated compounds. This oil is then cooled until partial solidification takes 
place and the liquid portion is separated and fractionated. The fraction which 
boils between 100° and 250° C. at 10 mm. pressure is treated with ozone until the 
increase in weight amounts to 8 to 12 per cent. This ozonized oil is next hy¬ 
drolyzed with steam and the acids thus formed are separated with hot concen¬ 
trated potassium hydroxide solution. On hydrolysis of the resulting soaps, princi¬ 
pally palmitic and stearic acids are produced. The oil, after the removal of the acids, 
is recycled. The total yield of acids amounts to about 18 to 20 per cent of the oil. 

^ James, U. S. Patent 1,697,653, Jan. 1, 1929; Chem. Abs., 1929, 23, 1136; Reissue 18,522, July 
12, 1932; Chem. Abs., 1932, 26, 4611. British Patent 209,128, 1922; J.S.C.I., 1924, 43, 210B. See also 
Chapter 36. 

“James, U. S. Patent 1,681,237, Aug. 21, 1928. 

“See, for example, James, U. S. Patent 1,894,352, Jan. 17, 1933; Chem. Abs., 1933, 27, 2570; 
U. S. Patent 1,894,096, Jan. 10, 1933; Chem. Abs., 1933, 27, 2324. 

“James, U. S. Patents 1,721,958 and 1,721,959, July 23, 1929; Chem. Abs., 1929, 23, 4567. 

“I. G. Farbenindustrie A.-G., British Patent 312,388, 1928; Ghcm. Abs., 1930, 24, 861; also 
French Patent 664,860, 1928; Chem. Abs., 1930, 24, 860. Cf. Andrussov and Durr, German Patent 
542,847, 1928; .assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1932. 26. 2987. 

“ Harries, German Patent 339,562, 1919; Chem. Abs., 1922, 16, 3486; J.S.C.I., 1922, 41, 35A. 
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Aldehydes and ketones formed on treating ozonized oil with steam can be 
recovered by extraction with potassium hydroxide and then with sodium bisulphite 
solution. The crystalline bisulphite compounds are treated successively with sodium 
carbonate and sulphuric acid and the resulting liquid is steam-distilled. Better 
yields of aldehydes and ketones (up to 80 per cent) may be obtained if the bisul¬ 
phite treatment is carried out in the presence of potassium bisulphate. 

The following method has been suggested for mineral oils which are 
oxidized only with difficulty. The oils are first refined with sulphuric acid or with 
liquid sulphur dioxide and then treated with ozone. The ozonides thus formed 
are removed by adsorption and on treatment with steam, are hydrolyzed to acids. 

The electrochemical oxidation of mineral oils to produce acids has been 
described by Atanasiu,®^ but this is described more completely in Chapter 43. 

For converting keroseiie and spindle oil to acids, Schrauth proposed to 
chlorinate the oil to monochloro-derivatives. • These are then subjected to fusion 
with alkalies. The temperature during fusion is first maintained at 200° to 
230° C., but during the latter part of the operation, is allowed to rise to 300° C. 
The product obtained after 6 to 8 hours is a mixture of dry, odorless soaps which 
are soluble in hot water and lather freely. The excess alkali may be neutralized 
with hydrochloric acid or fatty acids, or after remelting, the soap may be ex¬ 
tracted with steam and water. Hydrogen is evolved during fusion. 

For the photochemical oxidation of paraffin oils to fatty acids, a transmission 
catalyst such as anthraquinone together with an auxiliary catalyst, for example, 
sodium or potassium hydroxide, calcium hydroxide, adsorptive charcoal which 
may be impregnated with metallic salts or oxides, or inorganic gels has been 
proposed.®® 

Acids, together with ketones, have been produced by heating either aliphatic 
or aromatic hydrocarbons under pressure with carbon monoxide.®® The catalysts 
used were the anhydrous chlorides of aluminum and boron. In the presence of 
aluminum chloride temperatures of 30° to 60° C. are required, but with boron 
chloride, 180° C. Normal pentane, for example, when treated with carbon mon¬ 
oxide yielded a ketone, boiling at 114° to 116° C., a mixture of ketones boiling 
at 116° to 250° C., and hexanoic together with other acids. 

Alleman obtained acids, melting below —30° C., from the alkali used in 
washing acid-treated lubricating distillates. The alkali is freed of oil and resins 
by extraction with gasoline, and the acids are then liberated by hydrolyzing with 
steam under pressure or by the addition of mineral acids. Further purification 
results on distilling under reduced pressure. Insoluble salts of these acids can be 
made by adding soluble metallic salts, such as calcium chloride or nickel sulphate, 
to the solution of the acids in alkali. 

Luther and Klein produced unsalurated aliphatic acids by distilling the 
crude oxidation products of higher paraffin hydrocarbons under a pressure of 
about 8 mm. at 100° to 300° C. in the presence of sulphuric acid, thereby con¬ 
verting the hydroxy fatty acids present into unsaturated acids. The operation may 
be facilitated by passing an inert gas through the mixture during the distillation. 

“Siemens and Halske A.-G., British Patent 263,186, 1925; Chem. .'ibs.. 1928, 22, 162. 

Bull, chim. soc. romana stiintc, 1929, 31, 75; Client. ,4bs., 1930, 24, 2281; Datiaihi ami .Atanasiu, 
German Patent 539,472, 1929; Chem. Ahs„ 1932. 26, 1819. 

“German Patent 327,048, 1914; Chetn. Abs., 1921, 15, 2009. 

Vereinigte Cheraische Fabriken Kreidl Heller and Co., French Patent 702,183, 1930; Chem. Abs., 
1931, 25. 3919. 

“ HoplT, German Patent 512,718, 1927; Chem. Abs., 1931, 25, 1258; British Patent 310,438, 
1928; chem. Abs., 19.10, 24. 625; both patents assigned to 1. G. Farhenindustrie A.-G. * 

“ U. S. Patent 1,694,461, Dec. 11, 1928; assigned to Sun Oil Co.; Chem. Abs., 1929, 23. 696. 
See also Chapter 48. 

“•German Patent 565,481, 1928; assigned to I. G. Farhenindustrie A.-G.; Chem. .4bs., 1933, 
27, 1007. 



Chapter 43 

Oxidation of Paraffin Wax. Production of Synthetic Fats 

It has long been known that when Higher paraffins are heated in the presence 
of air for considerable periods of time they absorb oxygen and become brown in 
color. Such observations were made at an early date by Bolley^ and also by 
Jazukowitsch.* The effect of other oxidizing agents on paraffins has also been 
investigated. Gill and Mcusel,® for example, studied the action of chromic acid 
mixtures and Hofstadter ^ and Pouchet,® that of nitric acid. Various investigators 
noted the formation of acetic and other organic acids when air was passed 
through hot mineral oils.® 

Schaal ^ was among the first to derive oxidation products in any quantities 
from petroleum hydrocarbons. He passed a stream of air or oxygen through the 
heated hydrocarbon in the presence of sodium hydroxide or calcium oxide and 
thus obtained the salts of the acids. I^ter, Byerley and Mabery ” described a 
process for manufacturing “artificial asphalt*^ which consisted of blowing air 
through high-boiling petroleum residues for several days at a temperature of 
about 230® C. However, as the reaction is exothermic, the temperature often 
rose much higher. Because of these high temperatures, the final product con¬ 
tained very little oxygen. The oxidation was also probably accompanied by 
polymerization and condensation of oxygen compounds, such as alcohols and 
aldehydes. At lower temperatures, however, small proportions of both aliphatic 
and naphthenic acids were formed. 

The production of acids and esters was effected by Gray ® in “deblooming” 
petroleum distillates and other hydrocarbons. The process involved the passage 
of air through the heated hydrocarbons in the presence of ultraviolet light. 
Various metals or their salts, or porous materials which had been previously 
impregnated with such substances, were used as catalysts. Ellis also debloomed 
petroleum distillates by the use of ultraviolet light. In this method, however, 
oxidation is minimized by the presence of an inert gas such as nitrogen. If the 
inert gas is not used and oxidation does take place, the oxidation products may 
be removed afterwards by employing any of the usual methods. 

The oxidation of higher paraffins appears to offer a method for the production 
of high molecular weight aliphatic acids which may be used for the synthesis of 
fats or in the manufacture of soaps. Oxidation may be effected with air or other 
oxidizing agents, and with the formation of alcohols and aldehydes very probably 
as intermediate products. As pointed out in the chapter on the oxidation of 
methane (Chapter 37), oxidation of high molecular weight hydrocarbons proceeds 

^ Z. fiir Chcmie. 1868, SOQ; Schwcia. Polyt. Zeit., 1868, 13, 65. 

* Ber,, 1875. 8. 768: 7. Russ. Phys.-Chcm. Sac., 1875, 7, 260. 

aZ. fiir Chcmic, 1869, 65; 1869, 21, 466. 

*.4nn., 1854. 91. 326; Sits. k. Ak. Wiss. Wien., 1854. 13. 436. 

^Bcr., 1874, 7, 1453; Compt. rend., 1874, 79. 320; Chem. Soc. Abs., 1875, 28, *50. 

* Zaloziecki, Z. angevo. Chem., 1891, 4, 416; Engler and Bock, Chem. Ztg., 1892, 16, 592. 

* See Chapter 42. 

*Amer. Chem. J.. 1896. 18. 141: Chem. .S'oc. Abe., 1896, 70 (1), .129. 

•TI. S. Patent 1,158,205, Oct. 26, 1915; Chem. Abe., 1915, 9, 3358. 

*• U, S. Patent 1,089,359, March 3, 1914; assignt^ to Ellis-Foster Co. 
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in steps which seem to be in accord with the hydroxylation theory. In this chapter 
the oxidation of such hydrocarbons is considered in greater detail. 

The term ‘Vax acids” appears to be a better designation for these acids than 
‘•fatty acids,” for it indicates (1) that wax is the source instead of fats, and 
(2) that these acids differ slightly in their chemical constitution from the true 
fatty acids. This difference so far as is recognized will be pointed out later. 

Oxidation with Air 

Benedix was able to Oxidize petrolatum b)j intimately mixing it with sodium 
peroxide in the presence of water or with hydrogen peroxide diluted with alkalies 
or alkaline salts. The reaction was promoted by the presence of alcohol and was 
completed by heating to 80° C. under pressure. The hydrocarbons were believed 
to oxidize to acids and these reacted with the alkali present to form soaps. 

By passing a current of air through paraffin wax which was kept at a tem¬ 
perature of 290° to 300° C., Schulz obtained principally aldehydes, together 
with some carbon monoxide and dioxide, and a small quantity of acids. 

The use of lower temperatures (100° to 120° C.) during oxidation is recom¬ 
mended.^® Melted wax is oxidized by a blast of air until a deep yellow color is 
obtained. Oxidation is then stopped and the product is separated into its oxidized 
and unoxidized portions. In this way about 70 per cent of the wax was oxidized 
to oleic and other acids, a ceresin-like wax, aldehydes, and other substances. 
From the volatile products aliphatic acids and aldehydes were separated. The 
unoxidized portion may be retreated. A catalyst, such as paraffin wax which has 
previously been oxidized or mercuric oxide may be used. 

Wax acids were obtained by Bergmann by passing air for 15 to 18 days 
through paraffin wax heated to 130° to 135° C. At the end of that time the 
product was a brown, unctuous mass, which had an acid numl>er of 132 and 
formed soaps with alkalies. The acid products were separated from the mass 
by forming the barium salts. These acids, after being liberated by the use of 
hydrochloric acid, were further separated by fractional distillation under reduced 
pressure. The fraction distilling between 270° and 310° C. at 100 mm. pressure, 
was identified as lignoceric acid. From the fraction boiling between 230° and 
270° C. two acids were isolated: one melted at 53.7° C., and had the formula 
CiiHogOo and was unidentified; the other melted at 38.4° C. and was thought to 
be isopalmitic acid, CioHaaO,. 

The production of acids from paraffin wax by a similar process of oxidation 
has also been described.'® If oxidation is very prolonged a brown resinous sub¬ 
stance is obtained which has a possible use in varnish manufacture. 

Dovanov treated Grozny paraffin at 160° to 170° C. with air at the rate of 
60 to 80 cubic meters per hour for a period of two and one-half hours. He found 
that the oxidation products had an acid number of 45 to 50, and contained about 
10 per cent of water-soluble acids. The larger part were in the form of ethers 
and could be separated only by saponification followed by fractionation. The dry 

»» French Patent 446.009, 1912; 191.1, 32, ISO. 

Eighth Int. Cong. App. Chem., 1912, 10, 273; Chem. Abs., 1912, 6, 3177. 

Chem. Fabrik Troisdorf Dr. Hulsberg and Seiler, Swiis Patent 75,653, 1917; Chem. Abs., 
I9IS, 12, 222. Schmidt, British Patent 109,386, 1917; Chetn. Abs., 1918, 12, 94; Canadian Patent 
223,944. 1922; Chem. Abs., 1922, 16, 4342. 

Z. angew. Chem., 1918, 31, 69; Chem. Soc. Abs., 1918, 114 (1), 285; ef. A.-G. fur Mineralol- 
Industrie vorni. D. Fanto and Co., Z. angevo. Chem., 1918, 31, 115; Chem. Soc. Abs., 1918, 114 (1). 

^lardubitzer Fabrik der A.-G. fur Mtneraldl-Ind. vorm. D. Fanto and Co., British Patents 
13i..10l. 131.302 and 131,303. 1919; Chem. .4bs., 1920, 14. 135. 

Masloboino-Zhirovoe Delo, 1932, No. 7, 43; Qiem. Abs., 1933, 27. 3595. 
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distillation of their calcium soaps yielded about 22.7 per cent of ketones, of which 
the largest portion boiled between 65° and 100° C. 

Fischer, Schneider, and Jantsch studied the pressure oxidation of paraffin 
wax. Their oxidation experiments were carried out in an autoclave equipped 
with an agitator. Two hundred grams of paraffin wax and 800 cc. of 2.5N sodium 
carbonate solution were heated to 170° C. while a current of air (200 liters per 
hour) under 30 atmospheres pressure was passed through the mixture. Oxidation 
was continued until one-half of the alkali had been neutralized by the wax acids 
which were formed. The average molecular weight of the acids was 250 and 
these were found to be insoluble in water and satisfactory for making soap. A 
considerable quantity of carbon dioxide was formed during the reaction and some 
decomposition of tlie sodium salts of the higher wax acids was noted. Light 
paraffin oils were obtained at the same time. 

The influence of various factors was found by these investigators to be as fol¬ 
lows : Increased temperature affected the color of the products as well as the speed 
of oxidation. Increased air pressure accelerated the reaction, and the quantity 
of air influenced the molecular weights of the acids. Undue prolongation of 
oxidation resulted in a secondary decomposition. The use of lime instead of 
sodium carbonate was found to be desirable. Speed of stirring and quantity and 
concentration of the alkali had little effect. Iron, manganese, and copper were 
found to be the best catalysts, though cerium, titanium, fuller’s earth and charcoal 
yielded the best-colored products. When the apparatus was lined with lead or 
glass, the rate of oxidation was retarded although better-colored products were 
obtained. The addition of aromatic hydrocarbons, such as toluene and xylene, 
resulted in a greater yield of acids, although neither of these compounds was 
oxidized under the same conditions in the absence of paraffins. Paraffin wax 
appeared to be more extensively oxidized when alkalies were not present. Other 
paraffins, such as those obtained from lignite, coal or peat could be oxidized, 
though the first two were the more resistant. The yield of wax acids was nearly 
75 per cent of the paraffin oxidized. 

The solid soaps could be obtained by evaporation of the aqueous solution, 
or by separating the paraffin and water layers and allowing the latter to stand 
overnight. During this time the soaps of high molecular weight acids separated 
as solids. Brown soaps were bleached with sodium hypochlorite or by further 
treatment in the autoclave at 160° C. The free wax acids were liberated by the 
addition of a mineral acid or by heating the soap solution with carbon monoxide 
under pressure. Under such conditions the carbon monoxide acted as formic 
anhydride, liberating the free acids and forming sodium formate. The wax acids 
could be further purified by distillation with superheated steam or in vacuo. 
Potassium or mixed potassium and sodium soaps were prepared and all soaps 
lathered well. 

Although the solutions of the sodium salts of lower-molecular weight acids 
lather well, the presence of such soaps imparts a disagreeable odor to the crude 
product and makes it hygroscopic. Separation from those of the higher-molecular 
weight acids is accomplished, as mentioned above, by cooling the alkaline solution 
and filtering off the solid soaps which precipitate. Evaporation of the filtrate 
yields ^oaps of the lower-molecular weight acids. On liberating these from their 
salts it was found that about one-half, ranging from capric to lauric acid, was 
insoluble in water. 

FUcher, Ces. Abhandl. Kennt. Kohle, 1919, 4, 35: Fischer and Schneider, ibid., 1919,*4. 48; 
Schneider, ibid., 1919, 4. 101; Schneider and Jantsch, ibid., 1919, 4, 118; Schneider, ibid., 1919, 4, 
132; Fischer and Schneider, ibid., 1919, 4, 94; Chem. Abs., 1921, IS, 2736, 2737. 
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At the same time Schneider observed that oxygen-containing compounds, such 
as alcohols, aldehydes, and ketones, were carried over by the compressed air 
leaving the autoclave. Such substances were also noted in the cake of residual 
paraffin. The solid portion of the cake resembled a true wax rather than paraffin. 

Attempts were made to identify and separate the wax acids by means of their 
ethyl esters. The acids all appeared to conform to the general formula QHanOj, 
and for a large proportion of the acids n was an odd number. On the other hand, 
the acids from natural fats and oils generally contain an even number of carbon 
atoms. Schneider also observed that oxidation at ordinary pressure in glass 
vessels yielded 2 to 3 per cent of acids insoluble in water, but in iron vessels the 
yield of insoluble acids was 64 per cent Mercuric oxide showed little catalytic 
effect.^* The reaction velocity was much less than that of oxidations conducted 
under increased pressures. There was some indication that acid anhydrides were 
formed. 

Varmalov^® also investigated the oxidation of paraffin wax under pressure. 
One to two hundred grams of Grozny paraffin, melting at 52® C, were mixed with 
500 to 1000 cubic centimeters of 2N sodium carbonate solution, and oxidized in 
an iron autoclave at a temperature of 160® to 186‘ C. and a pressure of 15 to 30 
atmospheres. Air was supplied at the rate of 200 to 400 liters per hour. The 
results obtained were: (a) the rate of oxidation was directly proportional to the 
pressure; (b) 20 to 74 per cent of the paraffin was oxidized; (c) wax acids 
insoluble in water were formed to the extent of 53 to 78 per cent, and soluble acids, 
7 to 8 per cent; and (d) the hydroxy-acids were equivalent to 10 per cent of the 
oxidized paraffin. Wax acids had acid numbers of 172 to 210, and the hydroxy- 
acids, an ester number of 66. 

Holde has shown that the oxidation of paraffins with air at 135® to 145® C. 
results in the formation of acid anhydrides which are insoluble in 94 per cent 
alcohol. These anhydrides reacted with 72 per cent alcohol to yield ethyl esters. 
Possible substitution of esters of glycol and glycerol for natural fats and oils lias 
been suggested.*^ 

Montan wax likewise has been oxidized under pressure.^^ wax was more 

inert than paraffin wax and the acids formed appeared to undergo decomposition, 
hence the yield was lower. The soaps from such acids did not lather as well as 
those made from paraffin wax acids. 

By partially oxidizing wax, good yields of alcohols of high molecular weights 
may be obtained.-® Catalysts for such oxidations include organic acids of rela¬ 
tively low molecular weight (c.g., formic, acetic, maleic or benzoic acid), or 
of weak inorganic acids, such as boric acid, antimony pentoxide, or stannic acid. 
Best results are secured when 5 to 10 per cent of acid is used and the reaction 
is continued for 2 to 3 hours at temperatures between 100® and 200® C. As an 
example, hard paraffin wax containing boric anhydride (50 grams per kilogram 
of wax) is heated to 175® C. and air is passed into the mixture at the rate of 
1 cubic meter (containing 16 grams of acetic acid vapor) pet hour. At the end 
of 3 hours a pale-colored oxidation product is obtained which consists of about 


IC/.^Schmidt,^BrhUh^^tent 109,386, 1917; Chem. Abs., 1918, 12, 94; British Patent 142,507, 

Maslohoino Zhirovoe Dclo, 1932, No. 4-5, 41; Chem. Abs., 1933. 27. 3595. An apparatus for 
the oxidation of paraffin wax under pressure is described ^ Socidtd Internationales des Combustibles 
Liqutdes, French Patent 606,190, 1925; Brit. Chem. Abe. B, 1927, 464. 
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AA per cent by weight of alcohols. The' alcohols can be separated by distillation 
with steam under pressures^ less than 100 mm.®* Mixtures of these alcohols or 
their boric or stearic esters may be used in coating and polishing compositions.®** 

Other methods described for the separation of the products obtained by the 
air oxidation of paraffin wax include that of Pungs.®® After the oxidation step 
he warms the mass so that the oxidized portion is obtained as a liquid while the 
unoxidized portion remains solid. The oxidized portion is further divided into 
waxes and acids by means of alcohol, the acids being soluble in this solvent. 
Pataky and Nellensteijn,®® however, add superheated steam to the air or oxygen 
and thus distil off the wax acids as they are formed. The distillate separates into 
a solid layer of wax acids of high molecular weight and a liquid containing 
soluble acids of low molecular weight. 

Besides the catalysts already mentioned, others have been used in the 
oxidation of paraffin wax. By employing a reduced nickel catalyst, Goswami and 
Chatterjee ®®* obtained about 20 per cent of higher aldehydes. Kelber ®^ con¬ 
verted paraffin wax (m.p. 50® C.), to the extent of about 60 per cent, into 
wax acids by oxidizing it with air at 130® to 135® C. in the presence of man¬ 
ganese compounds such as the oxide, dioxide and silicate. Osmium trioxide 
and platinum gauze also accelerated oxidation. Of the wax acids obtained,, 
about 60 per cent were insoluble in water. Some of the water-soluble acids found 
in the distillate which came over during oxidation were identified as propionic, 
butyric and valeric, and the insoluble acids contained hexanoic, octanoic, nonanoic, 
and higher acids. The non-volatile residue was also examined for wax acids. 
Among the acids isolated from this latter portion were decanoic, myristic, palmitic, 
stearic and arachidic. Kelber observed that if oxygen was passed in while the 
paraffin was being heated to 150® to 160® C. some time elapsed before the reaction 
started, which was accompanied by the evolution of heat. On the other hand, 
if the paraffin was heated at that temperature for some time and oxygen then 
passed in, reaction began immediately. This appeared to indicate that oxygen 
takes no part in the action until a breaking down of the hydrocarbon sets in, 
whereupon it reacts with the decomposition products. 

Franck®* used 0.5 to 5 per cent of various compounds of lead, mercury, 
vanadium and chromium as catalysts. He carried out oxidation in an autoclave 
filled with oxygen at a temperature of 150° C. A series of wax acids, which 
ranged from acetic to arachidic, was obtained. Upon esterifying a sample of the 
mixed acids with ethylene glycol, in the presence of 3 per cent of sulphuric acid, 
a solid fat was formed which possessed the odor of coconut oil. After refining, 
this product was pale yellow in color. 

Contrary to the results of other investigators, Griin, Ulbrick and Wirth ®* 
found that the oxidation reaction was inhibited by calcium or barium oxides or 
other compounds having alkaline properties. They believed, however, that acidic 
substances, such as stearic acid, may be helpful, or at least not show marked in- 
hibitive properties. If the conditions of oxidation are not carefully chosen one 


** I. G. Farbenindustrie A.-G., British Patent 366,553, 1930; Chem. Ahs., 1933, 27, 1890. 

*** 1. G. Farbenindustrie A.*G., British Patent 388,369, 1933; Chem. Abs., 1933, 27, 4642; see also 
Chanter 45. ^ 

German Patent 467,930, 1922; Chem. Abe., 1929, 23, 1748; German Patent 488,877, 1922; Chem. 
Abe., 1930, 24, 2323; both patents assigned to I. G. Farbenindustrie A.*G. 

" British Patent 239,178, 1924; Chem. Abe., 1926, 20, 2084; U. S. Patent 1,627,452, May 3, 1926; 
Chem. Abe.. 1927, 21. 2196. 

Indian Chem. Soe., 1931, 8, 533; Chem. Abe., 1932, 26, 693. 

"Kelber, Ber., 1920. S3. 66. 1567; Chem. Abe., 1920. 14, 2343. 

»Chem. Ztg., 1920, 44, 309; J.S.C.I., 1920, 39. 395A. 

»Ber., 1920, S3. 987: Chem. Abe., 1920. 14. 3416. See also G. Schicht A.-G., British Patent 
183,186, 1921; Chem. Abe., 1923, 17, 221; British Patent 148,291. 1920; Chem. Abe., 1921, 15, 
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carbon atom after another of the intermediate products may be oxidized away, 
thus producing a whole series of acids which range from formic acid, or even 
carbon dioxide, to high molecular weight acids. The use of pure oxygen is likely 
to lead to the formation of explosive peroxides as intermediate products. When 
oxidation is not too vigorous the product consists of waxes, free acids, alcohols, 
and unsaponifiable matter. Any hydroxy-acids formed probably react to give 
esters or estoHdes or yield unsaturated acids by loss of water. The unsaponifi- 
able matter consists of unchanged paraffin and higher alcohols together with 
probably aldehydes and ketones. The absence of water appears to promote the 
formation of acid anhydrides. 

Collin®^ was unable to identify any of the acicfs in paraffin wax which had been 
oxidized on a “commercial scale.^* He concluded, however, that it contained about 
80 per cent saturated acids ranging in molecular weight from 145 to 300, and 
that probably half of the acids had a molecuLr weight corresponding to acids of 
14 carbon atoms or less. No one acid was present in any predominating quantity. 

Despite the fact that the presence of certain alkaline substances may be detri¬ 
mental to the oxidation, certain processes have been developed which depend upon 
the use of such substances. Paraffin, petrolatum and naphthenes can be oxidized 
with air at 150° C. for ^4 to 36 hours in the presence of about 2 per cent of a 
light metal such as sodium, potassium or magnesium.®^^ Over 20 per cent of the 
hydrocarbons are converted into acids, the salts of which can be employed as 
soaps. Plauson and Vielle ®® obtained soaps by oxidizing paraffin at 125° to 
150° C. with air or oxygen under 5 to 10 atmospheres pressure in the presence 
of an alkali.. The volatile products, amounting to 16 to 18 per cent of the paraffin, 
are withdrawn and condensed. About 60 to 70 per cent of the paraffin is changed 
into saponifiable matter, and the remaining non-volatile portion can be emulsified in 
the soap. When air is the oxidizing agent it should be free of both moisture and 
carbon dioxide. 

The salts of organic acids also appear to function well as catalysts. These 
include salts of the alkaline earth metals, such as barium stearate or calcium 
cinnamate, in the absence of free alkalies or alkaline earths.®* Similarly, man¬ 
ganese and zinc stearate,®® manganese acetylacetonate,®® or naphthenate ®®* or 
other metallic enolates have been used. Nitrogenous bases,®’^ e.g., hexamethylene¬ 
tetramine, aniline and butylamine, may be used in conjunction with such salts as 
manganese or cerium stearate. 

^Estolides are the esters formed by the interesterification of high molecular weight hydroxy-acids. 
For example, an estolide has been obtained from 12-hydroxy-stearic acid by the interestei xfication of 
three molecules. 

OH OH 

/ / * • 

3 CmH*^ ^ CitHs* 

COOH COOCi7Ha4COOCi,H*4COOH -f 2H,0 

For the preparation and properties of this class of compounds see, Griin, Chem. Umschau Fette, Oele, 
Wachse u. Harze, 1925, 32, 225; Chem. Abs., 1926, 20, 303. Also Chem. Age ^London), Ma>. 24, 
1928, 262. 

*^J.S.C.I.. 1930, 49, 333T. 

•* Farbcnfabrik vorm. F. Bayer und Co., German Patent 346,520, 1917; J.S.C.I., 1922, 41, 270A. 

•» British Patent 156.141, 1920; Chem. Abs., 1921, 15, 1826; also French Patent 53i.577, 1921. 
Cf. I. G. Farbenindustrie A.-G., British Patent 366,997, 1930; Chem. Abs., 1933, 27, 1895; Friedolsheim 
and Luther, German Patent 564,433, 1930; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1933. 
27. 991. 

”1. G. Farbenindustrie A.-G., British Patent 310,069, 1927; Brit. Chem. Abs. B, 1929, 636. 

»» Zerner, Chem. Ztg., 1930, 54, 257. 279; Brit, Chem. Abs. B, 1930, 543. 

** I. G. Farbenindustrie A.-G., British Patent 303,268, 1927: Brit. Chem. Abs. B, 1929, 163. 

I. G. Farbenindustrie A.-G., British Patent 347,620, 1930; Chem. Abs^ 1932, 26, 2747. 

Hofmann, U. S. Patent 1,762,688, June 10, 1930; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1930, 24, 3798. See also British Patent 298^04, 1927; Chem. Abs., 1929, 23. 3078. 
Dunkel, German Patent 522,361, 1927; assigned to I. G. Farbenindustrie A.-G.; chem. Abs., 1931, 
25, 3011. 
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Among the inorganic catalysts, metallic borates,** cupric oxide ** and man- 
ganites and manganates have been mentioned for the oxidation of paraffin wax 
with either oxygen or^ air. Neutral or acid alkali halides or oxalates (sodium 
chloride or sodium oxalate) have been suggested, particularly for the oxidation 
of montan wax>^ 

Use of Other Oxidizing Agents 


Paraffin wax, melting at 50® to 52® C, can be oxidized with air containing 
2 per cent nitrogen dioxide** at temperatures which range from 110® to 150® C. 
Complete conversion of the paraffin into oxidation products is possible in all cases, 
the time for such action, however, varying inversely with the temperature. The 
products were not excessively discolored, and consisted of a mixture of acetic, 
butyric and higher acids and about 15 per cent of unsaponifiable oil. With pure 
nitrogen dioxide at 140® C., oxidation was complete in a much shorter time, and 
the exit gas consisted principally of nitric oxide, together with small quantities 
of nitrogen, hydrogen cyanide, and carbon monoxide. As the alkaline solutions 
of the oxidized wax were red when nitrogen dioxide was used, this was taken as 
evidence that some nitro-compounds were formed. 

Granacher observed that when pure n-undecane was treated with nitrogen 
dioxide at 140® C,, the product was a mixture of acids, none of which was higher 
than nonanoic' acid. Only about 60 per cent of the hydrocarbon was oxidized. 
Since paraffin waxes were more completely and quickly changed to acids than 
was undecane (a straight-chain hydrocarbon), Granacher concluded that paraffin 
wax consisted chiefly of branched-chain hydrocarbons. 

In some further work on the oxidation of paraffin with nitrogen dioxide, it 
was impossible to detect either stearic or palmitic acid.*® The crude acids were 
extracted with sodium hydroxide solution, converted into the barium salts to re¬ 
move neutral products, and the free acids were then liberated. The ethyl esters 
of these acids were made and separated by distillation into two fractions, the first 
boiling at 37® to 240® C. (at 23 mm), and the second at 240® to 300® C. (at 
23 mm). From the second fraction the acid (m.p. 59° to 60° C.) was 

obtained. This acid differed greatly from behenic acid (C 22 H 44 O 2 ), which 
further substantiated the belief that paraffin wax contains considerable quantities 
of hydrocarbons other than normal straight-chain ones. In a second experiment 
the esters were separated into fractions which boiled at 90® to 135° C. and 135® to 
155° C. at 12 mm pressure. From the first fraction was obtained the acid 
Ci 4 H 2803 and from the second, the acid C 15 H 30 O 3 . These were saturated, liquid 
hydroxy-acids, and probably contained a naphthenic or branched-chain structure. 

The oxidation of melted paraffin wax at 60° C. with liquid nitrogen tetroxide 
under 4 atmospheres pressure leads to a product containing only 12 per cent 
unsaponifiable matter.** During oxidation the nitrogen tetroxide is reduced to 
nitric oxide. This gas, however, may be mixed with oxygen to re-form the‘ 
tetroxide which can be used again. By making the working conditions milder as 


“Klein, German Patent 502,433, 1927; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs 
1930, 24, 4789. 

“Steopoe, Bull, chim. soc. romana stiinte, 1924, 27, 11; Chem. Abs.. 1927, 21, 1795. 

“Klein, German Patent 570,130, 1927; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs.. 
1933, 27. 2454. ' 

“ Hdlthaler and Peter, German Patent 523,518, 1928; assigned to A. Riebeck’sche Montanwerke 
A.-G.; Chem. Abs.. 1931, 25, 3822. Luther and Fleming, U. S. Patent 1,874,322, Aug. 30. 1932; 
assign^ to I. G. Farbenindustrie A.-G.; also British Patents 386,715 and 386,725, 1931; Brit. Chem. 
Abs, B, 1933, 260. 

“Granacher, Helv. Chim. Aeta, 1920, 3, 721; Chem. Abs., 1921, 15, 668. 

“Granacher and Schaufclberger. //r/w. Chim. Acta, 1922, 5, 392; Chem. Abs., 1923, 17, 2864. 
t- I-* Patent 324,492, 1928; Chem. Abs., 1930, 24, 3354; cf 

French Patent 672,936, 1928; Chem. Abs., 1930, 24, 2285. ^ 
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the reaction proceeds the formation of hydroxy-acids can be largely prevented. 
Thus, crude paraffin may be oxidized with a mixture Of nitrogen oxides in three 
stages at 110°, 90°, and 60° C., respectively, and the product will have less than 
10 per cent hydroxy-acids. The gases, together with the partly oxidized wax, 
are passed from one autoclave to the next. The first autoclave is fed with nitro¬ 
gen dioxide and this subsequently becomes diluted with nitric oxide as the reaction 
proceeds. Decreasing the pressure or velocity of the gases is of aid. Zinc or 
aluminum stearate, or metallic phosphates may be used as catalysts. 

Other catalysts which have been used in the oxidation of paraffin wax with the 
oxides of nitrogen are barium stearate, calcium and barium cinnamate, and 
similar organic compounds of the alkaline earth metals, magnesium and alumi¬ 
num,*® and also barium and manganese acetylacetonates.*^ 

After paraffin wax has been oxidized with the higher oxides of nitrogen, the 
crude acids can be purified by heating or distilling below 300° C. with carbon 
monoxide or hydrogen in the presence of a' hydrogenating catalyst *® or by treat¬ 
ment with alkalies.*®* In this way the nitrogen-containing fatty acids are either 
reduced or the nitrogen is split off. 

Schaarschmidt and Thiele*® obtained acids by oxidizing unsaturated com¬ 
pounds (made from the chlorine derivatives of paraffin) with potassium per¬ 
manganate. Chlorine was passed into molten paraffin at 160° C. through a Witt 
stirrer which was rapidly rotated. Reaction proceeds almost to completion with¬ 
out the aid of external heat. Hydrogen chloride was then eliminated either by 
heating the products to 300° C. or with alcoholic potassium hydroxide, the latter 
method yielding olefins of higher iodine number. The olefins thus obtained were 
then oxidized with potassium permanganate. For example, an olefin having a 
bromine number of 24 and derived from a chloroparaffin containing 10.6 per cent 
chlorine, on oxidation with potassium permanganate yielded the acid C 14 H 20 COOH. 
The more unsaturated the olefin, the greater and quicker the absorption of 
oxygen. 

Since the ease with which these water-insoluble unsaturated compounds can 
be oxidized depends on their state of subdivision, the following modifications of 
the oxidation procedure were tried: ( 1 ) The olefin was emulsified with an aqueous 
solution of sodium palmitate and an aqueous solution of permanganate was added. 
Oxidation was stopped when the weight of permanganate used was about six 
times the weight of olefin. (2) The reaction was started with a small quantity 
of sodium palmitate and olefin, and further additions of the latter were made as 
the permanganate became reduced. The quantities of acids and of unsaponifiable 
material were about the same by both methods. The acid values of the products 
obtained by the second method, however, were greater than those obtained by 
the first. Oxidation by means of permanganate apparently does not stop with 
the splitting of the double bonds, but also further changes a large portion of the 
cleavage products, as a quantity of water-soluble acids was formed, and also a 
large portion of the olefin was oxidized to carbon dioxide. 

Ozone is readily absorbed by the olefins, the amount corresponding closely 


"J* 9: Farb^nindustrie A.-G., British Patent 327,707, 1929: Brit. Chem Abt ft lotn eao 
Sij.^1933^ Chem. Abs., 1932, 26, 2045; French Patent 735,297, 1932; Chem. 

^ 1 . G.’ Farbenindustrie A.-G., British Patent 310,069, 1927; Chem Abs iQtn i 

B IW? 3 \ 3 ^^^* 364*574; 193of Bn# 
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to the quantity of hydrogen chloride split off in the preparation of the olefin. 
The ozonides can be decomposed with water and the non-acid aldehyde portions 
further oxidized with ozone. In this manner, 105 grams of higher fatty acids, 
together with a considerable amount of water-soluble acids, were obtained from 
150 grams of olefins. The latter were made from a chloroparaffin (containing 
19.4 per cent chlorine) by means of alcoholic potassium hydroxide. 

The electrochemical oxidation of paraffins (which melted from 38 to 53® C.), 
after thorough refining with 98 per cent sulphuric acid, was studied by Atanasiu.®® 
The apparatus used consisted of a cylindrical container of sheet lead, which served 
as the anode, and a porcelain cell into which dipped a lead cathode. The elec¬ 
trolyte was 20 per cent sulphuric acid (d. 1.2). The paraffins are relatively easily 
oxidized, particularly in the presence of a catalyst such as 5 per cent potassium 
dichromate or better, 4 per cent ceric sulphate. Since the oxidation proceeds 
slowly, the higher yields are obtained with low current densities. The reaction 
appears to be essentially chemical as the catalyst is alternately reduced and 
electrochemically reoxidized. The products are wax acids, unsaponifiable matter, 
water and carbon dioxide. The character of wax acids so obtained varies with 
the nature of the paraffin, the acid value of the products being about 150 for a 
paraffin which melted at 37® C. and about 200 for one which melted at 50® C. 
Soft paraffins are generally the more easily oxidized, but the products contain a 
large quantity of unsaponifiable material and resins which are difficult to separate. 

Griin and his collaborators found that oxidation of paraffin at 160® C. took 
place to about the same extent in the presence or absence of ultraviolet light. 
On the other hand, an increase in the quantity of air used, or in the time, gave 
a large yield of acids. The presence of moisture appears to affect the yield also, 
though the data on this point were not conclusive. Carbon monoxide, however, 
retards oxidation. With air diluted with carbon dioxide it was shown that 
oxidation takes place even when the mixture contains as little as 1.3 per cent by 
weight of oxygen. 

The action of ozone on paraffin and montan waxes was investigated by Fischer 
and Schneider.®^ The wax was dissolved in acetylene tetrachloride and ozonized 
for 24 hours at 50® to 60® C. and the quantity of acid products insoluble in water 
was determined. From preheated montan wax, hard paraffin wax, or lignite tar 
very little wax acids were obtained. On the other hand, the yields of such acids 
from paraffin wax of low-temperature tar, from montan wax (not preheated), 
and from ozokerite were large. These differences were a.scribed to the relative 
proportions of straight- and branched-chain hydrocarbons in the waxes, the latter 
class being more easily attacked by the ozone. 

Miscellaneous Oxidation Reactions 

The three constituents of lignite tar, namely, tar oil, paraffin and montan wax, 
have been oxidized with oxygen in the presence of dilute sodium carbonate solu¬ 
tion by Schneider.®® The tar oil, after the removal of phenols and solid paraffins, 
consisted of approximately 50 per cent unsaturates, 30 to 40 per cent naphthenes, 
and 10 per cent paraffin hydrocarbons. When oxidized with air at 200® C. under 
30 atmospheres pressure, in the absence of carbonate solution, about half was 

^ Ber., 1931, 64B, 252; Brit. Chem. Abs. 1931, 460; Bull chim. soc. romana stiinte, 1929, 
31, 75; Chem. Abs., 1930, 24, 2281; ibid., 1931, 25, 2277. See also Danaila and Atanasiu, German 
Patent 539,472. 1929; Chem. Abs., 1932. 26. 1819. 

" Grun and Wirth, Z. angew. Chem., 1920, 33, 291; Chem. Abs., 1921, 15, 1071; Grun and 
Ulbrich, Z. angew. Chem., 1923, 26, 125; Chem. Abs., 1923, 17, 1782. 

^ Ges. Abhandl. Kennt. Kohle, 1920, 5, 117; Chem. Abs., 1923, 17, 2497. 

^ Brennstoff’Chem., 1920, 1, 70, 80; Chem. Abs., 1921, 15, 743. 
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precipitated as solid asphalt and the remainder gave on distillation a light yellow 
liquid. In the presence of the carbonate solution no sqlid product was formed, 
but about 55 per cent was changed to an alkali-soluble, syrupy liquid (insoluble 
in petroleum ether) which had a specific gravity greater than 1.0. This seemed 
to indicate that the product was not an aliphatic acid, but something similar to 
Charitschkov’s polynaphthenic acids.®* 

Oxidation of the lignite paraffin, which melted at 53® C., led to the following 
conclusions: (1) deep-seated oxidation with the formation of low molecular 
weight acids does not take place; (2) alcohols and aldehydes are formed only in 
traces while acids are formed almost exclusively; (3) the acids are monobasic 
wax acids, and their solubility in petroleum pther indicates the absence of any 
appreciable quantities of hydroxy-acids; (4) dibasic acids, such as oxalic, are 
formed only in minute quantities; and (5) the oxidation seems to consist of the 
formation of acids of high molecular weight, the loss of carbon dioxide, followed 
by re-oxidation. In this way a homologous series of acids is formed. 

As found with paraffin wax from other Sources, an increase in temperature 
of 10° C. appeared to double the reaction velocity and an increase in the oxygen 
concentration also speeded up the reaction. At a given temperature the quantity 
of wax acids produced increased with the time allowed for oxidation. Salts of 
iron, copper and manganese accelerated the reaction, but the salts of nickel, cobalt, 
chromium, lead, mercury, cerium, titanium and vanadium and also charcoal ap¬ 
peared to have no effect. The acids which were isolated varied from CiaHjeOo to 
CioHagOa, all apparently having an odd number of carbon atoms. The sodium 
soaps, which separated directly from the reaction products, possessed good lather¬ 
ing and detergent qualities. 

Fischer, Schrader and Friedrich subjected lignin dissolved in dilute sodium 
carbonate to prolonged oxidation with air at 200° C. under a pressure of 55 atmos¬ 
pheres, obtaining an orange-colored solution which contained 12.8 per cent of the 
carbon originally present. This liquid on acidification and distillation with steam, 
gave fatty acids and 0.06 per cent of benzoic acid. The non-volatile acids were 
extracted with ether and their barium salts were separated by fractional crystalliza¬ 
tion. Acids from the more soluble barium salts consisted of isophthalic and 
benzcnetricarboxylic acids. The slightly soluble barium salts yielded anhydrides 
of succinic, phthalic and trimellitic acids and the insoluble salts on acidification 
yielded oxalic and fumaric acids in solution and benzenelri- and benzenepenta- 
carboxylic, mellitic, prehnitic and hemimellitic acids as precipitates. A yield of 
8.28 per cent of aliphatic acids and 3.12 per cent of benzenecarboxylic acids was 
obtained. 

Langer®® carried out some experiments, which were rather qualitative than 
quantitative, on the oxidation of petrolatum oils and liquid and solid paraffins. 
Although some indications were obtained that acids were formed, no individual 
acid was identified. The oxidizing agents used were: potassium permanganate in 
alkaline and acid solutions, sodium hypochlorite, manganese dioxid,e and hydro¬ 
chloric acid, nitric acid, and potassium dichromate witli hydrochloric acid. 

The oxidation product from solid paraffin resembled a salve. With litharge 
it formed lead salts which were soluble in ether. This indicated that acids of the 
oleic type were formed. From petrolatum, hard and soft resins were produced, 
the latter containing no substances of an acid character. The yield of saponifiable 
matter was less than with petrolatum oil and no soluble lead salts were formed. 

See Chapter 48. • 

^■Ges. Abhandt. Kennt. Kohle, 1921, 6, 1; Chcm. Abs., 1924, 18, 2331: Fischer. Schrader and 
Treibs, Ges. Abhandl. Kennt, Kohle, 1921, 5, 221; Chem. Abs., 1923, 17, 2557. 

^Ckem. Ztg., 1921, 45. 466; Chem. Abs., 1921, 15, 2717. 
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Yellow petrolatum oils on oxidation yielded a supernatant liquid and a sludge. 
?rom the solution of this sludge in dilute sulphuric acid was obtained an oil only 
slightly soluble in dilute sodium carbonate or hydroxide solutions. When heated 
on a water bath with concentrated sulphuric acid, sulphur dioxide was evolved 
and a crystalline mass insoluble in all ordinary solvents was obtained. Despite 
careful removal of all sulphuric acid, this latter product gave sulphur dioxide on 
burning. The supernatant liquid from the oxidation of petrolatum oil showed 
a similar behavior. 

On heating liquid paraffin with oxygen under pressure Jschernozhukov 
obtained oxygenated compounds which were free of sulphur. Neither asphaltenes 
nor carbenes were formed. Crude Balakhani, Grozny, and Emba oils, under the 
same conditions, however, yielded asphaltenic sediments, having formulas such as 
Cj8aHi420i2S and CiyaHireOjaS. Asphalt-like substances were also obtained 
when the white oils from Baku and Emba crudes were heated with sulphur and 
then oxidized. Whqp the sulphur-treated oils were heated with sulphuric acid, 
sulphur dioxide was liberated. Tschernozhukov concluded from these experi¬ 
ments that asphaltenes were formed from crude oil by unknown sulphur com¬ 
pounds in the various stages of oxidation. 

In the oxidation of ordinary paraffin wax in the presence of manganese dioxide 
or fuller^s earth only normal aliphatic acids are obtained. This indicates that 
paraffin contains only normal aliphatic hydrocarbons which is in direct contrast 
to Granacher’s conclusion. If ceresin (protoparaffin) contained naphthenes, 
then naphthenic acids, which could be separated from the aliphatic acids, should 
l)c produced also. To verify this, Marcusson®® oxidized ceresin (melting point 
68® to 71® C.) with oxygen for 35 hours at 125® C., and then for 55 hours at 
150® C., with manganese dioxide deposited on fuller's earth as a catalyst. The 
product was separated into saponifiable and unsaponifiable portions according 
to the method of Honig and Spitz,®® and the acids were divided into solid and 
liquid fractions by the application of Varrentrapp's lead salt method. The 
unsaponifiable material, which amounted to about 44 per cent of the ceresin used, 
consisted largely of saturated and unsaturated hydrocarbons, ketones and alcohols. 
The liquid acids were obtained as a thick oil, with an acid number of 115, iodine 
number of 11 and a density less than 1. They were considered a mixture of poly¬ 
merized unsaturated acids. The solid acids melted at 60® to 62® C., had an acid 
number of 146, and an' apparent molecular weight of 346. They were extremely 
soluble in the usual solvents, such as benzene and alcohol, which is typical of 
branched-chain compounds. It was therefore concluded that ceresin consists 
principally of branched-chain hydrocarbons. 

A mixture of various paraffinic substances can also be oxidized to yield acids 
which may be employed in the manufacture of soaps. Thus, Schrauth and 
Friesenhahn used a mixture, of 300 kg. of paraffin wax, 350 kg. of beeswax, 
300 kg. of ceresin, 30 kg. of sodium hydroxide, and 100 liters of water. The 
mixture was heated for 8 hours at 160® to 180® C., with brisk agitation, and a 
pressure of 10 atmospheres of air or oxygen was maintained. A catalyst was 
not necessary. The use of sodium carbonate in place of sodium hydroxide is to 
be avoided, as the former gives rise to the formation of anhydrides, lactones, 


••Neft. Khos., 1928, 15, 670; Brit. Chem. Abs. B, 1929, 584. 

Granacher, Helv. Chim. Aeta, 1920, 3, 721; Chem, Abs., 1921, 15, 668. 

M Chem. Ztg., 1925, 49. 166; Chem. Abs., 1925. 19. 3081. 

. "/5- *?**.' S«» Ubbebhd., “HMuIbiicb 

dtt Chemie und Teehnologie der Ole und Fett^' S. Hirxel. Lapaig, 1908, 1, 259. 

..r ** ^5$ Lewkowitach, ‘‘Chemical Technology and Analytie of Oils, Fats and 

Waxes, Macmillan and Co.. New York, 1913, 1, 543. 

»Chem. Ztg., 1921, 45. 177; J.SiC.l., 1921, 40. 226A. 
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or waxy substances, all of which reduce the detergent property of the. soap. After 
heating, the product is withdrawn and mixed with water, coloring matter and 
perfume. This finished product lathers freely, and contains only 15 to 25 per cent 
unsaponifiable material, which however is readily emulsified. 

Other Methods for Oxidizing Paraffins 

A brief review of some other industrial methods for oxidizing the paraffinic 
hydrocarbons and also for separating the products of oxidation follows: 

By spraying the liquid hydrocarbons into the top of a cylindrical vessel and 
injecting oxygen or air at the bottom, thus securiig an intimate mixture of the 
two reacting materials, the time required for oxidation can be greatly reduced. 
In one process, the vessel is kept at 80® C, and packed with a filling material such 
as pumice stone, which may also be impregnated with a catalyst. Substances 
which can be used as catalysts are the oxides of copper, nickel, and manganese.®* 

Instead of spraying the paraffin into air, Reid and Burke®* oxidized molten 
paraffin by treating it with air comminuted and disseminated throughout the mass 
in such an extreme degree of subdivision as to approach molecular dispersion. 
In this way the speed of the reaction at any given temperature is greatly ac¬ 
celerated. This subdivision of the air is accomplished by high-speed stirrers, 
such as a Witt stirrer. As an example, a 60 per cent conversion of paraffin wax 
to wax acids was obtained by oxidizing at 175® C. under 150 lbs. per sq. in. 
pressure and with the stirrer rotating at 3000 r.p.m. The use of solutions of 
alkalies, such as sodium carbonate or hydroxide, is also recommended. 

Molten paraffin, or hydrocarbons such as ceresin, petrolatum, or paraffin oils, 
which have been refined with liquid'sulphur dioxide, are oxidized*® with a 
current of air in vessels containing some filling material. This material may 
consist of rings or cones of a non-porous nature and may or may not be catalytic. 
For non-catalytic material, glass or porcelain can be used, and iron or manganese 
serve as catalj’^tic materials. The use of aluminum or its alloys as filling ma¬ 
terials is said to aid in controlling the temperature. The filling extends far above 
the liquid level so as to help the oxidizing action of the air on the foam or spray 
carried over by the air. The temperature is maintained between 160® and 180® C.; 
In this manner there is obtained a partial separation of oxidized and unoxidizcd 
hydrocarbons. A clear, yellow oxidation product results which is of use in soap 
manufacture. The process can also be carried out under pressure, or in the 
presence of inert solvents. Montan wax,*® either alone or mixed with paraffin 
hydrocarbons, can be oxidized in the same-manner. 

Another method for the production of wax acids, anhydrides, aldehydes, 
alcohols and ketones from paraffins provides for the purification of the hydro¬ 
carbons by treatment with hyjfrogen at 5 to 500 atmospheres pressure at 150° to 
450® C.***^ Sulphur compounds are thus removed and any unsaturated compounds 
hydrogenated. 

* Deutsche Erdol A.-G., British Patent 148,892, 1920; J.S.C.I., 1921, 40, 729A. 

U. S. Patent 1,663,524. March 20, 1928; assigned to E. I. duPont de Nemours and Co., Inc. 

** Mittasch and Luther, German Patent 405,850, 1921; assigned to Badische Anilin- und Soda- 
Fabrik; J.S.C.I.. 1925, 44. 179B; French Patent 552,416, 1923. Pungs. German Patent 489,936, 1922; 
Chem. Abs., 1930, 24, 2285; Luther, German Patent 434,923, 1922; Brit, Chem. Abs. B. 1927, 291; 
fjoth patents assigned to I. G. Farbenindustrie A.-G. 

"Pungs, German Patent 407,245, 1922; J.S.C.I., 1925, 44. 492B; this patent is an addition to 
German Patent 405,850, 1921, to Mittasch and Luther; 1925, 44, 179B; both patents as¬ 

signed- to Badische Anilin- und Soda-Fabrik. 

L G. Farbenindustrie A.-G., British Patent 363.711, 1930 ; Chetn. Ahs,, 1933 . 27. 1638; cf. 
ITaslam. U. S. Patent 1,904,452, Apr. 18, 1933: assigned to Standard Oil Development Co.; Chtm. 
Abs., 1933 , 27, 3598; Haslam, British Patent 369,852, 1930; assigned to Standard*!. G. Co.; C7mn. 
Abs., 1933 . 27, 2293 . 
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Utilization of the heat developed during the reaction for the preheating of a 
fresh charge of hydrocarbon has been proposed by Luther.®® A process developed 
by Luther and Goetze ®^ provides that the foam drawn off at the top of the re¬ 
action vessel be further oxidized by returning it to the bottom of the same 
vessel or by passage through other vessels connected in series. 

Mathesius ®* recommended the use of relatively large quantities of water, high 
pressures, and also alkalies to unite with the acids and prevent further decom¬ 
position. Schaffner ®® found that emulsifying the hydrocarbon with a w'ater solu¬ 
tion of an aliphatic or aromatic sulphonic acid, aids in the oxidation of the hydro¬ 
carbon. Luther and Wille prevented the formation of resinous by-products in 
the oxidation of paraffin oils and waxes by stopping the reaction before all of the 
initial products have been oxidized. They extracted the oxidized portion with 
methyl alcohol, and resubjected the unoxidized residue to oxidation. Fresh un¬ 
oxidized material can be added after each extraction with alcohol. 

In another method for the oxidation of hydrocarbon waxes only a portion of 
the initial material is oxidized and reaction is stopped before discoloration oc- 
curs.^^ The oxidation products can then be removed by distillation. The non- 
oxidized portion is mixed with fresh material and oxidation repeated. Such a 
process can be operated in a continuous manner. Scanlin proposed to oxidize 
paraffin wax at 290° to 330° F. (140° to 165° C.) until the product has an acid 
value of 35. The oxidized and unoxidized portions are then separated by 
sweating. The unoxidized portion is added to fresh stock and oxidized again. 
The oxidized portion is used for making soaps, or for compounding with lubri¬ 
cating oils.^® By this process the formation of gummy oxidation products in¬ 
soluble in hydrocarbon oils is avoided. 

The hydroxy-acids present in the crude oxidation products of paraffin and 
montan wax, when distilled under reduced pressures in the presence of carbon 
dioxide or steam, are converted into long-chain unsaturated acids.Catalysts 
such as red phosphorus, metallic oxides, or sulphuric acid can be employed in the 
distillation. 

Light-colored products may also be obtained from paraffin and montan wax 
by oxidizing with air or oxygen at 120^ to 180° C. in the presence of small 
quantities of aqueous non-oxidizing strong acids, or of an ansolvo-acid.^® Such 
catalysts may be, 0.1 per cent of 45 per cent sulphuric acid, 0.1 per cent oxalic 
acid, or 0.3 per cent of the ansolvo-acid obtained from zinc chloride and acetic 
acid, (ZnCl 2 . 2 C 2 H 302 )Ho. These products can be used as substitutes for beeswax. 

Schmidt and Griin,^® on the other hand, produce a light-colored wax from 
paraffin by shortening the time of heating. For example, paraffin wax which 
melts at 50° C. is mixed with a little stearic acid and heated for 6 to 8 hours at 

••German Patent 490,249, 1923; assigned to I. G. Farbenindustrie A.G.; Chem. Abs., 1930, 24, 
2137. See also'l. G. Farbenindustrie A.-G., British Patent 25ij«y9, 1925; Brit. Chftn. Abs. B, 1926. 
987. British Patent 337,130, 1929; Brit. Chem. Abs. B, 1931, R7. 

•^German Patent 526,001, 1927; assigned to I. G. Farbenindustrie .\.-G.; Chem. Abs., 1931, 25, 
4328. See also British Patent 309,206, 1927; Brit. Chem. Abs. B, 1929, 459. 

•German Patent 350,621, 1916; J.S.C.I., 1922, 41, 728A. 

•German Patent 377,815, 1920; J.S.C.I., 1923, 42, 1032A. 

•German Patent 524,354, 1925; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 1931, 
25. 3664. 

•I. G. Farbenindustrie A.-G., British Patent 324.189, 1928; Brit. Chem. Abs. B. 1930, 314; 
French Patent 680,351, 1929; Chem. Abs., 1930, 24, 3798. 

• U. S. Patent 1,668,871, May 8, 1928; assigned to Texas Co. See also Gallswortby, U. S. Patent 
1,909,945, May 23, 1933; assigned to Texas Co.; Chem. Abs., 1933. 27. 4071. 

•MacKenzie and Haskell, U. S. Patent 1,705,298, Mar. 12, 1929; assigned to Texas Co.; 
Chem. Abs., 1929, 23, 2030. 

•I. G. Farbentndu.stne A.-G., British Patent 322.437, 1928; Chem. Abs., 1930. 24. 2909; French 
Patent 676,088, 1929; Chem. Abs., 1930, 24, 2758; British Patent 365,613, 1930; Brit. chem. Abs. B. 
1932, 299. 

”1. G. Farbenindustrie A.-G., British Patent 324,903, 1928; Brit. Chem. Abs. B, 1930. 406. 

•German Patent 385,375, 1919. 
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150^ to 155° C. Contact substances such as the oxides or salts of lead, man¬ 
ganese, nickel, cobalt, cerium or thorium may also be used. At the end of the 
operation the mass is extracted with alcohol and the wax is obtained as an in¬ 
soluble product. The wax is a light yellow, opaque substance which melts at a 
temperature just slightly higher than the original material. 

Another method of making light-colored products consists in reducing the 
temperature, pressure, rate of flow of gas, or concentration of oxidizing agent 
as reaction proceeds.^®* 


Separation of Oxidized from Unoxidized Materials 

In the preceding text, reference has been briefly made to procedures for the 
separation of oxidized from* unoxidized wax. From this it has been seen that a 
number of methods are available. These m?y be roughly classified as (1) sweat¬ 
ing, (2) extraction with alkalies, (3) separation with solvents. Combination of 
the methods may of course be used. 

Attention has already been called to sweating as a method of separating the 
crude acids, as liquids, from the unoxidized solid products.^^ The crude acids, 
moreover, can be further purified by sweating or pressing them at temperatures 
slightly below their melting points.^® 

The use of alkalies, however, permits a much greater variation in the separation 
of the products of oxidation. For example, the crude pioducts may be saponified 
with sodium hydroxide, and after extracting with water the acids can be set free 
by the addition of a mineral acid; or, after saponification, the unsaponifiable 
bodies may be obtained by sweating and pressing operations.®® i 

The soap solution obtained by the saponification of the crude oxidation product 
may be treated before the free acids are liberated to separate the saponifiable 
from the unsaponifiable matter. This may be done by emulsifying it with light 
petroleum or other solvent and then centrifuging or the solution may be cooled 
to 15° C. or lower to effect separation of the unsaponifiable portion.®^ A similar 
method consists in treating the saponified products with a methanol-water mix¬ 
ture, to which is then added benzine. Two layers are formed, one of which is a 
soap solution of water-alcohol, and the other a solution of unsaponified material 
in benzine.®^^ 

The acids in the oxidation products can be saponified with the alkaline earths, 
magnesia,®® anhydrous sodium carbonate ®* or ammonium carbonate.®^'^ The 

^•*1. G. Farbenindustric A.-G., German Patent 576,003, 1933; Chem. Abs., 1933, 27, 3720. 

rungs. German Patents 467,930 and 488,877, 1922; both assigned to I. G. Farbenindustric A.-G.; 
Chem. Abs., 1929. 23. 1748; 1930, 24. 2323. 

”1. G. Farbenindustric A.-G., French Patent 672,105, 1929: Chem, Abs., 1930, 24, 2285; llritish 
Patent 321,399, 1928; Chem. Abs., 1930, 24, 2909. 

Franzen and Luther, German Patent 489,938, 1927; assigned to I. G. Farbenindustric A.-G.; 
Chem. Abs., 1930. 24, 2142. 

Luther and Franzen, German Patent 518,389, 1927; Cheni, Abs., 1931, 25, 2558; addition to 
German Patent 467,930, 1922; Chem. Abs., 1929, 23-, 1748; German Patent 541,910, 1928; Chem. Abs., 
1932, 26, 2471; British Patent 309,875, 1927; Chem. Abs., 1930, 24, 718; all patents assigned to 1. G. 
Farbenindustric A.-G. 

ui. G. Farbenindustric A.-G., British Patent 324,^38, 1929; Chem. Abs., 1930. 24, 3250. Also 
French Patent 682,056, 1929; Chem. Abs., 1930, 24, 4306; French Patent 683,587, 1929^ Chem. Abs., 
1930, 24. 4522. Beck and Diekmann, German Patent 556,732, 1930; assigned to 1. G. Farbenindustric 
A.-G.; Chem. Abs., 1933, 27, 310; I. G. Farbenindustric A.-G., British Patent 352,512, 1930; Brit. 
Chem. Abs. B, 1931, 1039. 

w I. G. Farbenindustric A.-G., British Patent 312,405, 1928; Chem. Abs., 1930, 24, 984. Cf. Beck, 
Diekmann and Kremp, German Patent 552,986, 1930; assigned to I. G. Farbenindustric A.-G.; 
Chem. Abs.. 1932. 26. 5572. 

Von Friedolsheim and Beller, German Patent 538,374, 1930; assigned to T. G. Farbenindustric 
A.-G.: Chem. Abs., 1932, 26. 1766. 

“Luther and Franzen, German Patent 492,755, 1927; Chem. Abs., 1930, 24, 2472; British 
Patent 315,813. 1928; Chem. Abs., 1930, 24. 1651; both patents assigned to I. G. Farbemindustrie A.-G. 

•*I. G. Farbenindustric A.-G.. British Patent 333,904, 1929; Chem. Abs., 1931. 25, 837. 

I. G. Farbenindustric A. G., British Patent 386,552; Chem. Abs.. 1933, 27. 2161. 
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salts thus obtained are dried and purified by extraction with benzine. The free 
acids may then be liberated by the addition of sulphuric or other mineral acid. 
These free acids can be further purified and decolorized by subjecting them at 
12® to 13® C to a pressure of 100 atmospheres in a hydraulic press.®* 

A method of partially separating the acids was devised by Luther,®* in which 
the crude acids are first neutralized with about one-third of the theoretical 
quantity of alkali. After separating the acids and soap solution, complete neu¬ 
tralization is effected. The first step removes the acids of low molecular weight, 
the high molecular weight acids being obtained in the second step. 

Beck and Kremp ®’^ used concentrated acetic acid to effect a separation of acids 
and unsaponifiable material. After the oxidation of the paraffin wax, the crude 
product is treated at 60® C. with 95 per cent acetic acid, and the insoluble portion 
separated. The solution is allowed to cool, and the unsaponifiable material which 
separates is filtered off. 

The same investigators suggested heating the crude oxidation products under 
pressure with ammonia, thus converting the acids to amides and ammonium 
salts.®® The ammonium salts separate during the reaction and can be removed 
later. The amides are separated from the unchanged paraffins by extraction with 
petroleum ether. Both the amides and ammonium salts are then converted to 
the free acids by any convenient method. 

James ®®® found isopropyl alcohol to be superior to methyl, ethyl or normal 
butyl alcohol in extracting the more highly oxidized portion (alcohols, esters, 
ethers, aldehydes and ketones) from the heavier fractions of oxidized oils. By 
employing an isopropyl alcohol-water mixture for the extraction of the fraction 
boiling above 200® C, two layers form. The top layer consists of a highly con¬ 
centrated hydrocarbon portion and the lower layer, a mixture of the solvent and 
highly oxidized products. Another process employs liquid sulphur dioxide as an 
extraction solvent.®®** The wax acids are thus dissolved, leaving the unsaturated 
hydrocarbons. 

Distillation may be employed in effecting separation.®® At a temperature of 
150® to 300® C. and under a pressure of 10 to 50 mm., the product may be treated 
with a mist of finely divided inert liquid. One which boils below 105° C. is best. 
Water, benzene, tetrachlorethane, carbon tetrachloride, alcohol, toluene, or acetic 
acid together with inert gas carriers such as steam, carbon dioxide or nitrogen 
can be employed; or the crude material can be saponified to obtain an aqueous 
mixture consisting of magnesium, calcium and potassium soaps.®* The soaps 
should be present in such proportions that the melting point of the crude product 
in the anhydrous condition is less than 150® C. The unsaponifiable matter can 
then be removed by distillation. 

Low-boiling benzines have been employed by Hellthaler and Peter ®^ to effect 

“ I. G. Farbenindustrie A.-G., British Patent 321.399, 1928; Chem. /lbs., 1930, 24, 2909. 

^German Patent 405,636, 1923;‘assigned to Badische Anilin* und Soda-Fabrik; 1925, 

44, 325B. 

•’German Patent 500,913, 1928; assigned to I, G. Farbenindustrie A.-G.; Chem. Abs., 1930, 24, 
4792; U. S. Patent 1,880,677, Oct. 4, 1932; assigned to I. G. Fart^industrie A.-G.; Chem. Abs., 
1933, 27, 514. 

••German Patent 522,055, 1928; assigned to 1. G. Farbenindustrie A.-G.; Chem. Abs., 1931, 
25. 3159. 

■•* U. S. Patent 1,835,600, Dec. 8, 1931. 

■••Luther and Belter. German Patent 561,714, 1929; Chem. Abs., 1933, 27, 990; British Patent 
347,620, 1930; CAem. Abs., 1932, 26, 2747; ef. British Patent 366,025, 1930; BHt. Chem. Abs. B, 
1932, 332; all patents assigned to I. G. Farbenindustrie A.-G. 

••Fransen and Kunze, German Patent 566,915, 1930; Chem. Abs., 1933, 27, 2457; British Patent 
358,278, 1930; Chem. Abs., 1932, 26, 4973; French Patent 731,307, 1932; Chem. Abs., 1933, 27, 734; 
all patents assigned to T. G. Farbenindustrie A.-G. 

••I. G. Farbenindustrie A.-G., British Patent 380,707, 1932; Brit. Chem. Abs. B, 1932, 1040. 

•• U. S. Patent 1,885,199, Nov. 1, 1933; assign^ to A. Riebeck'sche Montanwerke A.-G.; Chem. 
Abs., 1933, 27, 1007. 
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th<? separation of hydroxy acids from wax acids which do not contain hydroxyl 
groups. The process depends upon the solubility of the non-hydroxy wax acids 
in the benzines, as compared with the relative insolubility of the hydroxy acids. 
In a sample of oxidized paraffin wax, these investigators found 30 per cent of 
hydroxy acids. 

According to Dovankov,®^* however, the method of separation of hydroxy 
and non-hydroxy carboxylic acids by extraction with naphtha is impractical on a 
technical scale on account of the large amounts of solvent required. He reduced 
the amount of naphtha used to 3 to 5 times the weight of the acids by two 
methods. In one, concentrated sulphuric acid was added in small portions to a 
3 to 1 solution of the acids. With each addition* of sulphuric acid some hydroxy- 
acids were precipitated. In the second, 0.3 to 0.8 per cent by weight of gaseous 
hydrochloric acid was introduced into a 5 to 1 naphtha solution of the wax acids, 
the separation of hydroxy acids being complete after 12 hours. 

Varlamov freed saponifiable matter from unsaponifiable in the following 
manner: the oxidation product is dissolved in benzine (boiling from 120® to 
160® C.) and the calculated quantity of aqueous sodium hydroxide (1:5) is then 
added. The saponifiable portion was extracted leaving the unsaponifiable dis¬ 
solved in the benzine. 

Beck and Diekmann reduced the content of unsaponifiable material in 
wax acids by extraction with hydrocarbons which are themselves capable of 
being oxidized to fatty acids. The resulting mixture of hydrocarbon solvent and 
unsaponified constituents may then be oxidized to fatty acids. A sample of soap 
solution (saponified constituents) containing about 8 per cent of unsaponifiable 
substances was heated and passed countercurrent to the extracting hydrocarbons. 
The resulting soap solution contained 3 to 4 per cent of unsaponifiable substances. 

The material obtained by oxidizing wax with nitric acid, or the oxides of 
nitrogen, may be refined by heating (under pressure) with dilute aqueous solu¬ 
tions of alkali or acid.®® The volatile nitrogen compounds formed are removed 
by blowing with steam. 

Mono- and dicarboxylic acids of high molecular weight can be separated from 
each other by treating oxidized wax with aliphatic hydrocarbons of low boiling 
point.®** Organic solvents soluble in water can also be used. To such solvents is 
added enough water to effect solution of the dicarboxylic acids leaving the mono¬ 
acids as insoluble residues. 

Mention has been made of decolorizing the acids by pressing at high pressure 
and low temperatures. Other methods for bleaching and deodorizing such acids 
include both oxidation and reduction. Thus, the crude acids may be oxidized with 
nitric acid,®^» chromic acid, potassium permanganate or hydrogen peroxide at tem¬ 
peratures around 105° C., or in an electrolytic cell containing oxygen-transferring 
agents, such as chromic or ferric sulphate; ®® or the mixture of acids may be 

MasloboinO’Zhirovoe Delo, 1932, No, 1, 54; Chem, Abs., 1932, 26, 4704. 

^ MasloboinO'Zhirovoe Delo, 1932, No. 7, 39; Chem. Abs., 1933, 27, 3595. 

U. S. Patent 1,920,344, Aug, 1, 1933; Chem. Abs., 1933, 27. 4817; British Patent 368,869, 1930; 
Chem. Abs., 1933, 27, 2162; French Patent 717,674, 1931; Chem. Abs., 1932, 26, 2883; all patents 
assigned to I. G. Farbenindustrie A.-G. 

” Beck, Diekmann and Kremp, German Patent 566,450, 1930: Chem. Abs., 1933, 27, 1007; U. S. 
Patent 1,912,123, May 30, 1933; Chem. Abs., 1933, 27, 3948; British Patent 364,574, 1930; Brit. Chem. 
Abs. B, 1932, 313: all natents assigned to I. G. Farbenindustrie A.-G. 

I. G. Farbenindustrie A.-G., French Patent 721,796, 1931; Chem. Abs., 1932, 26, 4066. 

Beck and Diekmann, German Patent 568,130, 1931; Chem. Abs., 1933, 27, 1894; addition to 
German Patent 528,361, 1927; Chem. Abs., 1931, 25, 4728; both patents assigned to I. G. Farben¬ 
industrie A.-G. 

^ "Pungs, German Patent 528,361, 1927; Chem. Abs., 1931, 25, 4728; U. S. Patent 1,871,082, 
Aug. 9, 1932; Chem. Abs., 1932, 26, 5576; British Patent 299,149, 1927; Chem. Abs., 1929, 25, 3118; 
all patents assigned to I. G. Farbenindustrie A.-G. 
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treated with a metal and an acid which react to liberate hydrogen, as for example, 
zinc and sulphuric acid.®® Active carbon has also been used for decolorizing.®®*' 

Mechanism of the Oxidation of Paraffin 

The influence of the elements of the oxygen group on paraflin wax was 
investigated by Siebeneck,®^ whose findings correspond somewhat to those of other 
investigators. The wax can be oxidized when heated to 135® C. by either air or 
oxygen, the rate of oxidation being somewhat slower with air. At the end of 10 
hours, acid vapors are evolved, and at the end of 22 hours a "product was obtained 
which contained 30 to 40 per cent of saponifiable material. Longer oxidation 
increased the quantity of saponifiable material in the product. The acids pro¬ 
duced were saturated aliphatic acids and the volatile product consisted of acids 
of lower molecular weight of the same series together with some water. The 
volatile material corresponded to about 7 per cent of the paraffin used. 

With hard paraffin and sulphur the reaction appears to be a dehydrogenation, 
as hydrogen sulphide is obtained in large quantities together with carbon disul¬ 
phide. After heating for 72 hours at 230® C., a fat-like, black mass was obtained. 
On extraction with carbon disulphide followed by ether, a black amorphous sub¬ 
stance was obtained, whose composition corresponded closely to the formula 
(CsS)*. This substance was rather indifferent towards alkalies and organic 
solvents, but was attacked by concentrated sulphuric or nitric acid. Reaction 
between the paraffin and sulphur takes place at slightly higher temperatures than 
with air or oxygen, the reaction starting at 150® C. and proceeding rather rapidly 
at 230® C. 

Selenium and tellurium react similarly but require higher temperatures (300® 
to 700® C.). No selenium or tellurium compounds analogous to the sulphur com¬ 
pound were obtained. Small quantities of either sulphur or selenium seem to 
inhibit the action of oxygen on paraffin.®* 

In another study, brown-coal paraffin, melting at 54® C., was oxidized for 
55 hours at 135® C., and analyses were made at various time intervals.®® During 
the first 10 hours there was a rapid absorption of oxygen accompanied by the 
formation of formic acid and other low molecular weight acids. Ester formation, 
according to Siebeneck, appeared to be the primary reaction, the acids resulting 
from the decomposition of the ester. The second stage in the oxidation was 
reached in about 12 hours when the evolution of carbon dioxide began. During 
the second stage the ester value and saponification value both increased while the 
acid value more than doubled. The third stage occurred after 33 hours, during 
which the ester value decreased, the saponification value remained about constant, 
and the acid value increased. The products formed in the second stage, between 
12 and 33 hours, are the ones which are most likely to find commercial use. They 
are waxy, of a light color, and can be recovered by steam distillation. 

At a slightly higher temperature (183® to 184° C.) Kailan and Olbrich ^®® 
found that oxidation of paraffin wax proceeded more rapidly in the second period 
of 25 hours than during the first period of the same length. The quantity of 
carbon dioxide evolved was proportional to the time of the reaction, and the 

** Franzen and Luther, U. S. Patent 1,757,455, May 6, 1930; assigned to I. G. Farbenindustrie 
A. G.; Chem. Ahs., 1930, 24. 3355. 

Beck, Diekmann and Kremp, German Patent 552,986, 1930; assigned to I. G. Farbenindustrie 
A. G.; Chem. Ahs., 1932, 26. 5572. 

** Petroleum Z., 1922, 18, 281; Chem. Abe., 1922, 16, 3200. 

** Cf. effect of sulphur on the autoxidation of petroleum disttllates. Chapter 40. 

** Siebeneck, Petroleum Z., 1922, 18. 1193; Chem, Abe., 1923, 17, 466. 

^^Monatsk,, 1927, 48 , 537; Chem, Abe,, 1928, 22, 213. 
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quantit/ of saponifiable matter increased from 1.46 per cent at the end of 25 hours 
to 8.04 per cent at the end of 100 hours. 

This latent period has also been observed by other workers. The time re¬ 
quired for a paraffin wax to reach a given oxygen content (7 per cent) was 
determined by Francis and his collaborators, who obtained the following values. 
For wax at 100° C., oxidized with oxygen, the time required was 1060 hours. 
With air at the same temperature the time was too long to be determined, but 
at 120° C. it required 285 hours. With wax containing 5 per cent turpentine, 
the time required with air at 100° C. was 800 hours, and with oxygen, 320 hours. 
When the temperature was increased to 135° C., the time required with air was 
285 hours, but with oxygen only 46 hours were, necessary. On the other hand, 
wax from lignite, which contained 0.7 per cent oxygen, reached a 7 per cent 
oxygen content after 24 hours at 135° C. 

It was further observed that the latent period could be reduced by ( 1 ) heating 
the wax before oxidation in a vacuum, ( 2 )* employing catalysts, and (3) pre¬ 
treating with sulphuric acid at 100° C. Heating the wax in a vacuum did not 
alter its physical constants, but it did slightly increase its solubility in chloroform 
or acetone. When this heated wax was recrystallized from acetone it again 
showed the same latent period as the untreated wax, the acetone evidently extract¬ 
ing a substance which catalyzed the oxidation. The latent period may therefore 
be ascribed to ( 1 ) formation of a positive catalyst, ( 2 ) destruction of a negative 
catalyst present in the original material, or (3) isomeric changes brought about 
by the action of heat, particularly the formation of unsaturated compounds. 

In investigating the composition of paraffin wax, Francis found that oxida¬ 
tion did not take place on passing a rapid current of air for 280 hours at 
110° C., nor by oxygen in 700 hours at 100° C. With oxygen at the end of 1276 
hours at 100° C., a product containing 74.7 per cent carbon, 11.6 per cent hydro¬ 
gen, and 13.7 per cent oxygen was obtained. Above 130° C., however, paraffin 
could be easily oxidized with air. In the presence of a small quantity of turpen¬ 
tine a selective oxidation takes place at 100° or 110° C. and apparently only one 
class of constituents is attacked. The resulting products are therefore less 
numerous than those obtained at higher temperatures and are close in molecular 
weight to the hydrocarbons which occur in the wax. The part played by the 
turpentine is not well understood. 

Since two synthetic normal hydrocarbons, n-hexadecane (C 1 QH 34 ) and 
n-dotriacontane (CaoHoo), were not oxidized in the presence of small quantities 
of turpentine, it would appear that there were some constituents of wax other 
than normal aliphatic hydrocarbons which were oxidized. This view was 
further strengthened by the fact that when paraffin wax was distilled in a high 
vacuum it was possible to obtain certain fractions which were more easily 
oxidized than others. 

In addition to the volatile reaction products obtained in the above oxidations, 
the substances remaining in the reaction vessel consisted of unattacked hydro¬ 
carbon, non-acid oxidized materials, and some acids of high molecular weights. 
The acidic substances were divided into four groups, o, y, and 8 . The o- and 
jS-acids, which amounted to 32 per cent of the total, are the principal products 
of air oxidation. The a-acids are insoluble in water or aqueous alcohol, and 
possess low melting points and high molecular weights. The ^-acids possess 

Francis, Millard, Rutt, Watkins, Wallington, and Garner, J.C.S., 1924, 125, 381. 

Kclber. Ber^ 1920, 53, 66, 1567. 

_ Francis. Pope, Coysh, and Gauntlett, J.C.S., 1922, 121. 496; J.C.S.» 1926, 128, 2377; Gutt and 
Plotko (Aser. Neft, KHom,, 1930, No. 9, 108; Bri*. Chem. Ahs. B, 1931, 284) found 150* C. to be 
the optimum temperature for air oxidation. 
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higher melting points and lower molecular weights. The y-acids are liquids 
which are slightly soluble in aqueous alcohol. The 8 -acids are ratlier soluble in 
water. Oxidation with pure oxygen yields principally and y-acids. 

The non-acid products consisted of secondary alcohols and ketones and prob¬ 
ably some dihydric alcohols, hydroxyketones and diketones. These non-acid prod¬ 
ucts also decrease in quantity as oxidation proceeds, as they are converted to 
acids. The ketones and secondary alcohols had chains of 26 to 29 carbon atoms. 
The secondary alcohols are first formed and these are then oxidized to the 
ketones. As shown by x-ray examination of the ketones, the point at which 
the carbon chain is attacked seems to be the third or fourth carbon atom from 
the end. 

Later, however, it was found tliat triacontane (CooHqo) could be oxidizetl 
at 95® C. by air in the presence of turpentine and that the nature of the products 
and the velocity of reaction were both similar to that of paraffin wax.^°^ The 
acid products isolated were succinic acid; cerotic acid, CgeHesOg, which was 
identical with that prepared from beeswax; a small amount of the acid, C 24 H 48 O 2 , 
which was identical^ with that formed by oxidizing paraffin; and three acids of 
the following formulas, CioHgoOa, C 20 H 40 O 2 , and C 22 H 44 O 2 . The inert products 
included a ketonic alcohol or dihydroxy-compound of the formula C 3 OH 0 OO 2 , 
and a ketone QoHaoO. The point of attack was again indicated to be the third 
or fourth carbon atom from the end of the chain. 

The failure to oxidize triacontane in the first instance was traced to impurities, 
particularly iodine which was not removed completely in the synthesis of the 
substance. These greatly prolonged the period of time during which no oxidation 
occurred. Later this same compound, triacontane, was synthesized by the elec¬ 
trolysis of sodium palmitate, and the product so obtained was not contaminated 
with halogens which inhibit oxidation. 

In Chapter 37 the work of Landa on the oxidation of paraffin wax was men¬ 
tioned. His results led to the conclusion that slow oxidation of the homologues 
of methane took place according to Bone’s hydroxylation theory and that the 
presence of alcohols and ketones among the oxidation products indicated the 
presence of branched-chain hydrocarbons in paraffin wax. His further work 
on the oxidation of triacontane, which is a straight-chain compound, appeared 
to substantiate this.^°® This product was made both from Japanese wax and 
by the electrolysis of an alcoholic solution of potassium palmitate. The oxidation 
products included aliphatic acids (formic, butyric and valeric), aldehydes (hex- 
and hept-aldehydes) from which acids were formed, and a small amount of un¬ 
saturated hydrocarbons and carbon monoxide and dioxide, but no alcohols or 
ketones. The oxidation of this substance was carried out at 290® to 310® C. 
and no preferential catalyst (such as turpentine) was used. Both of these fac¬ 
tors, no doubt, explain why he obtained products of lower molecular weight than 
did Francis and Wood. 

Landa has also suggested that slow oxidation, or gradual combustion of 
petroleum oils may be used as a test for the presence of paraffin. Oils con¬ 
taining paraffin give a positive aldehyde test with Schiff reagent after oxidation. 

In attempting to get a clearer insight into the nature of the reactions taking 
place during the oxidation of paraffins, Sal way and Williams studied the oxi¬ 
dation of two pure com|X)unds, hexadecane and stearic acid. The former was 
chosen as representative of paraffin hydrocarbons. Since the higher acids pro- 

Francis and Wood, 1927, 1897. 

Landa. Paliva a topeni, 1929, 11, 1; Chem, Ahs„ 1929, 23, 4667. See also Compt. rend., 1928, 
187. 948: Chem. Abs„ 1929, 33, 1866; Chem. LiAy, 1928, 22, 294, 499; Brit, Chem. Abs. B, 1929, 88. 

1922, 121. 1343; CWem, Abs., 1922. 16, 3064. 
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duced by oxidation of paraffin hydrocarbons subsequently undergo further change 
as the action is continued, stearic acid was chosen to represent an oxidation prod¬ 
uct. The oxidation was carried out for 24 hours at 120® to 130® C. in a current 
of oxygen with 2 per cent of manganese stearate as a catalyst. 

From the hexadecane were obtained 4 per cent of volatile acids, carbon diox¬ 
ide, formic and acetic acids. The rest of the reaction product consisted of about 
70 per cent acidic substances and 30 per cent unchanged hexadecane. The acidic 
substances, after extracting with sodium hydroxide, consisted of a pale yellow 
oil, about 20 per cent of which was volatile with steam, and appeared to be prin¬ 
cipally hexanoic and nonanoic acids. The non-volatile portion was largely lactonic 
acids similar to those produced by the oxidatioq of stearic acid. 

These investigators found that the oxidation of stearic acid yielded about 
5 per cent of volatile acifls, principally carbon dioxide and formic acid together 
with some acetic and higher acids and about 8 per cent of water-soluble acids, 
of which about 35 per cent were volatile with steam and proved to be formic, 
acetic, and butyric, and the remainder, dibasic acids of the malonic acid series. 
The main product of the reaction, how’ever, consisted of hydroxy-acids and their 
lactones, none of which could be isolated in a pure condition. 

The results obtained by Salway and Williams are in agreement with the 
earlier findings of Zerner.^®^ The latter oxidized stearic acid under practically 
the same conditions. In addition to the volatile acids, he also obtained an alcohol 
of the formula CiaHjdO. Among the dibasic acids formed, succinic and pimelic 
were identified. The main product, however, was a mixture of hydroxy-acids 
which formed soaps that lathered well in water but could not be salted out. The 
results of the oxidation of ethyl stearate under the sdme conditions did not seem 
to indicate, because of the disappearance of the ethoxy-group, that stearic acid 
was preferentially oxidized at either end of the carbon chain. Compounds con¬ 
taining eight or less carbon atoms were not oxidized under the same conditions. 

Pflugk^®^* investigated the influence of various factors upon the oxidation 
of paraffins to acids. The optimum temperature for air oxidation was 160® C. 
Lengthy incubation periods were observed at lower temperatures. The yield 
of fatty acids increased to a limit with increase in air-current velocity, the 
most favorable rate being 1100 to 1300 liters per hour per 300 grams of paraffin.* 
A small moisture content (1.2 per cent by volume) increased the yield slightly. 
According to Pflugk, the mechanism of formation of fatty acids is as follows: 
Unsaturated compounds are formed by elimination of 2 hydrogen atoms as hydro¬ 
gen peroxide. Fracture of the chain and anhydride or acid formation then takes 
place. Peracids and peroxides were found in the products, which was accounted 
for by reaction of hydrogen peroxide with the wax acids or anhydrides. Acid 
substances, when present, acted as catalysts but alkalies did not. 

Summary 

The paraffin waxes from petroleum or similar products can be oxidized to 
organic acids. The acids thus produced may be roughly divided into two classes: 
(1) volatile acids of the type of acetic acid, and (2) water insoluble acids which 
contain ten or more carbon atoms. The term “wa:t acids'* has been used to 
describe these water-insoluble acids. A large proportion of these acids often con¬ 
tain an uneven number of carbon atoms in the molecule, in contradistinction to 
the typical ‘Tatty acids” which contain an even number of carbon atoms. Fran- 

Naturproduite, 1923. 83; Chem, Abi., 1924. 18, 1112. 

BraunkohUnarch., 1932, No. 37, 1; Chem, Zentr., 1932, 2, 3959; Brit. Chem, Abs, B. 1933. 
819; Chem. Abs., 193.1. 27. 2423. 
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cis and his co-workers have pointed out the difficulty of identifying the acids 
obtained by the oxidation of paraffin wax or of the alcohols from Chinese and 
carnauba wax. It arises from the fact that the mixed crystals of acids of two 
different carbon contents show properties corresponding to those of pure com¬ 
pounds of higher carbon content. The products from the oxidation of natural 
compounds, purified by the customary procedures, may therefore really be mix¬ 
tures, These wax acids, however, can be used in the production of soaps, and 
also, no doubt, in the production of synthetic fats. 

For producing wax acids on a commercial scale, air appears to be the best 
and cheapest oxidizing agent. Other oxidizing agents (pure oxygen, ozone, 
oxides of nitrogen) as well as electrochemical methods can be used. The opti¬ 
mum temperature for oxidation is about 150® to 180® C. At higher temperatures, 
more vigorous oxidation takes place, and a higher percentage of lower molecular 
weight products are obtained. At lower temperatures, the time required for 
oxidation is excessive. Oxidizing under increased pressures, at least in some in¬ 
stances, aids in speeding up the reaction. 

The oxidation is preceded by a latent period during which oxygen is absorbed 
with the formation of only a small quantity of acids. This period may be 
shortened by the use of catalysts, particularly organic acids such as stearic or 
cinnamic or their salts. Turpentine has been mentioned as a catalyst for the 
selective oxidation of certain constituents of paraffins. The use of alkalies as 
catalysts appears to be questionable. 

Other products in addition to acids and alcohols are aldehydes and ketones. 
It seems to be a general rule that aldehydes are the principal products if the 
hydrocarbon consists for the most part of straight-chain compounds. Alcohols 
and ketones are more likely to be obtained from the branched-chain hydrocarbons. 
In some instances, the presence of hydroxy-acids, lactones, and even diketones, 
has been reported. 

Three general theories have been suggested for the mechanism of the oxida¬ 
tion of paraffin: (1) that oxidation proceeds according to the hydroxylation 
theory; (2) that the hydrocarbons during heating lose hydrogen and become un¬ 
saturated, and oxidation then takes place at the double bond accompanied by a 
breaking up of the molecule; and (3) that the formation of esters takes place 
first, followed by the oxidation of these substances to acids. 

For any a-substituted acids that might be present or formed, the oxidation 
mechanism suggested by Raper may be applicable. This mechanism is based 
on Knoop’s rule of )3-oxidation, which states that the carbon atom of the methyl 
group present in such acids in the j3-position to the carboxyl group, is oxidized 
in preference to the j8-carbon atom in the main chain, thus: 

CH, CHO 

RCHCOOH - >■ R^HCOOH —>■ RCH,CHO —>- RCH.COOH 

The whole problem of the oxidation of paraffins is a complicated one. Ap¬ 
parently contradictory results have been reported, probably because of the lack 
of definite methods of determining the composition of the various components of 
different oxidized waxes.^^® When improved methods become available, many 
of the apparent discrepancies in the results of various workers will no doubt 
disappear. 

Francis, Piper and Malkin, Proc. Roy. Soc. (.London), 1930, 128A,, 214; Chem. Ahs., 1930t 
24, 5019. 

i^Biochem. J., 1914, 8. 320; Chem. Abs., 1914, 8, 3781. 

For the composition and crystal forms, of petroleum wax see Ferris, Cowles and Henderson, 
ind. Eng. Chem., 1931, 2S. 681. For x-ray diffraction study of fractioned waxes see Clark and Smith, 
Jnd. Eng. Chem., 1931, 81, 697. 



Chapter 44 

Oxidation from the Standpoint of Detonation 

Gaseous Explosions. Limits of Inflammability 

For each pair of gases forming a combustible mixture there is both an upper 
and a lower limit of inflammability. The lower limit corresponds with the mini¬ 
mum quantity and the higher, or upper, limit with the maximum quantity of 
combustible capable of conferring inflammability on the mixture. For ex¬ 
ample, at ordinary pressures and temperatures the limiting concentrations of 
methane-air mixtures are approximately 5 and 14 per cent methane.^ 

One factor which affects the limits of inflammability is the direction of the 
propagation of the flame. Generally these limits are slightly wider for upward 
propagation than for downward or for horizontal propagation. Other factors 
which influence the limits of inflammability are the diameter and length of the 
vessel, and whether it is open or closed. Over small ranges, variations in tem¬ 
perature or pressure do not appear to have much effect on the limits. Over 
great increases of temperature, however, there is generally a widening in the 
limits. Pressure decreases are usually accompanied by a narrowing of the limits. 
This may not be perceptible for a decrease of a hundred millimeters or so in pres¬ 
sure, but as the pressure is further diminished, the upper and lower limits begin 
to approach one another and finally coincide. An increase in pressure is not in¬ 
variably accompanied by a widening of the limits. In many instances, a narrow¬ 
ing of the limits of inflammability is brought about by this change. Turbulence 
also appears to be specific in its effect. For example, the lower limits of in¬ 
flammability of both methane and ethane in air are lowered by turbulence, although 
the range of inflammability of ether-air mixtures is widened. 

The figures in Table 144 give the limits of inflammability in air of some of 
the more common gases or vapors. These limits were obtained in tubes of about 
the same diameter (7.5 centimeters) and with upward propagation of the flame.* 


Table 144 .—Limits of Inflamtnability in Air (Upward Propagation of Flame), 


Gas or Vapor 

Gas 

Per Cent 

Gas or Vapor 

Gas 

Per Cent 

Hydrogen . 

... 4.1S-7S.0 

Ethylene . 

.... 3.0-34.0 

Carbon Monoxide. 

... 12.8-75.0 

Propylene . 

.... 2.2- 9.7 

Methane . 

... 5.35-14.9 

Butylene . 

.... 1.7-9.0 

Ethane . 

... 3.12-15.0 

Acetylene . 

.... 2.6-80.5 

n-Pentane . 

... 1.42- 8.0 

Benzene . 

.... 1.4-7.5 



Toluene . 

.... 1.3- 6.8 


The variations in the limits of inflammability with the direction of the propa¬ 
gation of flame for acetylene in air are as follows: 

* See Coward and Jones, Limits of Inflammability nf Gases and Vapors, U. S. Bur. Mines Bull, 
279. 1928. This is an excellent summary of this subject and gives the limits for a large number 
of gases and vapors. An extensive bibliography is included. 

•White, J.C.S., 1922, 121, 1244; ibid., 1924, 125, 2387. 
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2.60-80.5. Upwards 

2.68-78.5..Horizontal 

2.78-71.0..... Downwards 

The upper and lower limits of inflammability for flame propagation upwards, 
horizontally, and downwards have been determined by White ® for mixtures of air 
with hydrogen, hydrogen sulphide, carbon monoxide, and various saturated and 
unsaturated hydrocarbons containing up to five carbon atoms. In making these 
determinations closed tubes of various diameters were used. It was observed 
that, with tubes of 7.5 centimeters diameter, wall-cooling exerted very little in¬ 
fluence on the values of the lower limits, but the results for the upper limits 
occasionally differed appreciably -from those obtained with a 5-centinieter tube, 
probably because of convection. In many instances, the lower limits of the 
mixtures could be calculated with a reasonable degree of accuracy from the 
calorific value of the gas. With several mixtures it was possible to obtain sim¬ 
ilarly a rough approximation of the upper limits. The type of bond which must 
be ruptured or broken when the gas or vapor is burned seemed to greatly in¬ 
fluence these values. 

This work was extended* to include gaseous mixtures, such as methane and 
hydrogen, ethylene and hydrogen, and others. The results show that a fair 
approximation to the limiting values of the mixtures can be secured by the appli¬ 
cation of the law developed by Le Chatelier,® which states that a mixture of 
any two limit mixtures (both upper or both lower) will itself be a limit mixture. 
These approximations were usually closer to the experimental values for the 
lower rather than for the upper limits, and for downward rather than upward 
flame propagation. For both gas and vapor mixtures the type of flame started 
often determined whether or not propagation would occur. 

White ® also showed the effect of temperature on the upper and lower limits 
for downward propagation of the flame. In all instances the limits were widened, 
and tbe degree, or percentage change in the limits, differed with the various 
gases studied. 

The upper and lower explosive limits of more complicated gas mixtures, such 
as those encountered in the manufacture of city gas, have been determined by 
Yeaw.^ A small quantity of illuminating constituents was found to reduce the 
upper limits from about 70 per cent of the gas to 30 per cent, but the lower limit 
was affected to a much smaller degree. The upper limit was unaffected by large 
changes in the ratio of hydrogen to carbon monoxide, as they both have ap- 


Table \4S.~~-Analysis and Explosive Limits of Various Gas Mixtures. 


Limits 


Gas 

COs 

Illumi- 

nants 

0, 

CO 

CH4 

N, 

(Gas in Air). 
Lower Upper 

Oven . 

. 1.9 

3.9 

0.4 

6.3 

54.4 

31.5 

1.6 

5.0 

28.4 

Coal . 

. 2.4 

2.7 

0.4 

9.7 

44.9 

28.9 

11.0 

5.6 

30.8 

Mixed . 

. 2.5 

3.2 

0.5 

10.5 

47.0 

25.8 

10.5 

5.6 

31.7 

Carbureted blue .. 

. 4.6 

7.3 

0.3 

36.0 

37.0 

9.6 

5.2 

6.4 

37.7 

Blue. 

. 6.2 

0.0 

0.3 

39.2 

49.0 

2.3 

3.0 

6.9 

69.5 

Producer . 

. 6.2 

0.0 

0.0 

27.3 

12.4 

0.7 

53.4 

20.7 

73.7 


•White, 1924, 12S. 2387. 

•White. 192.5. 127, 48. 

* Ann. 2891, (8) 19, 388: see Coward aod Jones, op. cit. 

•J.C.S., 1925. 127, 672. 

• Ind. Eng. Cnem.. 1929, 21, 1030. For the inflammable limits of exhaust 
t Jones, Ind. Eng. Ckem., 1928, 20, 901. 
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proximately the same upper limits. The upper limit of the gas mixture was 
lowered by increasing the methane content. These changes are illustrated by 
the data in Table 146. 

The upper or lower explosive limit (L) of a gas mixture can be calculated 
by the use of the formula* 


100 


£. 4- A 4- £ 4- 

A^ 


in which a, b, and c are the relative proportions of the components of the mix¬ 
ture (in parts per hundred of the mixture) and /4, B, and C are their respective 
inflammability limits. In applying this formula to such complicated mixtures as 
those just mentioned above, it is better to follow a modification suggested by 
Jones.® This is illustrated by taking the analysis of the producer gas given in 
the preceding data, and grouping together the* carbon dioxide and monoxide, and 
the nitrogen and hydrogen.* 

Ratio of Inert 

Gas to Com- Limits of Inflammability * 


Mixtures Total bustible Gas Lower Upper 

Per Cent -Per Cent- 

(1) 27.3% CO 6.2% CO..... 33.5 0.2 17.0 70.0 

(2) 12.4% H, 53.4% N,. 65,8 4.3 23.0 76.0 

(3) 0.7 CH 4 . 0.7 0.0 5.5 14.5 


* For these values and methods of obtaining them see Jones, /nd. Eng. Chetn., 1928, 20, 901. 


Substituting these values in the formula, 

Lower Limit - jjj S , = 20.2% 

17.0 23.0 5.5 

100 

Upper Limit = jjj . ^ = 21-8% 

70.0 76.0 14.5 

For gases containing illuminants, the limits of inflammability of the illumi- 
nants, for the purposes of calculation, may be taken as 2 and 8 per cent, respec¬ 
tively, The calculated values in most instances are in good agreement with the 
observed values, but generally slightly lower. 

It has been pointed out by Jones and Perrott^® that, although the explosive 
limits of hydrocarbon vapors from petroleum and its products when mixed with 
air range from about 1 per cent (lower limit) to 12.5 per cent (upper limit), 
such mixtures can be made non-explosive by the addition of sufficient inert gases 
such as nitrogen, carbon dioxide, or flue gas. Jorissen and Meuwissen showed 
that explosions of methane-air mixtures can be inhibited by the addition of non- 
inflammable vapors of organic liquids such as carbon tetrachloride or trichloro¬ 
ethylene. Crouch and Carver found that methyl alcohol-air and acetone-air 
mixtures are rendered non-explosive when nitrogen is added to the mixtures in 
proportions sufficient to reduce the oxygen content to less than 11 per cent. 


•This formula was derived by Coward, Carpenter, and Payman (J.C.S., 1919, 115, 27) and its 
derivation was based upon the theoretical considerations of Le Chatelier (Ann. mines, 1891, (8) 19, 38S). 
• Loc. cit. 

Quart. Natl Fire Protect. Ass., 1930, 23. 385; Chem. Abs.. 1930, 24. 6018. 

^Rec. trav. chim., 1924. 43, 591; Chem. Soc. Abs„ 1925, 128 (2), 53. 

•• Ind. Eng. Chem., 1925, 17, 641. 
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These investigators also observed that Le Chatelier’s law held for the mixtures 
studied. 

Jorissen called attention to the fact that a vapor added to a hydrocarbon-air 
mixture may act either as a positive or a negative catalyst. For example, 1.75 
per cent of isobutyl chloride vapor added to a 10 per cent methane-air mixture 
renders it non-inflammable, but a non-inflammable 2.2 per cent methane-air mix¬ 
ture is rendered inflammable by this same proportion of isobutyl chloride. Propyl 
bromide, silicon tetrachloride, and sulphuryl chloride behave in a similar manner. 

Ignition of Gases by Heated Surfaces 

Mason and Wheeler mentioned that the exposure of inflammable mixtures 
to heated surfaces was one of the earliest methods of determining ignition tem¬ 
peratures.^* Determinations by this method, as usually made, however, do not 
give absolute values since the results are affected by the nature and the extent of 
the solid igniting surface. By modifying the usual method, Mason and Wheeler 
were able to obtain what they called the relative ignition temperature and also 
the composition of the most readily ignited mixture of methane and air. Briefly, 
they introduced known mixtures of methane and oxygen into a small quartz 
cylinder (81 cc. capacity) which had been heated to a predetermined temperature. 
The temperature to which it was necessary to heat the walls of the bulb in 
order that a given mixture would ignite was taken as the ignition temperature. 
Table 146 gives some of the data which were obtained: 


Table 146. —Relative lynition Temperatures of Methane-Air Mixtures. 



Relative 


Relative 

Methane 

Ignition 

Methane 

Ignition 

in Air 

Temperature 

in Air 

Temperature 

Per Cent 

"C. 

Per Cent 

‘’C. 

2.00 . 

. 711 

8.00 . 

. 701 

3.00 . 

. 700 

8.80 . 

. 707 

3.95 . 

. 696 

10.00 . 

. 714 

5.85 . 

. 695 

11.75 . 

. 724 

7.00 . 

. 697 

14.35 . 

. 742 


The ‘*pre-flame period” or ‘‘lag on ignition” was defined as the time interval 
between the introduction of the gas into the hot cylinder and the appearance 
of the flame. For methane-air mixtures containing between 2.5 and 13.0 per 
cent methane the lag varied from 10 to 15 seconds when the vessel was just at 
the relative ignition temperature,. This period decreased with decreasing con¬ 
centrations of methane and as the temperature of the cylinder was increased 
beyond the relative ignition temperature. It was also noted that ignition was 
accompanied by a sudden rise of pressure within the quartz vessel. 

Continuing their work on ignition temperatures. Mason and Wheeler de¬ 
termined these values for various mixtures of paraffins and air. Their data, 


Coll. Czech. Chetn. Comm., 1930, 2, 288; Brit. Chem. Abs. A, 1930, 1002. 
xy.C.i'., 1922, 121, 2079. 

*• The combustion of hydrocarbons principally in air is discussed in this chapter. For the com¬ 
bustion of carbon monoxide-air mixtures see Penning, Phil. Trans., 1926. 22SA. 331; Brit. Chem. 
Abs. B. 1926. 258. For the combustion of hydroKen-air and carl)on monoxide mixture.^, see Hone and 
Haward, Proc, Roy. Soc., 1921, lOOA, 67; J.S.CJ., 1921, 40, 802A; and Bone, Townend and Scott, 
Proc. Roy. Soc., 1928, 120A, 546; Brit. Chem. Abs. A, 1928, 1193. For the influence of nitrogen 
tetroxide on the combustion of hydre^en and oxygen see Thompson and Hinshelwood, Proc. Ro\. Soc. 
(London), 1929, I24A. 219; Brit. Chem. Abs. A, 1929, 657. For the burning of hydrocartions in 
nitrous oxide, see Dixon and Higgins, Fuel, 1927, 6, 232; Brit. Chem. Abs. B, 1927, 513. 

«/.C.5*.. 1924, 125, 1869. 
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some of which are given in Table 147, showed, however, that the relative igni¬ 
tion temperatures for hydrocarbon-air mixtures of approximately the same con¬ 
centration decreased as the molecular weight of the hydrocarbon increased. 

Table 147 .—Relative Ignition Temperatures of Hydrocarbons in Air. 

Hydrocarbon Relative Ignition 

in Air Temperature 

" C. 

2.45% Methane . 690 

2.80% Kthane . 571 

2.50% Proi>ane . 552 

2.60% Butane. 531 

2.75% Pentane. 520 

The duration of the lags on ignition for all mixtures of methane and air 
when oxygen was in excess was between 10 and 16 seconds. As the methane 
concentration was increased, the lag decreased, being about 6.6 seconds (at 
720® C.) for a 12.8 per cent methane mixture. With ethane the reverse appeared 
to take place, as the lag was 28 seconds for a ^9 per cent ethane mixture at 
594° C. and 144 seconds for 10.6 per cent ethane at 534° C. Propane and butane 
behaved similarly to ethane. The lags for the former varied from 20 to 56 
seconds and for the latter from 22 to 25 seconds. Pentane, on the other hand, 
resembled methane. The lags for the mixtures containing 1.5 to 3.75 per cent 
pentane were about 15 seconds, and for a 7.65 per cent mixture, about 5 seconds. 

These pre-flame periods or lags on ignition, however, are a measure of the 
relative ignitibility when the gaseous mixtures were introduced into the quartz 
cylinder heated to a temperature well above the relative ignition temperature. 
With a temperature, for example, of 600° C., the lag decreased with increasing 
concentration of hydrocarbon, and with increasing molecular weight. This was 
true for all the hydrocarbons except methane, the relative ignition temperature 
of which is well above 600° C. 

When mixtures of methane and oxygen, which in turn were mixed with an 
inert gas, were admitted to a quartz reaction vessel, those reactions which resulted 
in the production of a flame were thermal reactions catalyzed by the products 
of an initial slow and flameless combustion.^^ The total amount of heat ac¬ 
quired by the reacting gases depended upon the thermal properties of the inert 
gas, which absorbs a portion of the heat developed by the oxidation processes. 
For example, when the nitrogen in methane-air mixtures was replaced by argon, 
which has both a lower specific heat and lower thermal conductivity, the ignition 
temperatures of the mixtures were decreased. Replacement of the nitrogen by 
helium, a gas of high thermal capacity, on the other hand, raised the ignition 
temperatures. Among the oxidation products formed during the lag on ignition 
were formaldehyde and carbon monoxide.^® Addition of either one of these 
products (about 0.02 per cent) to a methane-air mixture lowered its ignition 
temperature and shortened the period of lag. Formaldehyde was more effective 

Naylor arfd Wheeler, J.C.S., 1931, 2456. 

*• Amonii: .the intermediate products /if the combustion of methane and oxvRen which have been 
identified are formaldehyde, hydrogen peroxide, and ozone. (Riesenfeld and Gurian, Z. ohys. Chem., 
1928, 139, 169; Brit, Chetn. Abs. A., 1929, 289.) In the combustion of methane, in oxygen the yield 
of ozone increases as the quantity of excess oxygen increases, although the yields of hydrogen peroxide 
and formaldehyde decrease. When oxygen burns in methane the yield of hydrogen peroxide again 
decreases but that of formaldehyde increases as the quantity of excess methane increases. No ozone 
IS formed. The mechanism of the formation of these products was considered to involve the decom¬ 
position of the methane into methylene (CH,) and atomic hydrogen. The atomic hydrogen forms 
mainly molecular hydrogen and some hydrogen peroxide. The methylene burns partly to carbon 
monoxide and formaldehyde. Further oxidation of these products gives water and carbon dioxide. 
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than carbon monoxide, however. Other substances, such as ethyl iodide or bro¬ 
mide, carbon tetrachloride, traces of iodine, and lead tetraethyl, raised the ignition 
temperatures of methane-air mixtures and also decreased the speed of the reac¬ 
tions which occur below the ignition temperatures. The inhibiting action of 
these substances appeared to take place on the surfaces of the reaction vessel. 

Lewis showed that for paraffin hydrocarbon-air mixtures thew is a critical 
temperature at which chemical reaction takes place readily with an increase in 
the number of molecules. This was demonstrated by slowly heating a given quan¬ 
tity of the liquid hydrocarbon in a large cylindrical, bulb while the pressure on 
the bulb was slowly increased so as to keep the gas volume constant. If no chem¬ 
ical change took place the temperature-pressure curves should follow approxi¬ 
mately the gas laws. In the case of the hydrocarbon-air mixtures a sudden rise 
in pressure, or inflexion, was always noted, thus indicating chemical reaction. 
The temperature at which this rise occurred was called the critical inflexion 
temperature (C. 1. T.) and was dependent upon the molecular weight of the 
hydrocarbon. For example, the critical inflexion temperatures of some paraffins 
are as follows: pentane, 253° C.; hexane, 232° C.; heptane, 212° C.; octane, 
198° C. These values were slightly lower for the normal hydrocarbons than 
for the isohydrocarbons. Thus the critical inflexion temperature of n-pentane 
is 253° C. but that of isopentane is 259° to 260° C. These values were only slightly 
affected by the concentration of the hydrocarbon vapor in the apparatus. Once 
the inflexion temperature was passed the gas mixtures then appeared to be stable 
up to about 450° C. 

In considering the mechanism of the oxidation it appeared that the first 
step was a primary dehydrogenation, followed by oxidation of the hydrogen to 
water. This would account for (1) an increase in the number of molecules at 
the critical inflexion temperature, (2) the presence of water among the products 
of oxidation, and (3) the formation of unsaturated hydrocarbons at tempera¬ 
tures near the critical inflexion temperature. 

Metallic catalysts were divided by Lewis into two classes: (1) promoters 
of detonation and (2) ^‘antiknocks.’’ To the former class belong such catalysts 
as platinum which promotes the reaction 2 H 2 -f ► 2 H 2 O. To the latter be¬ 
longs lead tetraethyl which actually retards either this reaction or the action of 
oxygen on the hydrocarbons. Unsaturated compounds are effective as antiknocks 
since they have a smaller hydrogen content, hence, are less likely to be dehydro¬ 
genated and because they have a tendency to combine with the hydrogen evolved 
from the saturated hydrocarbons. The latter explanation may also account for 
the action of aromatic amines. For example, with aniline, the reaction may be 
represented as 

C.H.NH,*f2H —CH.-f-NH, 

Later, while investigating the ignition temperatures of some hydrocarbons in 
oxygen, Lewis found that the conditions which were necessary for the explosion 
of such mixtures on progressive heating were sufficiently rapid rise in temperature 
and an adequate concentration of oxygen, and a concentration of oxygen above 
a certain minimum, which minimum value increases rapidly with the molecular 
weight of the hydrocarbon. To obtain ignition with unsaturated hydrocarbons 
it is necessary that they be present in high concentrations and be heated rapidly. 
With a bulb of 225 cc. capacity a heating rate of about 1° C. per minute was 
usually sufficient, though at this rate all concentrations of diisoamyl failed to 

»J,CS., 1927, 155; ibid.. 1930, 58. 
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igiiite. Increasing the rate of heating tended to raise the ignition temperature 
by ‘‘superheating”, particularly in the case of the paraffins, though the effect was 
much less marked with the olefins. As shown by the data in Table 148, no dis¬ 
tinction was observed between the minimum ignition temperature and the critical 
inflexion temperature. 


Table 148.— Relation of the Minimum Ignition Temperature to the 
Critical Inflexion Temperature. 



Minimum Ignition 


Hydrocarbon 

Temperature 

C. I.T. 


C. 

•c. 

n-Pentane . 

. 2SS-2S7 

255 

n-Hexane . 

....... 232-233 

230 

n-Heptane . 

. 218-220 

209 

n-Octane . 


197 

Amylene . 

. 241-242 

240 


It was also suggested that the successive stages in the combustion of paraffins 
were: (1) primary dehydrogenation, to yield unsaturated hydrocarbons, (2) 
combination of the unsaturated hydrocarbons with oxygen to form unstable perox¬ 
ides, and (3) decomposition of peroxides to yield aldehydes which could be 
further oxidized to water and the oxides of carbon. 

Powdered glass and pumice or metals such as platinum, silver, lead and copper 
increased the ignition temperature of the hydrocarbons. Tin, zinc or aluminum 
had no effect. Charcoal caused an increase for the paraffins but a decrease for 
the olefins. Lead tetraethyl caused a marked increase in every case, though its 
effectiveness rapidly reached a maximum, about 3 to 4 per cent in the case of 
octane. 

Masson and Hamilton used what might be termed the crucible method for 
the determination of ignition temperatures. A circular platinum plate containing 
an indentation is welded to the hot junction of a platinum-platinum 10 per cent 
rhodium thermocouple. The cold junction is placed in a thermos bottle filled 
with ice to maintain a temperature of 0’ G. Heavy platinum wires are welded 
to the plate and serve as conductors for the alternating current employed in heat¬ 
ing the plate. The plate is placed inside the furnace, also heated with alternating 
current. There is a nickel coil through which dry air is delivered to the plate 
to remove the products of combustion. The furnace is closed with an alundum 
top containing a “look tube” with a magnifying glass focused on the platinum 
plate, and a quartz tube through which the liquid was allowed to drop. An 
ordinary hypodermic needle was used to obtain drops of constant size. 

In making measurements the furnace was first heated until a flash appeared 
1 second after the drop of liquid fell on the plate. The temperature of the 
furnace was then lowered about 10° F. and held constant. The temperature of 
the plate was raised very slowly until ignition again took place. The tempera¬ 
ture of the plate was next raised 15° to 20° F. above this value and then slowly 
decreased until ignition again just took place. In this way it was possible to 
obtain readings which could be duplicated within 1° F. Readings were made 
also of the cooling effect of a drop of liquid on the plate and the rise in tem¬ 
perature which results from surface combustion. A stream of dry air was 
used to remove the products of combustion after each experiment, but during an 
actual determination no movement of air over the plate was permitted. 

“/nrf. Eng. Chem., 1927, 19, 1335; ibid., 1928, 20, 813. 
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With this apparatus the ignition temperatures of about 80 organic substances 
were determined. These substances included aromatic and aliphatic hydrocar¬ 
bons, alcohols, aldehydes, ketones, acids, esters, ethers, amines, and halogen and 
other derivatives. For a particular class of compounds, normal paraffin hydro¬ 
carbons, for example, the ignition temperatures generally decreased with the 
molecular weight but this decrease was not progressive. Substances of widely 
different structures and compositions exhibited similar ignition temperatures. 

The surface was found to have an effect on the ignition temperature. Sur¬ 
faces of materials which are known to be catalytically active, contrary to expec¬ 
tations, except in a few instances, gave higher ignition temperatures. This was 
brought out particularly by the comparison of platinum with glass surfaces, 
though silver and gold ones were also used, 

Bridgeman and Marvin *^ showed that the ignition temperature of a liquid 
fuel depends upon the material and volume of the vessel used, the concentration 
of oxygen in the mixture, the lag on ignition, the pressure in the system, and 
the composition of the fuel. As no test has been devised yet which is standardized 
with respect to all these variables, results obtained with the same substance by 
different investigators may vary widely. 

Experiments carried out by Bridgeman and Marvin in a bomb indicated that 
the time required to produce firing depended upon the rate at which heat is 
received from or lost to the container. Ignition temperatures which involve a 
lag before ignition, are composite functions of several properties of both the 
fuel and the apparatus. Actual firing is usually caused by an increase in the 
temperature of the charge above that of the container, as a result of heat gen¬ 
erated in the charge itself. Such ignition temperatures are appropriately called 
auto-ignition temperatures. The temperature at which instantaneous ignition 
(without any lag) occurs is the true ignition temperature and is a fundamental 
property of a given fuel under definite conditions of pressure and concentration. 

Compression methods appear to be best' adapted to the study of such ignition 
temperatures. When the charge is adiabatically compressed, the heating is very 
uniform throughout the charge and the resulting mean temperature can be cal¬ 
culated from the initial conditions and the compression ratio. Ignition in a 
mixture immediately following adiabatic compression should therefore permit a 
close approximation to the true ignition temperature. 

Closely allied with the ignition of gases by hot surfaces is that produced by 
heated wires, metallic bars, and similar heated units. The extent to which the 
glowing filament of a 2-volt miner’s electric lamp might be the source of danger 
in coal mines when the bulb was broken in such a manner as to leave the filament 
intact has been investigated by Shepherd and Wheeler.** The thicker the wire, 
the lower is the temperature to which it must be heated to cause ignition of 
mixtures of air and methane. 

Mixtures of natural gas (93.2 per cent methane) and air are more easily ig¬ 
nited by wide metallic bars, when heated, than by narrow bars.** With platinum 
it was necessary to heat to a higher temperature than with nickel.*^ This tem¬ 
perature difference in some instances amounted to several hundred degrees. With 
nickel, tungsten and certain steels, the ignition temperature rose regularly with 
increasing natural gas content, but with platinum the most explosive mixtures 


“ Ind. Eng. Chem., 1928, 20, 1219. This reference gives a review of the work of more than 
thirW investigators on the ignition temperature of liquid fuel by different methods. 

** Safety tn Mines Research Board (London), 1926, Paper No. 36, 

Brit. Chem. Abs. B, 1927, 803. 

» Coward and Cfuest. J.A.C.S., 1927. 49. 2479. 

** Cf. Masson and Hamilton, toe. eit. 


3; Chem. Abs., 1928. 22, 167; 
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required the highest temperatures. With molybdenum the ignition temperatures 
of the gas mixtures decreased with increasing natural gas content. This ab¬ 
normality, however, was probably associated with the burning of the metal, as 
dense clouds of molybdenum oxide were observed.** Moderate turbulence of the 
gas decreased the ignition temperature, probably by bringing the inflammable gas 
into the zone of the burnt-out gases and thus raising its temperature. When tur¬ 
bulence was sufficiently great, however, the opposite result was produced. 

Hot-wire ignition curves were obtained by Schaad and Boord ** for n-propyl, 
n-butyl, and isoamyl alcohols, toluene, isoamyl acetate, kerosene, dietliyl maleate, 
and diethyl fumarate between the lower and upper limits* of inflammability. The 
fuel-air mixtures were produced by bubbling air first through the liquid fuel 
kept at definite temperature (the saturator) and then through the same fuel in 
the bottom of an ignition tube. Both the saturator and ignition tube were kept 
at the same temperature. The fuel-air mixture then passed directly in contact 
with a hot wire. 

Curves for ignition amperage plotted against the temperature of the saturator 
first decreased rather rapidly until a minimum was reached, and then rose again 
as the upper limit (higher saturator temperature) of inflammability was ap¬ 
proached. This minimum temperature differed with the individual fuels. The 
addition of knock suppressors, such as lead tetraethyl, selenium diethyl, and ani¬ 
line, increased the lowest temperature required for normal ignition. This in¬ 
crease, measured by current flow, varied from 9.5 to 2.0 amperes, depending upon 
the knock suppressor added. On the other hand, knock inducers, such as nitro¬ 
benzene or isoamyl nitrite, lowered the amperage required for ignition. This 
lowering varied from 0.15 ampere for nitrobenzene in isoamyl acetate to 1.0 
ampere for propyl nitrite in toluene. 

Pre-ignition combustion curves were obtained also by using filament currents 
less than that required for ignition and plotting these against the quantity of 
carbon dioxide formed. Very little if any carbon monoxide was produced. With¬ 
out exception, the addition of knock suppressors to the fuels effected a decrease 
in the pre-ignition combustion, but the addition of a knock inducer caused a 
marked increase. 


Ignition by Electrical Discharge 

The relative ease of ignition of a series of methane-air mixtures was meas¬ 
ured by Wheeler.*^ He determined the minimum current required to ignite the 
mixtures.** In testing 28 mixtures of methane and air, which contained from 
5.85 to 11.50 per cent methane, it was found that the relative igniting current 
varied from 1.2 amperes for the 5.85 per cent mixture to a minimum of 0.585 
ampere for an 8.20 per cent mixture and then rose again to 1.56 amperes for the 
11.50 per cent mixture. A plot of the percentage of methane against current 
yielded a smooth curve. Mixtures of methane and air in which the initial speed 
of flame propagation was fastest contained from 9.5 to 10 per cent methane, 
and the most easily ignited mixtures contained 8.2 to 8.3 per cent methane. 

The relative ease of ignition of methane-air mixtures with induction sparks 
(low tension ^‘break-flashes'" or momentary arcs) was also investigated.*® An 
induction spark differs from a capacity spark principally in its longer duration. 

^ Cf. these results with molybdenum and tung.sten with those obtained by Shepherd and Wheeler 
(loc. cit.) with tungsten. 

Ind. Eng. Chem., 1929, 21, 756. 

«y.C5.. 1920, 117, 903. 

^ Cf. Thornton, Phil. Mag., 1920, 40, 305; Chem. Abs., 1920, 14, 3796; Paterson and Campbell, 
Proc. Phys. Soc., 1919, 31, 193; Chem. Abs., 1919, 13, 1970. 

» Wheeler, J.C.S., 1925, 127, 14. 
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This difference was great enough to make it important to determine whether in¬ 
duction sparks were to be regarded as momentary sources of heat or as sustained 
sources, such as heated surfaces. The results of an extensive investigation in¬ 
dicated, however, that as far as paraffin hydrocarbons were concerned, inductance 
Sparks could be considered similar in effect to capacity sparks, in spite of the 
wide difference in the two types, both as regards duration and volume. The 
longer duration and larger volume of the inductance sparks apparently mask 
small differences in the ease of ignition of those mixtures which are must readily 
ignited. 

Some information regarding the chemical action which takes place during 
the ignition of methane by the electric spark discharge was obtained by Coward 
and Meiter.*® They observed that the spark from an induction coil starts the 
general inflamniation of readily ignitible mixtures of methane and air (8 to 9 
per cent methane) when discharged between bluntly pointed platinum electrodes, 
0.5 mm. apart. This spark was of sufficient strength to inflame just over 0.5 
cu. mm. (measured at ordinary temperatures and pressures) of the mixture. With 
other mixtures this quantity varied, ranging from 1.5 cu. mm. for a 6.2 per cent 
mixture to 1.0 cu. mm. for an 11.2 per cent mixture. The spark from an air 
condenser, which consisted of but one flash, had to inflame only about 0.9 cu. 
mm., of the most readily ignitable mixtures, to induce general inflammation. 

For any given methane-air mixture, with a current of the primary of the 
induction coil which was less than that required for ignition, it was observed that 
the extent of the reaction which took* place was very nearly proportional to the 
square of the current. The reaction products contained a large quantity of car¬ 
bon monoxide and hydrogen, even when a large excess of oxygen was present. 
It was therefore concluded that the methane-air flame, started by a spark dis¬ 
charge, was propagated from the vicinity of the spark by the heats of reaction of 

CH. 4- O, —CO 4 H, 4 H.O (gas) 4 65,000 cal. 

2H, 4 O* —2H,0 (gas) 4 116,000 cal. 

The methane flame appeared to have a'small thickness, the first lamina of which 
included chiefly the formation of carbon monoxide and water vapor and the 
last lamina, principally the formation of carbon dioxide. 

The observed volumes of gas which must be ignited in order to start general 
inflammation were shown to agree approximately with the known facts concern¬ 
ing the energy of the igniting spark, and the thermal conductivity and ignition 
temperature of the mixture. Hence, it appears as if the electric spark acts mainly, 
if not entirely, as a source of thermal energy in igniting a gas mixture. 

With a new apparatus of the make-and-brcak type, developed for the ignition 
of gaseous mixtures at high temperatures and pressures. Cooper and Wiezevich 
investigated the upper explosive limits of oxygen-methane mixtures at total pres¬ 
sures from 1 to 229 atmospheres, and at temperatures between 10® and 530° C. 
It was found that the lower the oxygen concentration, the higher the pressure 
required for successful ignition. For example, at 20° C., as the total pressure 
was increased from 1 to 170 atmospheres, the proportion of oxygen in the limit 
mixture decreased from 39 to 11 per cent. Similarly, rise in temperature was 
accompanied by a decrease in the proportion of oxygen required for ignition. 
Spontaneous reactions occurred above 400° C. for the pressure ranges investi¬ 
gated. Complete consumption of the oxygen in the mixture did not take place 
during explosions at high pressures. 
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In extending their work to the use of break-spark ignition, Schaad and Boord ** 
obtained curves similar to those with hot-wire ignition. The minimum currents 
required to ignite various fuel-air mixtures were not as great with the break- 
spark ignition as with the hot-wire ignition. The minima of break-spark igni¬ 
tion curves were very close to those temperatures required for combustion to 
carbon dioxide, but the minima of the hot-wire ignition curves corresponded 
very closely to the calculated temperatures at which combustion of the fuel would 
yield principally carbon monoxide. The presence of knock-suppressors or knock- 
inducers had very little effect. This seemed to indicate that with hot-wire igni¬ 
tion a burn-out occurred in the vicinity of the heated wire before the current 
required for ignition was reached, and that this effect was practically absent when 
ignition was effected by a break-spark. Since this burn-out apparently took place 
when the amperage was less-than that required for igfiition it might be consid¬ 
ered as preliminary or “pre-ignition” combustion. Knock-suppressors, therefore, 
seemed to hinder this pre-ignition combustion, but knock-inducers promote it. 

Increase of Pressure during Combustion 

The pressures developed with mixtures of air and the first five members of 
the paraffin series when ignited centrally in a spherical bomb have been measured 
by Maxwell and Wheeler.** In all instances, the pressure rise increases with 
increasing quantities of hydrocarbon in the gas mixtures, reaching a maximum 
with mixtures containing slightly more hydrocarbon than that required for com¬ 
plete combustion. Beyond this maximum, the rise in pressure decreases with 
increasing hydrocarbon content.®* Similar observations were made of the time 
required for the pressure to develop after ignition and the time required for the 
maximum pressure to develop. Some of the data obtained by Maxwell and 
Wheeler with methane-air and butane-air mixtures are given in Tables 149 
and 150: 

Table 149 .—Pressure Developed in Ignition of Methane-Air Mixtures. 

Theoretical mixture for complete combustion: 9.74% CH*. 

Approximate limits of inflammability: 5.6 to 13.6% CH«. 



Time from Ignition 

Time from 



to First Indication 

Ignition to 

Maximum 

Methane 

of Pressure 

Maximum Pressure 

Pressure 

Per Cent 

Sec. 

Sec. 

(Atmos.) 

6.05 

0.167 

0.545 

2.67 

7.35 

0.058 

0.119 

5.69 

10.20 

0.020 

0.067 

7.43 

11.90 

0.045 

0.102 

6.54 

13.40 

0.166 

0.368 

4.23 


Calculated pressures were always higher than observed pressures, the closest 
agreements being obtained with maximum-pressure mixtures. The discrep¬ 
ancies were believed to result principally from errors in the values of the 
specific heats of the gases formed during combustion. The mean temperature 
of the explosion was considered as the principal factor in determining the mean 
rate of the development of pressure. There was a general agreement between 

Loc. cit. 

1927, 2069. 

** Kenning iPhil, Trans., 1926, 22SA, 331; Brit. Chem. Abs. B, 1926, 258) reported that under 
an initial pressure of 95 pounds per square inch and a temperature of lOB* C. a maximum pressure 
WZ9 obtained with a 9.7 to 10.5 per cent methane-air mixture and a minimum of '‘explosion time** 
with 9.7 per cent methane. 
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Table -Pressure Developed in Ignition of Butane^Air Mixtures, 
Theoretical mixture for complete combustion: 3.12% GH|®. 
Approximate limits of inflammability : 1.65 to 5.7% C 4 H 10 . 



Time from Ignition 
to First Indication 

Time from 
Ignition to 

Maximum 

Butane 

of Pressure 

Maximum Pressure 

Pressure 

Per Cent 

Sec. 

Sec. 

(Atmos.) 

2.05 

0.078 

0.149 

5.20 

3.00 

0.027 

0.059 

8.15 

3.75 

0.027 

0.057 

8.59 

4.40 

0.041 

0.080 

7.78 

5.15 

0.136 

0.221 

5.83 


the composition of the nj^ximum-speed mixtures of hydrocarbons and air, i.e., 
mixtures of paraffin hydrocarbons and air which give the maximum speed of uni¬ 
form movement of flame, as determined by Mason and those found by Maxwell 
and Wheeler. It was concluded that the law of speeds as applied to flame move¬ 
ments in tubes was also applicable to the rate of spread of the flame in a closed 
spherical container. 

Results obtained with mixtures of the olefins, ethylene, propylene or butylene, 
with air were similar to those obtained with paraffins.^® This can be seen from 
the figures in Table 151 which were taken from the data given by Maxwell and 
Wheeler for propylene-air mixtures. 


Table 151.— Pressure Developed in Ignition of Propyiene-Air Mixtures. 
Theoretical mixture for complete combustion: 4.44% C»He. 
Approximate limits of inflammability: 2 to 8% GHa. 


Propylene 

Time from Ignition 
to First Indication 
of Pressure 

Time from 

Ignition to 
Maximum Pressure 

Maximum 

Pressure 

Per Cent 

Sec. 

Sec. 

(Atmos.) 

3.18 

0.059 

0.098 

5.69 

3.82 

0.023 

0.060 

7.20 

4.64 

0.023 

0.044 

7.48 

5.67 

0.026 

0.046 

7.66 

6.89 

0.056 

0.113 

7.05 

7.65 

0.115 

0.380 

5.18 


A study of the oxidation of pentane with air under pressure and between the 
temperatures of 20® C. and 300® C. was made by Dumanois and Mondain- 
Monval.®^ The air and pentane were introduced at a pressure of 5.3 kg. per sq. 
cm. into a rotating steel bomb of 700 cc. capacity. The pressure-temperature 
curves indicated that ignition did not take place below 300® C. if the quantity 
of pentane was 5 to 10 per cent less than that theoretically required for complete 
combustion, though a slight increase in pressure®® was noted at 250® C. With, 
a volume of pentane equivalent to the theoretical quantity required for complete 
combustion (0.5 cc.), the pressure-temperature curves were almost linear, though 
a slight break was noted at 120® C. Beyond this and up to about 10® to 15® C. 
below the ignition temperature, the pressure increased rapidly. The ignition 
temperature decreased from 238® C. to about 220® C. with increasing proportions 
of pentane. The explosions also became less violent with increasing quantities 

1923, 123, 210. 

Maxwell and Wheeler, J.C.S., 1929, 245. 

Campt. rend., 1928, 187, 892; Brit. Chem. Abs. B, 1928, 917; La Rev. Petrol, Nov. 1928, 1568; 
Ann. office not. comb. Hquides, 1928, 3, 761; Chem. Abs., \929. 23, 2694. See also Mondain-Monvai 
and Quanquin, Bull. soc. ind. Mnlkouse, 1930, 96, 265; Brit. Chem, Abs. B, 1930, 803. 

*• Cf. Lewis, toe. cit. 
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of pentane. The pressure-temperature curve for pentane-nitrogen mixtures was 
steeper but showed no break. 

The presence of 0.11 per cent lead tetraethyl in the pentane-air mixtures 
caused spontaneous ignition below 300® C. only when the proportion of pentane 
was greater than that required for complete combustion. Ignition was preceded 
by a slight increase in pressure and took place at temperatures which were some¬ 
what higher than in the absence of the lead tetraethyl. The curves for benzene 
under the same experimental conditions failed to exhibit any breaks, and ignition 
did not take place below 300® C. 

When gasoline was substituted for pentane four types of reaction were noted. 
No spontaneous ignition took place when less than 0.35 cc. was used. With 0.35 
to* 0.8 cc., violent explosions, accompanied by marked rises in temperature, oc¬ 
curred when the temperature of the bomb reached 220® to 225® C. With 0.8 to 

3.6 cc. of gasoline the sudden increases in pressure occurred at gradually de¬ 
creasing temperatures, although the magnitude of the effect at first diminished, 
passed through a minimum, and then again increased rapidly. In this third phase 
it was noted that carbon deposition took place in the bomb. When more than 

3.7 cc. of gasoline were used the pressure and temperature increases fell to an 
even lower value, and were approximately constant for the higher concentrations 
of hydrocarbons. No carbon deposit was noted in the bomb. These stages cor¬ 
responded to a discontinuity in the composition of the combustion gases, and 
also to the different appearances of the flame in the bomb. 

To obtain some information with regard to the mechanism of the reactions, 
hydrocarbon-air mixtures were passed at atmospheric pressure through a heated 
tube and the oxidation products examined. Reaction began at 160® C. and pro¬ 
ceeded rapidly at 300® C., with the production of carbon dioxide, alcohols, alde¬ 
hydes, and acids. No true ignition was observed even at 360® C. It was concluded 
that the initial reactions in the bomb were of a similar nature, were exothermic, 
and were unaccompanied by a flame. Because of their exothermic nature, the 
temperature of the mixture rises and, if the concentration of the hydrocarbon is 
sufficiently high, ignition takes place.®® 

When a mixture of pentane and air was heated under pressure at constant 
volume, Dumanois and Mondain-Monval observed that the sudden rise in tem¬ 
perature and pressure was accompanied by the formation of carbon dioxide and 
aldehyde. At 230° C. spontaneous explosion of the mixture occurred. The alde¬ 
hyde was still present in appreciable quantities but the carbon dioxide was not. 
Analogous results were obtained with hexane, octane, and commercial gasoline. 
With gasoline it was noticed that unsaturated hydrocarbons were formed during 
the stage in which no deposition of carbon took place in the steel bomb.^® 

On passing a gaseous mixture of air and pentane (less than 2.5 per cent) at 
the rate of 6.5 liters per hour into a glass receiver which was heated progres¬ 
sively to 800® C. in such a manner that the products of oxidation were not re¬ 
moved, Prettre, Dumanois and Laffitte observed that a luminescence appeared 
at 250® to 300® C., and ignition took place at 670® C. With a larger propor¬ 
tion of pentane (up to 13 per cent) luminescence was noticed at 259® to 263® C, 
depending upon the composition of the gas mixture, and ignition occurred at 
670® to 680° C. It was concluded by them, from the changes in the nature of 
the luminescence that two spontaneous ignitions occur, one at 260® to 300° C. 

See also Mondain-Monval and Quanquin, Ann. combtfsttbles tiquides, 1930, 5, 307; Chem. Abs., 
1930, 24, 5714. 

^Compt. tend., 1929, 189, 761; Brii. Chem. Abs. A. 1930, 57. La Rev. Petrol, Nov. 2, 1929, 
1550; Ann. combustibles liquides, 1929, 4, 1069; Chem. Abs., 1930, 24, 3210. 

*^Compt. rend., 1930, 191, 329; Brit. Chem. Abs. A, 1930, 1255. 
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and the other above 660® to 670® C. In the interval 300® to 600® C. the mixtures 
do not ignite but only luminesce. 

Brown, Leslie and Huhn^* showed that the rate of increase of pressure in 
a gaseous explosion is dependent not only on the rate of the chemical reactions, 
but also on the initial temperature of the mixture. The fuel used in their'in¬ 
vestigations was a petroleum fraction boiling between 66.9° and 67.4® C., and 
consisted principally of isohexane. A measured quantity of the fuel together 
with the desired amount of oxygen and nitrogen was placed in a constant-volume 
bomb, and the mixture heated to a given temperature. The mixture was then 
ignited by an electric spark and the changes of pressure with time were re¬ 
corded photographically by a camera (Midgley indicator^®). When the fuel was 
present in excess, increases in initial temperatures resulted in increases in the 
rate of rise of pressure until a temperature of 75° C. was reached. Above this 
temperature the rates decreased. When the air or oxygen was in excess no such 
critical temperature was noticed at room temperature or above. 

Carr and Brown ** determined the rate of pressure increase of explosive mix¬ 
tures of different types of hydrocarbons containing varying amounts of lead 
tetraethyl. The effect of this compound was found to be essentially independent 
of the chemical structure of the fuel but was governed by the type or rate of 
combustion of the explosive mixture. When the rate of reaction or rise in 
pressure increased, the retarding action of the lead tetraethyl decreased and an 
accelerating effect on the combustion was noted. A similar effect was observed 
on varying the quantity of lead tetraethyl added to the explosive mixture. Small 
quantities of this substance tended to retard slow combustion. Larger quan¬ 
tities had no retarding action, but produced, in many instances, an actual acceler¬ 
ating effect. 

In attempting to explain this action, Carr, and Brown assumed that, in slow- 
burning mixtures, the decomposition products of lead tetraethyl were the active 
agents. In rapid-burning mixtures, the rate of inflammation is greater than that 
of the decomposition of lead tetraethyl, the latter therefore does not have time 
to form those products which retard the flame. The accelerating action of the 
lead tetraethyl may be due to the explosive decomposition which occurs in the 
flame front or possibly to the positive catalytic action of some intermediate de¬ 
composition products such as free ethyl radicals. 

This accelerating effect resulting from the addition of large proportions of 
antidetonating substances was pointed out also by Grebel.^® When iron carbonyl, 
ethyl fluid (50 per cent lead tetraethyl and 50 per cent ethyl bromide), or aro¬ 
matic compounds such as benzene or nitrobenzene, were added in small quantities 
to gasoline, ignition temperature increased, but when added in large amounts, 
the ignition temperature decreased. 

Flame Propagation 

While investigating the mechanism of the ignition of gases by means of an 
electric spark Wheeler** observed that the most readily ignitible mixture of 
methane and air contained a greater percentage of air than was required for 

^Ind. Eng. Chem., 1925, t7, 397. 

«/. Soc. Antomotivt Eng., 1920, 7, 491. 

*^Ind. Eng. Chem., 1929, 21, 1071. 

*^Compt. rend., 1929, 1S9, 90; Chew. Abs., 1929, 23. 5311. 

^J.C.S., 1924, 12S, 1858. In an addendum to this work, S. C. Lind has pointed out that the 
rate of reaction between a combustible gas and oxygen increases with the concentration of whichever 
gas has the greatest stopping power for the radiant energy which will activate it, and its stopping 
power depends upon the density of the gas. 
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complete combustion, but the reverse was true for mixtures of the higher paraffins 
and air. Some of the results obtained are given in Table 152. 


Table \S2.—‘Ignition Characteristics of Hydro carbon-Air Mixtures, 



Mixture in Which 



Speed of Uniform 

Mixture for 


Movement of Flame 

Complete 

Gas 

is Fastest 

Combustion 



-Per Cent— 

Methane . 

. 9.6S 

9.45 

Ethane . 

. 6.0S 

5.64 

n-Propane . 

. 4.45 

4.02 

n-Butane. 

. 3.65 

3.13 

n-Pentane . 

. 2.90 

2.56 

n-Hexane . 

.;. — 

2.15 


Mixture Most 
Readily Ignited 
by Secondary 
Discharge 


8.3 

6.7 

5.1 

4.2 
4.0 

3.2 


For the propagation of flames in such mixtures it was found that a minimum 
volume of the mixture must be burned. 

It was also observed that mixtures of air and methane varied as regards 
their sensitiveness to ignition by various means. For example, mixtures most 
readily ignited by contact with the walls of a heated vessel contained 5 to 6 per 
cent methane, but those most readily ignited by an electric spark contained 8.25 
to 8.50 per cent methane.^^ The ignition temperature was defined as the lowest 
temperature under the conditions of the experiment at which inflammation took 
place, regardless of how long the surface remained in contact with the mixture. 
The ease of ignition of gases by a momentary source of heat, such as an electric 
spark, was dependent on the normal speed of propagation of flame in the mix¬ 
ture. It had been observed previously that flames spread away from the path 
of an electric discharge most readily in those mixtures in which the speed of 
propagation normally is fastest.*® 

With a standardized flame projected vertically downward from a silica jet 
as a source of ignition, Walls and Wheeler*® determined what mixtures of 
hydrocarbons and air were most readily ignitible, the relative speed of the flame, 
and the relative duration of exposure of the mixture to the source of heat. Tl^e 
data obtained (see Table 153) indicate that ease of ignition corresponds wdth 
the ability of the flame to travel through the mixture after the source of ignition 
is withdrawn. 


Table 153.— Characteristics of Hydrocarbon-Air Flames, 

Mixture in Which Mixture Relative 

Speed of Uniform Relative Most Duration of 

Movement of Flame Speed of Readily Exposure to 


Gas is Fastest Flame Ignited Flame Required 

Per Cent (Cm. per Sec.) Per Cent (Milliseconds) 

Methane . 9.65 91 9.8-10.0 4.3 

Ethane . 6.05 127 6.8-7.0 2.7 

Propane . 4.45 114 4.8-5.0 3.2 

n-Pentane . 2.90 115 3.1-3.3 3.5 


Wheeler and his collaborators also showed that the time required for the 
development of the maximum pressure after combustion of gaseous mixtures in 
a closed system decreases as the flame speed increases.®® By application of the 

Walls and Wheeler. J.C.S., 1927, 129, 291. 

“Wheeler. J.C.S., 1920, 117. 90.3; ibid.. 1925, 127. 14. 

“ Loc, cit. 

•• Maxwell, Payman and Wheeler, J.C.S,. 1927, 297. 
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law of speeds it was possible to calculate the time required for the development 
of the maximum pressure for various gaseous mixtures.*^ 

By means of photographs of moving flames, taken at intervals of 4.58 milli¬ 
seconds, Ellis and Wheeler “ showed that flame propagation takes place in regu¬ 
lar concentric spheres. These results verified the assumptions previously made 
by \Vheeler,^^ and also the derluctions of Mallard and Le Chatelier from 
time-pressure curves. The rate of propagation of flame was affected by 
cooling at the walls of the vessel. Tlie pressure at any time is smaller when 
tlie point of ignition is at the bottom than at the center of the vessel. 

The movement of the flame in a given combustible gaseous mixture is de¬ 
pendent upon several factors: the length and bore of the tube, the position of 
the spark gap, the initial mechanical turbulence, the intensity of the spark, and 
the initial temperature and pressure.®* At any given point in the tube the 
velocity varies with the length of the tube. With central ignition, flame propa¬ 
gation is symmetrical, but if the ignition is not central, the flame front approach¬ 
ing the nearer end is slower than the other. The speed of the flame increases 
almost rcctilinearly with the width of the spark-gap up to a certain point which 
is dependent chiefly on the strength of the current in the primary circuit and the 
winding ratio of the induction coil. 

Flame propagation can be divided into two phases; one of which is char¬ 
acterized by regular acceleration and the other by a slow and almost perfectly 
constant speed. In heated mixtures the initial phase is faster and ends nearer 
the spark, and the flame is less luminous. Maximum speed is attained at 1 
atmosphere pressure. Pressures greater or less than 1 atmosphere are accom¬ 
panied by decreasing speeds. .This is shown by the data in Table 154 for a 6.5 
per cent ethylene-air mixture: 

Table 154 .—Effect of Pressure ou Ethylene-Air Flame Speed. 


Pressure Flame Speed 

Atmos. Meters per Sec. 

0,9 . 8.79 

1.0 . 8.95 

1.1 . 8.76 

1.2 . 8.38 


The influence of an inert gas. such as nitrogen, on the speed of the flame has 
been studied by Campbell and Ellis and by Ellis and Stubbs.*^ Experiments 
were made i)y the former with various oxygen-nitrogen mixtures together with 
the appropriate quantity of fuel, such as methane, ethylene, carbon disulphide, 
pentane, hexane, alcohol or ether. The speed nn all instances was decreased as 
the dilution with nitrogen increased. The speed of the flame, however, was 
proportional to the calorific value of the gas mixture. The latter investigators 
used mixtures of the type xC 4* yE, in which C = 1 molecule of carbon disul¬ 
phide to 3 molecules of oxygen and E = 2 molecules of hydrogen to 1 molecule of 


“ The law of speeds is stated by Payman and Wheeler U.C.S., 1922, 121, 365) as follows; “Given 
two or more mixtures of air or oxygen with different individual gases, in each of which the speed 
of propagation of flame is the same, all combinations of the mixtures of the .same type propagate flame 
at the .same speed.s, under the same conditions of experiment.” 

« J.C.S., 1925, 127, 764. 

1918, 113, 840. 

miucs, 1883, (8) 4, 379; sec also Bull. soc. chim., 1883, (2) 39, 268, 369; Chem Soc Abx 
1883, 44, 844; rend.. 1882. 95. 599, 13.52; Chem. Soc. Abs.. 1883, 44, 148, 542; Bull soc chim * 

1883, (2) 39. 572; Chem. Soc. Abs.. 1884, 45. 549. ’ ’ 
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oxygen. Ellis and Stubbs observed that when the calorific value of the mixture 
was constant, the speed of the flame was proportional to the thermal conductivity 
of the mixture. The thermal conductivity was a product of three quantities; 
the density, the viscosity and the specific heat. 

Stevens examined the rate of flame propagation in mixtures of carbon 
monoxide and oxygen. A mixture of these gases, in which the individual partial 
pressures were known, was employed to blow a soap bubble. Through the aperture 
from which the bubble was blown was inserted an ignition gap which was 
extended as near the center of the bubble as possible. After firing, the volume 
of the bubble was photographed at regular intervals on a continuous film. This 
gave the initial and final volumes at constant pressure. Under these conditions 
the concentrations of the gases about to explode remained constant. Tlie flame 
velocity was found to be constant and proportional to the initial concentrations 
of the reactants. For example, with carbon monoxide, this can be expressed by 

S =-k[CO]* [0*1 

in which 5" is the speed of the flame, and A; is a proportionality factor dependent 
on the vapor pressure of the water present in the gases. 

Mechanism of Combustion and the Effect of Knock-Inducing and Knock- 
Suppressing Compounds 

The work of Callendar, King and Sims led to the formulation of the 
nuclear theory of the self-ignition of motor fuels. Briefly, this theory states 
that the detonation of liquid fuels, at high compression ratios, is due to the 
presence of nuclear drops or residues of low ignition points and probably to 
the presence of heavy paraffins since these have the lowest ignition temperatures 
of any of the constituents of gasolines. The antidetonating properties of lead 
tetraethyl and nickel or iron carbonyl, and the pronounced effect which results 
from the presence of relatively small quantities, was attributed to the reducing 
action of the metals, formed by decomposition at high temperatures, which be¬ 
came concentrated in and delayed the action of the nuclear residues. Other 
substances which exhibited antidetonating properties were aromatic hydrocarbons, 
aromatic amines, and alcohols. 

Further work on the slow combustion of fuels appeared to confirm this 
theory.®® The temperature of initial combustion of a number of organic liquids 
was determined by passing a mixture of the vapor and air through a glass 
tube, the temperature of which could be gradually increased. It was observed 
that nuclei in the form of a dew or fog always preceded or else accompanied the 
initial stage of oxidation. The products of the reaction included water, carbon 
dioxide, aldehydes or acids, and traces of “active oxygen.^' Detonation and the 
presence of active oxygen became more marked when the fuel was injected into 
the tube as a fine spray, which phenomena indicated the formation of organic 
peroxides in the nuclear drops. The small amount of peroxide was not suffi¬ 
cient in itself to cause the detonation, but acted as a primer which effects the 

^ J.A.C.S., 1926, 48, 1896. For other methods of studying flame propagation in inflammable gas 
mixtures see Ellis and Robinson, J.C.S., 1925, 127, 760; and Perrott and Gawthrop, Ind. Eng. Chetn.. 
1927, 19, 1293. 

^Engineering. 1926, 121, 475, 509, 542, 575, 605; Brii. Chem. Ahs. B, 1926, 618; sec also Marek 
and Hahn, “Catalytic Oxidation of Organic Compounds in the Vapor Phase,” Chemical Catalog Co., 
Inc., New York, 1932, 302: Kalichevsky and Stagner, “Chemical Refining of Petroleum,” Chemical 
Catalog Co., Inc., New York, 1933, 269. 

1927 2V^*r697’ *^27, 272; Chem. Abs., 
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simultaneous ignition of the drops. The addition of antidetonants such as lead 
tetraethyl and others, completely altered the course of the reaction. Antidetonants 
inhibited the formation of active oxygen among the products of combustion, and 
thus raised the spontaneous ignition temperature of the mixture. 

In investigating the reactions taking place during the combustion of fuels, 
Mardles employed two experimental methods. In the first, a mixture of air 
and fuel was passed through a heated tube and the products of the reaction were 
identified. These products were active oxygen, probably present as organic perox¬ 
ides, and aldehydes and acids, formed by the decomposition gf such peroxides. 
The addition of substances such as benzene, aniline or lead tetraethyl to the fuel- 
air mixture effected a marked decrease in the amount of active oxygen pro¬ 
duced. In the presence of fuels, both aniline and benzene were oxidized at 
temperatures much lower than are required for their oxidation alone. This oxi¬ 
dation was shown to be due to peroxides and not to hydrogen peroxide formed 
by the hydrolysis of the peroxides. Similar results were obtained also by the 
second method, in which the reactants were placed in a bulb and the rate of 
reaction was followed by the change in pressure as the temperature was slowly 
raised. This experimental work confirmed the views of Callendar. 

The results of Berl and Werner®^ on the ignition of mixtures of ethylene 
or methane with insufficient air for complete combustion but under just suffi¬ 
cient pressure for reaction to take place led them to conclude that combustion 
results in the preferential oxidation of the hydrogen. On increasing the pres¬ 
sure, however, the proportion of carbon dioxide and especially of carbon monoxide 
formed increases rapidly. For example, of the oxygen present in a 40 per ctni 
ethylene-air mixture, 83 per cent appeared as water, 3 per cent as carbon dioxide, 
and 14 per cent as carbon monoxide after ignition under 40 atmospheres pres¬ 
sure. Under 92 atmospheres pressure, 50 per cent of the oxygen appeared as 
water, 10 per cent as carbon dioxide, and 40 per cent as carbon monoxide after 
ignition. 

The ignition temperatures of mixtures of the inflammable vapors of motor 
fuels and air, at pressures varying from 1 atmosphere to 20 atmospheres, and the 
influence of knock-suppressing compounds on these temperatures was investigated 
by Berl, Heise and Winnacker.®® In the case of mixtures of air and hydrocar¬ 
bons such as n-pentane, n-hexane, and cyclohexane, an increase in pressure had 
only a very slight effect in depressing the ignition temperature. With a mixture 
of ether vapor and air, the effect of pressure was somewhat greater. With mix¬ 
tures of air and benzene or alcohol vapor, ignition did not occur at 800° C, 
under the pressures investigated. Cyclohexene at 60° C. and under 20 atmos¬ 
pheres pressure was polymerized by the oxygen in the air. In general, those 
substances which were the most easily oxidized also caused knocking the most 
readily. The addition of knock-suppressors, siich as lead tetraethyl or iron car¬ 
bonyl, raised the ignition temperature to approximately the same extent. The 
compression strength was found to increase according to the series: hexane, cyclo¬ 
hexane, cyclohexene, benzene. 

Experiments by Butkov ®* also confirmed the view that those hydrocarbons 
which have a pronounced tendency to knock are readily oxidized. The heavy 
ends of gasoline, which have a high knock value are comparatively easily oxi- 


W/.C.5., 1928, 130, 872. 

“if. angew, Chem., 1927, 40, 24S; Brit. Chem. Abs. B, 1927, 546. See also Berl. Chimie et 
Industrie, 1929. 21. 452; Brit. Chem. Abs. B, 1929, 419. 

“Z. phys. Chem., 1928, 139, 453; Brit. Chem. Abs. B, 1929, 158; Chaleur et ind., 1929. 10. 179. 
241; Chem. Abs., 1931, 25. 806; Z. phys. Chem., 1929, 145, 161; Chem. Abs., 1930, 24, 4143. 

** Isvestiya Tcplo-Tekh. Inst. (Trans. Thermo-Tech. Inst. Russia), 1930, No. 2. 41; Chem. Abs. 
1931, 25, 406. 
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dized. Butkov suggested that two types of oxidation were involved: an explosive 
reaction resulting in the formation of water, carbon monoxide and dioxide and 
a non-explosive reaction which yields asphalt-like materials and acids. .The sec¬ 
ond type is characteristic of heavy hydrocarbons and takes place at relatively low 
temperatures. 

Oxidation of hydrocarbons in the presence of an insufficient quantity of 
oxygen for combustion was also investigated by Berl, Heise and Winnacker,®® 
as well as the effect of knock suppressors such as lead tetraethyl and iron carbonyl. 
The antiknock metallic compounds proved to be powerful inhibitors for the con¬ 
veyance of oxygen, their action being attributed to decomposition into finely 
divided metals.®® A similar but less pronounced effect was obtained with finely 
divided lead and iron in a luminous arc. The finely divided metals arrest oxida¬ 
tion of the hydrocarbon molecules by interrupting the chain reactions or by form¬ 
ing compounds with the peroxides which result. Hydrocarbons which were rich 
in hydrogen were decomposed into hydrogen and an unsaturated hydrocarbon, 
both of which were then oxidized to form water, hydrogen peroxide, and organic 
peroxides. The finely divided metals inhibited this latter peroxide formation 
before the succeeding intramolecular oxidation could take place. 

Egerton,®^ as well as Weerman,®® showed that antidetonating substances raise 
the ignition temperature of gasoline In air. Weerman observed that the metal¬ 
lic vapors which were most effective in increasing the ignition temperature fell 
in the following order: thallium, potassium, lead, iron, nickel, manganese, bis¬ 
muth, selenium, tellurium, sodium, cadmium, calcium, and antimony. The ineffec¬ 
tive elements were aluminum, magnesium, mercury, iodine, phosphorus, gold, and 
zinc. The effect of the following metals was doubtful: tin, cerium, titanium, zir¬ 
conium, thorium, tantalum, tungsten, chromium, cobalt and uranium. Weerman 
stated that, in general, a state of equilibrium exists between certain products of 
the antiknock at the temperature at which they operate.®® For example, with 
potassium there is an equilibrium between the oxides, KoOg and K 2 O 4 , in favor 
of the higher oxide at 400° C. Any reduction to the lower state is followed by 
a regeneration to the higher state by the next suitable impact with an oxygen 
molecule. Peroxide formation with the production of centers of high energy con¬ 
tent is regarded as the initial stage in the combustion of a hydrocarbon molecule, 
and the antiknock substances inhibit oxidation of the fuels prior to ignition."^® 

Berl and Winnacker suggested that with decrease in symmetry of a com¬ 
bustible molecule, as a result of its combination with oxygen, it becomes more 
readily oxidized. Thus, the oxidation of hexane, a symmetrical molecule, is 
preceded by an induction period during which small quantities of oxygenated 
products, aldehydes and acids, are formed. These unsymmetrical oxygenated prod¬ 
ucts add oxygen more readily than the symmetrical hydrocarbon molecules, and 
they therefore act as autoxidizers towards the hydrocarbon molecules. 

This theory appeared to be substantiated by the results obtained on the oxida¬ 
tion of benzaldehyde."^® The rate of autoxidation of liquid benzaldehyde was 
measured at ordinary temperature, the reaction being followed by the direct 
measurement of the rate of absorption of oxygen. In the experiments, the oxida- 

•• Loc. cit. 

^ Cf. Carr and Brown, Ind. Eng. Chem., 1929, 21, 1071; also Egerton and Gates, 7. Tnst. Pet. 
Tech., 1927, 13. 244. 

” Proe. Roy, Inst. Gt. Brit., 1928; Chem. Abs., 1928, 22, 3521; Nature, 1928, 121, 10; Chem. Abs., 
1928. 22. 1034. 

«/. Inst. Pet. Tech., 1927, 13, 300; Chem. Abs., 1927, 21. 2555. 

• Egerton, loc. cit. 

w Berl and Winnacker, Z. phys. Chem., 1930, 148, 36; Brit. Chem. Abs. A, 1930, 1002. 

n Cf. Brunner and Rideal, J.C.S.. 1928, 1162. 

** Berl and Winnacker, Z. physik. Chem., 1930, 148, 261; Brit. Chem. Abs. A, 1930, 1002 
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tion of benzaldehyde proceeded at a rapidly increasing rate after the expiration 
of a period of induction. On adding benzoic acid to the benzaldehyde, a longer 
period of^ induction was observed as well as a decrease in the maximum reac¬ 
tion velocity which was attained. Benzoyl peroxide, on the other hand, shortened 
the induction period and increased the maximum reaction velocity. Benzene, hex¬ 
ane, acetone, cyclohexane, ether, cyclohexene, ethyl alcohol, benzyl alcohol, and 
lead tetraethyl retarded the reaction, the effects increasing in that order, either 
by preventing the formation of peroxides or by reacting with them. Sols re¬ 
sulting from the dispersion of lead, tin or iron in benzaldehyde jalso diminished 
the capacity for oxidation. 

Taylor,^® who also observed a decreased rate of oxidation of benzaldehyde 
in the presence of lead tetraethyl, suggested that not only the lead atoms but 
also the free radicals function as oxidation centers. These free radicals, ethyl 
in the particular instance, are very active in the presence of hydrocarbon-oxygen 
mixtures. Free radicals possibly act as oxidation centers, producing homogeneous 
combustion which would be supplementary to the inhibitory action of the metal 
alkyl on the oxidation of the aldehydes produced by the partial oxidation of the 
hydrocarbons. The action of free radicals may also account for the inhibitory 
action of antiknocks of the non-metallic type, such as aniline.^^ 

Graetz^® concluded that any thermal*dissociation reaction is preceded by the 
autoxidation of the gasoline, which occurs mainly in the liquid phase and at an 
optimum temperature of 120° to 160° C. The most readily autoxidizable hydro¬ 
carbons are those of the ethylene series (C 2 H 4 and homologues), and these may 
yield either unstable and detonating compounds or stable compounds. The pres¬ 
ence of a large proportion of ethylene hydrocarbons in gasolines effects a more 
regular autoxidation of the paraffin hydrocarbons and leads to more stable or 
easily hydrolyzed products. The antiknock properties of aromatic compounds 
can be attributed to the stability of the peroxides which they form. This stabil¬ 
ity, however, renders them less appropriate as catalysts for the oxidation of 
paraffin hydrocarbons. They can combine directly with unsaturated compounds 
and thus act as reagents rather than as catalysts. Graetz stated that they must 
be present in large quantities (50 per cent or more) in order to produce bene¬ 
ficial effects. Ketones and aldehydes, particularly cyclohexanone and menthone, 
behave like the ethylene hydrocarbons. The two chief factors whicli destroy 
peroxides are water which hydrolyzes them and high temperatures which bring 
about their decomposition. 

Layng and Youker investigated the action of accelerators and inhibitors 
upon the oxidation of hydrocarbons in both the liquid and the gas phase. The 
hydrocarbons together with oxygen were introduced into a bulb which was kept 
at a constant temperature and the reactions were followed by measuring the 
change in pressure. The data indicated that aniline, diphenylamine, potassium 
ethoxide and lead tetraethyl were all inhibitors of gas phase oxidation, but 
sodium and potassium ethoxides and lead tetraethyl were accelerators of liquid- 
phase oxidation. For a compound, therefore, to act as an antiknock they assert 
that it must be an Inhibitor of gas-phase oxidation and an accelerator of liquid- 
phase oxidation. Compounds which fail to approach lead tetraethyl but which 
have some effect as antiknocks seem to exert an action in only one of the phases 
present in the gas engines at the temperatures employed during the test. 

Nature, 1927, 119. 746; Chem, Ahs., 1927, 21. 2555. 

a, Lewis, hr. cit. 

Ann. office nat. comb, liquides, 1928, 3, 69; Chem. Ahs., 1928, 22. 2459. 

^•Ind. Eng. Chem., 1928, 20, 1048. 
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The changes taking place during the oxidation of gasoline-air mixtures previ¬ 
ous to ignition, both in the absence and in the presence of knock-suppressors, 
have been studied by Zaikowsky, Holroyd and Sokolov.V The untreated mixtures 
underwent greater oxidation, though there was no corresponding increase of the 
compression pressure. This indicated that oxidation was not a homogeneous re¬ 
action. The addition of lead tetraethyl, or other antiknock compounds, reduced 
the rate of oxidation in the gas phase for a short time, and the metallic oxides 
which were deposited were effective antioxidizing agents. Lead oxide was a 
positive surface catalyst for carbon. The effectiveness of antiknock compounds 
was attributed to their temporary elimination of oxygen molecules which are 
activated sufficiently to react directly witK hydrocarbons. 

The combustion process taking place in gasoline-air mixture was followed 
by determining the oxygen concentration in the gases withdrawn from different 
parts of the combustion chamber at various intervals during the combustion of 
the charge.’'® The results indicated that there was a definite combustion zone 
which passed through the charge of gasoline and air at a definite velocity. This 
conclusion was based upon the fact that longer intervals elapsed between the 
instant of ignition and the start of decreasing .oxygen concentration as the dis¬ 
tance increased between the point of ignition and the point in the chamber at 
which the gas was removed. During these intervals, the oxygen concentration 
in the sample remained fairly constant. 

The combustion zone traveled faster through the middle portion of the com¬ 
bustion chamber than along the side walls. This phenomenon w'as probably a 
result of the cooling effect of the walls. It was also thought that the flame 
front, which is convex in the direction of travel, proceeded outward from the 
point of ignition through all portions of the charge."^® The speed of the com¬ 
bustion zone, through both the middle portion and along the side walls, was 
increased by increasing the speed of the engine. This increased speed of com¬ 
bustion was attributed to, at least in part, increased turbulence of the charge. 
With gasoline, the knocking appeared to be associated with the combustion of 
the last portion of the fuel. The data seemed to indicate that there was a more 
rapid speed of the combustion wave through the last quarter of the combustion 
space in detonating explosions than in non-detonating explosions. 

It has been pointed out by Grebel that calculations based on the assumption 
that combustion goes to carbon dioxide and water are incorrect. The gas mixture 
in the cylinder is not homogeneous, and its composition does not correspond to a 
chemical equilibrium. Combustion takes place in stages with the production of 
aldehydes,®' acids, carbon monoxide, and other substances. Combustion is cata¬ 
lyzed by the presence of appropriate quantities of some of the products, such as 
carbon dioxide or water vapor. More efficient operation wdll result when fuel 
and air are thoroughly mixed in optimum proportions together with a small quan¬ 
tity of the exhaust gases, as catalyzers. 

From a consideration of the analyses of exhaust gases from automobile engines 
obtained by a number of investigators, Lovell and Boyd,*^ contrary to the views 

” Phys. Rev., 1929. (2) 33, 264; Brit. Chem. Abs. B, 1931. 8. 

™ Withrow, Lovell and Boyd, Ivd. Eng. Chem., 1930, 22, 943. 

Cf. Ellis and Wheeler, he. cit. 

^ Chimic et iudustric. 1928, 20, 813; Brit. Chem. Abs. B, 1929, 43; Chem. Abs., 1929, 23, 2011. 
For the description of a carburetor which first .subjects the mixture of fuel vapor and air to the action 
of a heated catalyst, see Soc. Anon. Lc Carbone, British Patent 288,588, 1927; Brit. Chem. Abs B 
1928, 80S. 

“ For the recovery of products from the exhaust Rases of internal combustion engines, sec Paris 
U. S. Patent 1,388,480, Aug. 23, 1921; Chem. Abs., 1921, 15, 4047. 

”/»!(/. Eng. Chem., 1925, 17, 1216. 
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of Grebel, concluded that the components of such gases are in a state of equilib¬ 
rium which may be represented by 

COi-fH, C0-fH,0 

The equilibrium value, represented by K = within very narrow 

limits (from 3.0 to 4.0) and corresponds to an equilibrium reaction at tempera¬ 
tures of 1350® to 1550® C. They also concluded that over 95 per cent of the 
hydrocarbon was burned to carbon dioxide and carbon monoxide under various 
conditions during which the engines ran smoothly. The amounts of hydrogen 
burned to water and carbon burned to carbon dioxide seemed to confirm the 
hydroxylation theory of combustion of hydrocarbons, and disprove the idea that 
the maxima of power curves for gasoline engines occurred when 85 per cent of 
the theoretical air was used because of a preferential burning of hydrogen. 


Gaseous Ionization and Knocking 

One of the explanations offered for the effects of knock-inducing or knock¬ 
suppressing compounds is based on the ionization of gases. It is known that 
burning gases are conductors of electricity, and therefore are ionized. Part of 
the energy from the reactions of the molecules in the flame were thought to be 
used in liberating electrons which then precede the flame front and ionize the 
combustible mixture just ahead. The higher the temperature and pressure of the 
reacting gases, the greater would be the velocities of the liberated electrons, and 
consequently the faster the propagation of the flame, thus causing a larger portion 
of the charge to detonate. The liberated electrons are absorbed by the lead atofns, 
hence the effect of the lead tetraethyl on detonation. The negatively charged lead 
atoms attracted positively charged atoms and discharged them. In this manner 
one atom of lead would prevent a large number of molecules from being suffi¬ 
ciently activated to bring about detonation. A knock-inducing compound would 
act in the opposite manner. 

Clark, Brugmann and Thee*® tested this theory by measuring the ionization 
of air, air-benzene, air-benzene-butyl nitrite (knock-inducer), and air-benzene-lead 
tetraethyl (knock-suppressor) mixtures. The ionization was affected with mono¬ 
chromatic molybdenum Ko x-rays of constant intensity, and the ionization cur¬ 
rents were measured by a very sensitive quadrant electrometer and a gold-leaf 
electroscope. 

The presence of butyl nitrite in an air-benzene mixture slightly increased the 
total ionization, these results being in accord with the theory. The presence of 
lead tetraethyl, however, gave a still larger total ionization, which was not accord¬ 
ing to theory. The presence of butyl nitrite in the benzene-air mixture decreased 
the rate of recombination, again in accord with the theory, but the presence of 
lead tetraethyl decreased the rate of recombination to a larger extent. This latter 
effect again was contradictory to the theory. The experimental evidence, there¬ 
fore, did not adequately substantiate the theory of gaseous ionization and 
detonation. 

The influence of an antiknock compound on the rate of slow oxidation of 
methane under the ionizing action of radon was investigated by Lind and Bard- 
well.** The antiknock compound used was diethyl selenium, because of its greater 

» lnd , Eng . Chem ., 1925. 17, 1226. 

M/mf. Ena . Chem ., 1927 , 19. 231. 
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volatility than lead tetraethyl. The results indicated some acceleration but no 
retarding influence of this compound on the rate of the reaction. These investi¬ 
gators therefore concluded that ionization did not play a primary role in the 
explosive reaction or in the flame propagation. 

By means of a delicate electrometer, Gill *® attempted to measure ionization 
in fuel vapors during slow combustion in air. No detectable ionization occurred 
when the vapors of hexane or carbon disulphide were undergoing slow phos-^ 
phorescent combustion in air at temperatures up to 400® C. Similar results were 
obtained when substances such as lead tetraethyl or iron carbonyl, which inhibit 
phosphorescence, were present. With hydrogen*air mixtures appreciable ioniza¬ 
tion occurred only immediately before self-igi)ition at relatively high tempera¬ 
tures. The ignition temperature was lowered by the presence of nitrogen 
peroxide. This cannot be accounted for by ionization effects, as no ionization 
was detected in the reaction between hydrogen and nitrogen in the absence of air. 

Antiknocks or Knock-Suppressing Compounds 

In the preceding pages various substances have been mentioned which can be 
used as antidetonants or knock-suppressors. These include ethyl and benzyl 
alcohols, potassium ethoxide, aromatic compounds (benzene, toluene, and aniline), 
and organo-metallic compounds (lead tetraethyl and iron carbonyl). Numerous 
other substances have been suggested and the following examples are given 
merely to illustrate their wide variety. 

Egerton recommended the vapors of thallium or thallium compounds,*® such as 
thallium ethyl, ethoxide or oleate. The heavy metal derivatives of jS-diketones, 
such as those of iron, nickel, cobalt, and, as well as the aluminum, zinc, and other 
metallic compounds of acetylacetone or benzoylacetone or their homologues have 
been proposed by Coffey.®^ Mercury cyanide has "also been suggested.** The 
butyl esters of hydroxynaphthenic acids as well as the mercury compounds of 
naphthenic acids or their esters have been mentioned.** The alkali oleates, 
naphthenates and sulphonates are said to be antidetonants.** The cracking of 
hydrocarbons in the presence of ammonia, or of nitrogenous organic compounds, 
in order to produce gasolines containing cyclic nitrogen compounds which are 
nondetonating was suggested by Brown and Sullivan.*^ Mixtures of various 
antiknock substances can be used, as for example, a mixture containing aniline, 
acetone and anhydrous alcohol.** The antiknock properties of aromatic amines 
may be increased by the addition of a substance having a high critical temperature 
and a high spontaneous inflammation temperature.*® Such a mixture may consist 
of aniline and hydrocarbons obtained from coal tar and having a boiling range of 
170® to 250® C. ‘‘Targol,** a mixture of terpenes which have been oxidized with 
oxygen, has been used.*® Oxidized kerosene has been proposed as a fuel of much 

** Trans. Faraday Soc., 1930, 26, 49; Chem. Ahs., 1930, 24, 2858; Brit. Chet^. Abs. A, 1930, 398. 

** British Patent 279,^560, 1926; assigned to Asiatic Petroleum Co., Ltd.; Chem. Abs., 1928, 22, 3042. 

** British Patent 287,192, 1926; assigned to British Dyestuffs Corp., Ltd.; Brit. Chem. Abs. B, 
1928 357. 

“‘Du Camp, British Patent 308,610, 1928; Chem. Abs., 1930, 24, 496; German Patent 520,010, 1926. 

••Rosenbaum, U. S. Patent 1,841,254, Jan. 12, 1932; Chem. Abs., 1932, 26, 1768. 

•• Kgerton and Barton, British Patent 300,156, 1927; assigned to Asiatic Petroleum Co., Ltd.; 
Brit. Chem. Abs. B, 1929, 46. 

U. S. Patent 1,797,819, Mar. 24, 1931; assigned to Standard Oil Co. of Indiana; Chem. Abs., 
1931 25 2845. 

••De*la Riboisiire, French Patent 710,402, 1931; Chem. Abs., 1932, 26, 1769. Koblitz (British 
Patent 347,132, 1930; Brit. Chem. Abs. B, 1931, 750) described the use of a mixture containing aniline, 
anthracene, camphor, castor oil, various hydrogenated naphthalenes, picric acid, ether, nitronaphthalene 
and cresol; to this may also be added monochloronaphthafene, acrolein, hydroquinone, and benzoic acid. 

•• Petroff, French Patent 714,241, 1930; Chem. Abs., 1932, 26, 1769. 

••Laurent, Chimie et indnstrie, Apr. 1928. Special No. 319; Chem. Abs., 1928, 22, 4236; cf, 
Chmie et indnstrie. Special No. 266; Chem. Abs., 1927, 21, 3444. 
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less knocking tendency than straight kerosene for use in kerosene engines.®® 
“Brittolizing*’ of motor fuels is a process which is said to consist in binding ether 
into any straight-run distillate' with the aid of a catalyst to improve its com¬ 
bustion.®® 

Grote®^ showed that those compounds containing tetravalent lead were the 
best antidetonants, whereas those containing bivalent lead, with few exceptions, 
possessed little or no antidetonating properties. He states that as a rule the most 
powerful antiknock materials yield finely divided particles of the metallic con¬ 
stituent on heating, but compounds which undergo complete oxidation on heating 
are inefficient. 

Straight-chain paraffin hydrocarbons show a regular and rapid decrease in 
antiknock quality as the number of carbon atoms in the chain increases. When 
the number of carbon atoms in the chain remains constant the antidetonating 
quality is improved as methyl groups in the form of side-chains are introduced. 
For a given number of carbon.atoms in the molecule the antiknock quality is 
improved as centralization of the molecule is increased.®® 

Oxidation products, such as peroxides, acids, aldehydes or ketones, formed 
during the storage of cracked gasoline (see chapter 40), decrease the antiknock 
value of the fuel.®® Accelerated oxidation of the fuel also has the same effect. 
The degree to which these changes take place varies with different gasolines. 
Oxidation of gasoline can be prevented by the use of chemical oxidation in¬ 
hibitors, such as aniline, dimethylaniline, quinol, urea and anthracene. The anti¬ 
knock value of stored gasolines can be increased by treating them with fuller's 
earth, caustic soda or borax. It has been stated that the accelerated oxidation 
test for gum is also applicable as an accelerated test for the depreciation of the 
antiknock value of a gasoline,^®® 

Measurement of Knock Rating 

Although a detailed discussion of the various methods of, determining the 
knock rating, or antidetonating value, of different fuels is outside the scope of this 
text, nevertheless, certain phases of the testing are briefly considered. 

In the bouncing-pin method, which is the basis of most methods of measuring 
the knock rating, the relative intensities of different detonations are determined 
by means of a bouncing pin combined with the standard pressure element of the 
Midgley indicator ^®^ which is screwed into the combustion chamber of the 
engine.^®® On detonation, the pin jumps upward, the fluctuations closing an 
electric circuit. The volume of gas evolved from an electrolytic cell measures 
the period during which the circuit was closed. Comparison of these volumes 
determines the relative knocking values of the fuels. Hexane at one time was 
suggested as a standard fuel.^®® This fuel was matched in knocking tendency with 
the fuel under investigation by the addition of either isopropyl nitrite (knock- 
inducer) or diethyl selenium (knock-suppressor). I^ter, Faragher and Hub- 

** James, J. Franklin Institute, 1923, 195, 42B. 

I'ct. Times, March 7, 1931, 327. See also Meyer, German Patent 520,011, 1926; British Patent 
262,363. 1925; Brit. Chem. Abs. B, 1927, 134; British Patent 269,222, 1925; Brit. Chem. Abs. B, 
1927, 721; U. S. Patent 1,671,158, May 29, 1928. 

••^Petroleum Z., 1926, 22, 1344; Chem. Abs., 1928, 22, 1034. 

""Boyd, Oil and Gas J., 1931, 29 (42), 147, 227; Chem. Abs., 1931, 25, 5278. 

KrIoIt. Faragher and. Morrell, Petroleum, 1930, 26, 243; Brit. Chem. Abs. B, 1930, 750; also 
Amcr. Pet. Inst., Proc. 10th Annual Meeting, 1930, 11, No. 1, Sect. Ill, 112; Chem. Abs., 1930, 24, 
1967; Cassar, Ind. ling. Chem., 1931, 23, 1132. 

See Chapter 40 for a discussion of the accelerated oxidation test for gum in gasoline. 

*** Midgley, Trans. Soc. Automotive Eng., 1920, 15, 317. 

Midgley and Boyd, J. Soc. Automotive Enp., 1922, 10, 7; Chem. Abs., 1922, 16, 815. 

For a comparison of the antiknocking qualities of benzene, toluene and xylene, see Midgley and 
Boyd, Ind. Eng. Chem., 1922, 14, 589. 
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ner suggested determining the knock rating by comparing the fuel with blends 
of chemically pure benzene in a standard straight-run gasoline. 

Lovell, Campbell and Boyd measured the knock rating of a number of 
paraffin hydrocarbons in terms of the aniline equivalent. This was defined as the 
number of centigram-moles of aniline that must be added to a reference fuel to 
make 1000 cc. of a fuel equivalent in knocking tendency to a molal solution of 
the hydrocarbon in the reference gasoline, provided the hydrocarbon knocked less 
than the reference fuel. When the hydrocarbon knocked more than the reference 
fuel the aniline equivalent was the number of centigram-moles of aniline added 
to a one-molal solution of the hydrocarbon in the reference gasoline to make a 
fuel that was equivalent in knocking tendency tO‘the reference gasoline. On this 
basis n-heptane (hydrocarbon with high knocking tendency) had an aniline 
equivalent of —14, and 2,2,4-trimethylpentane (hydrocarbon of low knocking 
tendency) had an aniline equivalent of +17. 

From the measurements so obtained it was found that as the length of the 
chain increased the knocking tendency of the hydrocarbon increased. The knock¬ 
ing tendency decreased as methyl groups were added as side-chains. Substances 
with the most compact structures were the most resistant to knocking. This is 
illustrated by the data in Table 155: • 


Table 155. — Effect of Structure on Resistance to K>u)ckinp. 


H ydrocarbon 

Aniline 

Equivalent 

fIydrocarbon 

Aniline 

Equivalent 

n-Pentane . 

. 1 

2-Methylbutane . 

. 9 

n-Hexane. 

. 6 

2-MethyIpentane . 

. 4 

n-Heptane . 

. -14 

2-Methylhexane . 

. 0 

n-Octane . 

.“21 

2,2-Dimethylpentane _ 

. 6 

n-Nonane . 

. -28 

2,3-Dimethylpentane _ 

. 12 

n-Heptane . 

. -14 

3,3-Dimethylpentane - 

. 13 

2-Methylhexane . 

. 0 

2,2,3-Trimethylbutane ... 

. 19 

3-Methylhexane . 

. 3 




Still another method of measuring knock rating is that of comparing the 
knocking tendency of the fuel with various mixtures of an isooctane (2,2,4- 
tri methyl pentane) and n-heptane. The former is a hydrocarbon which has a very 
slight tenden^^y to knock, but the latter has a great tendency to knock (cf. aniline 
equivalents given above). The octane number of a fuel, therefore, is the per¬ 
centage by volume of this isooctane in a mixture of isooctane and n-heptane 
required to match the knocking tendency of tlie fuel.'”'* The higher the 
octane number the greater the antiknocking property of the fuel. 

These primary standards, isooctane and n-heptane, are rather expensive. 
Alternate methods, therefore, involve the use of secondary standards such as 
benzene, lead tetraethyl or aniline in standard fuels, which have been rated 
against the primary standards.'”^ 

The possibility of removing from a gasoline the fraction responsible for its 
greatest tendency to knock was investigated by Fenske.'®® Straight-run Penn¬ 
sylvania gasoline, which boiled from 43° C. to 204° C., was fractionated into 165 
different fractions, of which the density, index of refraction and knock rating 
were determined. Unexpected periodic relations were found between the prop- 

»'«/. Soc. Automotive Eng., 1927, 20. 405; Chem. Ahs., 1927, 21, 2790. 

Eng. Chem.. 1931, 23, 26. 

lloyd, Ind. Eng. Chem., 1930, 22, 1301. For the octane numbers of gasolines sold in the Unitet! 
.St.ites, see Kraeiner and Lane, U, S. Bur. Mines, Rep. Investigation, 3092; Chem. Abs., 1931, 25, 2841. 

Edgar, Oil and Gas J., 1931. 29 (42), 101, 229; Chem. Abs., 1931, 25, 5011. 

Ena. Chem., 1930, 22, 913. 
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crties tested. In general, the fractions which had the lowest densities and 
refractive indices were found to have the highest knock ratings, and v/c<? versa. 
Since the index of refraction, which is an easily measured constant, increased 
with decreasing knock rating, it was suggested that this determination be used 
for the separation and detection of fractions of different values. 

The variation in knock rating with the distillation range was studied by 
Weld.^®® A naphtha, obtained by the liquid phase cracking of a Mid-Continent 
gas oil, was separated by distillation into the following seven fractions: 0-10%, 
10-19.1%, 19.1-?8.2%, 28.2-75.1%, 75.1-81.1%, 81.1-93%, and 93-100%. These 
fractions were combined to form 16 different experimental gasolines, and the 
knock rating of each was determined. The octane number of the original gasoline 
(fractions 0-100%) was 55. Discarding 24.9 per cent from the heavy ends (i.e., 
using fractions 0-75.1%) raised the octand number 6 points, but discarding 28.2 
per cent of the lighter ends (i.e., using fractions 28.2-100%) decreased the 
octane number by about 5 points. 

In testing various fuels in Diesel engines Le Mesurier and Stansfield ob¬ 
served that “combustion shocks** depended not only on the initial rate of pressure 
rise but also upon the period during which the highest rate of pressure was 
applied. In general, fuels having the longer period between ignition and com¬ 
mencement of pressureproduced the greatest combustion knocks. The 
addition of amyl nitrite (knock-inducer) or acetaldehyde reduced the angle 
of delay and induced smoothness of running. It also appeared that the heavy 
fractions of crude oils, which yielded explosion engine fuels of the highest anti¬ 
knock value, would be the worst from the standpoint of combustion shocks, and 
z^ice versa. 

Oil and Cas J.. March S. 19.11. p. 98. 

«*/. Inst Pet Tech,, 1931. 17. 387; Chem. Ahs., 1931. 25. 5279. 

*** The use of nitroparaffin.s in Diesel fuejs has been described by Loomis, U. S. Patent 1.820.983, 
Sept. 1, 1931; assigned to Standard Oil Development Co.; Brit. Chem. Ahs. B, 1932, 636. 



Chapter 45 

Miscellaneous Oxidation Reactions. Denaturants, 
Insecticides, and Otljer Products 

In a number of the preceding chapters the oxidation of individual hydro¬ 
carbons or of petroleum fractions has been considered. The products obtained 
by such reactions are principally ketones, alcohols, esters, aldehydes and various 
types of aliphatic and aromatic acids and anhydrides. The effect of autoxidation 
on certain distillates, particularly gasoline and lubricating or transformer oils 
has been pointed out. In this chapter are included the production of other com¬ 
pounds, such as alcohols, by oxidation and the utilization of these oxidized bodies 
in the preparation of many different kinds of materials; e.g., denaturants, in¬ 
secticides, solvents, synthetic resins and waxes, plastics, detergents and emulsify¬ 
ing agents. 

Mild or limited oxidation is sometimes employed in the refining of hydro¬ 
carbon distillates, particularly when it is desired to eliminate constituents which 
are readily polymerized, or resinified. In some instances sulphur compounds, 
present as impurities, may be preferentially oxidized to sulphur dioxide, or 
sulphur, and the oxides of carbon and thus be removed. A brief review of such 
methods is also included. 

» 

Oxidation as a Refining Process 

For decolorizing and deodorizing naphtha, cracked oils or petroleum, an oxi¬ 
dation process was suggested ^ in which air is passed through a series of tanks 
containing the oil. The oil in the first tank may contain dissolved heavy-metal 
salts of fatty, naphthenic or resin acids, which are said to activate the oxygen 
passing to the subsequent tanks of oil containing copper or lead turnings. After 
oxidation, the product may be treated with acid and alkali. 

Polymerization of the resin-forming constituents of oils is accelerated by 
treating the hot oil, or its vapors, with very small quantities of oxygen, and the 
polymerization products are then removed.^ This polymerization may be further 
accelerated by the use of a glow discharge, irradiation, or the addition of small 
amounts of acids or alkalies. 

The phenol fractions, boiling up to 230® C., from lignite-tar creosote can be 
refined by oxidation under pressure.* By the same procedure the liquid tar 
products containing a high percentage of creosote are converted into a solid 
condensation product which possesses electrical insulating properties. 

In refining crude aromatic hydrocarbons such as benzene, toluene and naph¬ 
thalene, it has been proposed to mix them in the vapor phase with air and pass 
them over metallic oxide catalysts. Very short periods of contact (0.25 second) 
are maintained. Substances such as thiophene or carbon disulphide are oxidized 

»Petroff, British Patent 289,561, 1927; Ckcm. Abs., 1929. 23, 697. 

•Tauss. German Patent 475,277, 1923; Chem. Abs., 1929, 23, 3340. 

* Karpati, Chtm, Ruuds, MittsJeuropa u, BatMan, 1926, S, 3; Ckcm. Abs., 1926( 20, 3227. 
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to sulphur dioxide, carbon monoxide and dioxide, and water, while only a small 
proportion of the aromatic hydrocarbon is oxidized.* 

In some refining operations ozonized air is employed. For example, Bruzac ® 
treated crude benzol with air having 1 per cent ozone. During treatment the 
benzol darkens in color and a brown precipitate settles out. After treatment, the 
benzol is washed with sodium carbonate solution which leaves it yellow and of 
sweet odor. A colorless product is obtained by distillation. The losses from this 
process are much less than in the usual sulphuric acid-soda treatment. This 
method is said to be applicable also to the light fractions from^the low-tempera¬ 
ture distillation of coal, oil shale ^ or peat. Deodorization and desulphurization are 
accomplished with a minimum loss, and gum- and resin-forming constituents are 
removed without destroying antiknock compounds. The viscosity of lubricating 
oils can also be increased by the procedure. 

A similar process consists in subjecting the crude hydrocarbons to ozonized 
air followed by treatment with 70 per cent sulphuric acid, containing ferric 
chloride or sulphate, and washing with alkali.®* 

The removal of easily oxidizable constituents from oil or tar products is 
said to be accomplished by treatment with ozone in the presence of inorganic 
adsorbents, e.g., silica gel or iron oxide,* mixed with a base such as calcium 
oxide.^ Organic acids may be recovered from the adsorbing material by subse¬ 
quent treatment with steam. 

Oxidation is used for refining not only liquid and solid but also gaseous hydro¬ 
carbons. For example, gases can be largely freed of their sulphur compounds by 
heating in the presence of metallic catalysts with sufficient oxygen to oxidize 
these compounds.® One catalyst suggested for this purpose is prepared by ignit¬ 
ing coke impregnated with a concentrated solution of nickel nitrate. The sulphur 
dioxide Or trioxide formed during oxidation is removed by ammonia. 

Preferential catalytic oxidation is also applicable to the removal of hydrogen 
sulphide in fuel gas, this substance being converted to water and elemental 
sulphur.® 

For the removal of any oxygen present in natural gas, the latter can be mixed 
'with a small quantity of air and passed over porous refractory materials at 800° 
C. or higher. The gaseous mixture, which then contains carbon monoxide and 
hydrogen (substances more reactive toward oxygen than saturated hydrocarbons), 
is mixed with a fresh quantity of natural gas and the resulting mixture is passed 
over a metallic catalyst (iron or copper) at 400° to 500° C. In this latter step the 
oxygen present in the natural gas reacts with the carbon monoxide and hydrogen 
and its removal is thus effected.^® Any hydrogen sulphide present in the natural 
gas is also removed in this process. 

. Clear purified hydrocarbon products are said to be obtained by treatment 
with oxidizing gases in the presence of small proportions of mineral acids, acid 
salts or organic acids.^®* 

* Downs, U. S. Patent 1,590,965, June 29, 1926; assigned to Barrett Co.; Chem. Abs., 1926, 
20. 3015. 

“ French Patent 684,618, 1929; Chem. Abs., 1930, 24, 5305; Petroleum Times, Aug. 16. 1930, 259. 

* For the removal of gum-forming constituents from shale gasoline with ozone, see Baxter, Ind. 
Eng. Chem., 1929, 21, 1096. See also Chapter 36. 

•• Improved Hydrocarbon Processes, Ltd., British Patent 387,447, 1931; Chem. Abs., 1933, 27, 4662. 

^ Siemens and Halske A.-G., British Patent 263,186, 1926; Brit. Chem. Abs. B, 1927, 695. 

* Wietzel, Jannek and Fried, German Patent 476,286, 1927; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs.. 1929. 23. 3797. 

" Furness, J.S.C.I., 1923, 42, 358. 

^•Porter, U. S. Patent 1,787,795, Jan. 6, 1931; assigned to Kay County Gas Co.; Chem. Abs., 
1931. 23, 801. 

I, G. Farbenindustrie A.-G., French Patent 677,200, 1929; Chem. Abs., 1930, 24, 3021. 
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Alcohols 

Methanol and other organic compounds have been prepared synthetically from 
carbon monoxide, or dioxide, and hydrogen. It is not within the province of this 
book to discuss such reactions in detail but rather from the standpoint of the use 
of petroleum hydrocarbons in these operations. 

In one process coal-gas, coke-oven gas, natural gas or cracking gas is 
partially oxidized with a limited quantity of oxygen to convert part or all of the 
hydrocarbons to carbon. monoxide and hydrogen. The sulphur compounds are 
then removed, after which the carbon monoxide and hydrogen are caused to react, 
under pressure and at high temperatures, *in the presence of a catalyst to yield 
methanol. 

In producing methyl alcohol from methane Patart^* first made carbon mon¬ 
oxide and hydrogen by passing methane mixed with half its volume of oxygen 
over coke or other combustible fuel at 800° to 1000° C The gaseous product, 
which consists of approximately two volumes of hydrogen and one volume of 
carbon monoxide, is then converted to methyl alcohol at high temperatures and 
pressure in the presence of a catalyst (zinc and chromium oxides). The methane 
which is formed as a by-product of the last reaction is used over again in the 
process. Webster and Schuler^® inject a mixture of natural gas, e.g., methane, 
and steam into a retort at 260° C. and the resulting mixture of carbon monoxide 
and hydrogen was then passed at 325° to 475° C. through a catalyst chamber. The 
mixture of alcohol and hydrocarbon vapors was led through a condenser which 
separated the alcohol and the hydrocarbons were returned to the system. 

The direct production of methyl alcohol from methane has been reported.^* 
The process is the same as that employed in making formaldehyde (see Chapter 
38) except the gases are conducted through the reaction tube at a slower rate. 
The presence of hydrogen and 20 to 30 per cent of alcohol vapor in the gaseous 
mixture aids the reaction which appears to be the direct oxidation of methane by 
carbon dioxide: 

CH*-fCO, —CH,OH + CO 

In the process developed by Futacchi,^® oxidation is carried out by treating 
the material either in the liquid phase or dissolved in an inert solvent. The 
temperatures during oxidation should not exceed 500° C., though the pressure 
may vary from 1800 to 9600 pounds per square inch. Catalysts such as iron, 
copper or vanadium may be used. Methyl alcohol and air when heated together 
at 180° C. and under 3000 lbs. pressure are said to yield about 40 per cent glycol, 
5 per cent methyl alcohol, 20 per cent glycerol, and a viscous mixture of various 
carbohydrates. 

Pichler and Reder observed that the best yields of methanol by oxidation 
of methane and ethylene are obtained by the use of high pressures and repeated 
combustion with small amounts of oxygen. With a mixture of methane or ethylene 
containing 10 per cent of oxygen, 7 per cent of the theoretical yield results, but 
with a mixture containing only 0.6 per cent of oxygen the methane conversion is 
60 per cent. The yield of methanol was decreased by copper, nickel or cobalt 

Badische Anilin- und Soda-Fabrik, British Patent 266,410, 1925; Brit. Chent. Abs. B, 1927, 316. 

“U. S, Patent 1,836,085, Dec. 15, 1931; Chem. Abs., 1932, 26, 999; French Patent 593,650, 1925; 
Brit. Chem. Abs. B. 1927, 346. 

«U. S. Patent 1,711,913, May 7, 1929; Chem. Abs., 1929, 23, 3333. 

** H. O. Traun*s Forschungslaboratorium G.m.b.H., British Patent 156,148, 1920; J.S.C.I., 1922, 
41, 4.38A. 

‘•British Patent 309,498, 1929; Chem. Abs., 1930, 24, 624. 

»^Angew. Chem., 1933, 46, 161; Brit. Chem. Abs. B, 1933, 378. 
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oxide catalysts and increased by the presence of water vapor and carbon mon* 
oxide. • The optimum temperature for methane is 350® C. With ethylene, in¬ 
creasing yields are obtained with rising temperatures. Sand has been suggested 
as a catalyst in similar reactions.^®^ ' 

Pugh, Tauch and Warren ^®® suggested the production of alcohols by dissolv¬ 
ing an oxidizing gas in a hydrocarbon, such as propane, butane, naphtha or gas 
oil in the liquid state, and passing this mixture through a reaction zone at 200®- 
600® C. at a pressure of 1000 to 3500 pounds per square inch. Naiman and 
Leggett ^®^ proposed to introduce a gaseous mixture containing.free oxygen and 
saturated aliphatic hydrocarbons over copper gauze or granulated zinc at 165® C. 
under a pressure of 1500 pounds per square inch. Another process consists in 
passing a cooled mixture of oxygen and hydrocarbons (from methane up to hex¬ 
ane) into a reaction zone and forcing heated hydrocarbon gases into the zone to 
raise the temperature.^®® Metals that form carbides (iron, nickel or cobalt) may 
be employed as catalysts, as well as copper, borax and siliceous materials. The 
products consist of a mixture of lower aliphatic alcohols, aldehydes, acids and 
ketones. 

Seller and Luther ^®^ prepared high molecular weight alcohols by blowing 
paraffin wax in the liquid phase with air at 160® C. in the presence of manganese 
naphthenate (see Chapter 43) and treating the resulting products (after car¬ 
boxylic acids are removed by sodium hydroxide) with hydrogen at 100® to 300® C. 
under pressures of 10 to 300 atmospheres, in the presence of nickel or a similar 
hydrogenation catalyst. The alcohols can be extracted with an aqueous solution 
of lower alcohols or their esters. 

Aliphatic or cycloaliphatic mono- or poly-carboxylic acids above five carbon 
atoms or their esters may be hydrogenated at 170® to 250® C. under a pressure of 
40 to 400 atmospheres in the presence of hydrogenation catalysts to produce 
alcohols. The catalysts may consist of reduced copper chromate and silica, cobalt, 
cobalt and potassium oxide, cobalt with 2 per cent of vanadium pentoxide or 
reduced cobalt carbonate and copper carbonate. Oxidized paraffin wax, ethyl 
oleate, palmitic and stearic anhydrides and olive oil may be thus treated.^®* 

Alcohols of high molecular weight may also be produced by oxidizing hydro¬ 
carbons of boiling point above 180° C. in the liquid phase with air containing 2 
per cent or more of formic, acetic or propionic, or weak inorganic acids, until the 
saponification value reaches 70, in the presence of manganese naphthenate. By 
blowing paraffin wax at 180® C. for 3 hours with air containing 22 grams of acetic 
acid per cubic inch, for example, 40 per cent conversion to alcohols is said to be 
obtained.^®*' 

Solid or liquid alcohols of high molecular weight can be prepared by the 
reduction of more complex oxidized alkyl derivatives with aqueous alcoholic 
(ethyl) solutions of alkalies. A small* portion of the product is frequently de¬ 
hydrated to ethylenic hydrocarbons or to ethers. Stearic acid ketone (2 moles), 
aqueous sodium hydroxide (1 mole) and ethyl alcohol (2 moles) when heated 


Cha^ei 


Compagtiie de Bethune, French Patent 630,680, 1926; Brit, Chem. Abs. B, 1930. 50; see also 
-->ter 38. 

^ U. S. Patent 1,812,714, June 30, 1931; assigned to Standard Oil Development Co.; Chtm. Abs., 
1931, 25, 4890. 

»MU. S. Patent 1^78,170, Sept. 20, 1932; Chem, Abs., 1933, 27, 304. 

‘^Standard Oil Development Co.; British Patent 341,130, 1929; Chem. Abs., 1931, 25. 4890. 
«* U. S. Patent 1,921,381, Aug. 8, 1933; Chem. Abs., 1933, 27, 5082; British Patent 36^,003, 1930; 
Chem. Abs., 1933, 27, 1891; German Patent 570,952, 1933; Chem. Abs., 1933, 27, 4240; British 
Patent 352,537, 1930; Brit. Chem. Abs. B, 1931, 1040; all patents assigned to I. G. Farbenindustrie 
A.-G. Cf. Dietrich and Luther, German Patent 564,208, 1929; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1933, 27, 992. 


>•« I. G. Farbenindustrie A.-G„ British Patent 356,731, 1930; Brit. Chem. Abs. B, 1932, 94. 
«•» I. G. Farbenindustrie A.-G., British Patent 353,047, 1930; Brit. Chem. Abs. B, 1931. 
" G. Schicht A.-G., German Patent 327,510, 1916; J.S.C.I., 1921^ 40, 196A. 


1132. 



MISCELLANEOUS OXIDATION REACTIONS 


991 


together for 6 hours at 200® to 300® C. yield acetic acid and 1,8-pentatricontanoI, 
CssHjiOH, melting at 93®-94® C. The acids and other partial oxidation products 
of paraffin wax are converted to alcohols by this treatment. 

Ethylene can be directly oxidized to either glycol or chlorhydrin.^^ For the 
production of the former, the ethylene is fed into a vessel in which is placed 
water containing some substance which aids in holding the gas in solution. These 
substances may be solids such as bone black, charcoal, or platinum black, or oily 
liquids such as turpentine. At the same time a solution of an oxidizing agent 
such as a permanganate or bleaching powder containing a small quantity of cobalt 
chloride can be added. The cobalt salt acts as a catalyst, causing the 
decomposition of the bleaching powder with the evolution of oxygen. If chlor- 
hydrin is desired, bleaching powder alone is used, and a weak acid, such as boric 
acid, is added to liberate hypochlorous acid.^^ Instead of using bleaching powder, 
chlorine can be passed into the aqueous solution of ethylene in which is suspended 
calcium or magnesium carbonate. These carbonates neutralize the hydrochloric 
acid formed by the reaction between chlorine and water. 

The direct electrolytic oxidation of ethylene to glycol can also be effected in so¬ 
lutions of salts of oxygen acids, for example, sulphates or borates. Manganese, 
chromium or cerium salts may also be added. During oxidation ethylene is led 
into the cell so as to maintain the gas and liquid in the condition of a foaming 
mass or emulsion. If sodium chloride is used as the electrolyte, the product first 
obtained is chlorhydrin. The formation of this compound, however, is accom¬ 
panied by the accumulation of an equivalent quantity of alkali (from the elec¬ 
trolysis of the sodium chloride) and this alkali saponifies the chlorhydrin to 
glycol with the re-formation of sodium chloride. During the electrolytic oxida¬ 
tion, rises in temperature are avoided by the use of external cooling.* 

Solvents and Motor Fuels 

It is best to consider solvents and motor fuels simultaneously, as they may 
both be made by oxidation methods which produce low-boiling hydrocarbons from 
high-boiling hydrocarbons. The production of motor fuels is probably dependent 
on the formation of unsaturated hydrocarbons, alcohols and also in some degree, 
esters, aldehydes, ketones, and ethers. All of these products could be formed by 
the direct oxidation of the hydrocarbons, or by the reactions of the oxidation 
products themselves (e.g., esters by the condensation of aldehydes alone, or from 
the alcohols and acids), and such substances are said to increase the antiknock 
value of the motor fuel. The solvent properties of the products are dependent on 
the presence of alcohols, esters, aldehydes and ketones.^** 

In obtaining other products from the Penniman process (Chapter 36), the 
distillate is separated into two layers, an upper layer of oil-soluble products, and 
a lower aqueous layer which contains water-soluble substances. The upper layer, 
consisting of acids, aldehydes, alcohols, unsaturated hydrocarbons and other sub¬ 
stances, is given a light alkali treat, followed by washing with water. It is then 
treated with a small proportion of acid and distilled. The fraction distilling up 

McElroy. U. S. Patents 1,308,796 and 1,308,797, July 8, 1919; both assigned to Chemical 
Development Co.; Chetn. Abs., 1919, 13, 2217; cf. U. S. Patent 1,295,339, Feb. 25, 1919; Chem. Abs., 
1919 13 1217 

“See* Higgins, J.C.S., 1913, 103, 1816; also /. Franklin Inst., 1914, 177. 314. 

Solvents .consisting of oxygenated and halogenated hydrocarbons such as halogenated ethers, 
ketones, alcohols, aldehydes or acids can be used in the removal of undesirable substances from mineral 
oils, according to the Standard Oil Co. (French Patent 739,542, 1932; Chem. Abs., 1933. 27. 2294). 

“British Patent 252.327. 1925; British Patent 255,020, 1925. Cf. U. S. Patent 1,894.097, Jan. 10, 
1933; Chem. Abs., 1933, 27, 2227; U. S. Patent 1,907.822, May 9, 1933; Chem. Abs., 1933, 27, 3761; 
U. S. Patent 1,894,352, Jan. 17, 1933; Chem. Abs., 1933, 27, 2570. 
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to 204® C. (400® F.) can be used as a motor fuel, and the residue recycled. The 
water layer, which consists of aldehydes, ketones, alcohols and acetals, when dis¬ 
tilled yields a fraction boiling between 45® and 85° C., which, after a mild alkali 
treat, can be used as a solvent in the extraction of fats, for nitrocellulose, and 
for gums and varnishes. It may be added also to fuels for internal combustion 
engines. 

The lower-boiling fractions of the condensate obtained in the vapor-phaSe 
catalytic oxidation of high-boiling hydrocarbons have been suggested as solvents. 
The acids present in the oxidation product may be esterified by heating with 
alcohols and the resulting esters can be separated by distillation.^® The fractions 
which boil between 100® and 250® C. have been proposed as solvents for nitro¬ 
cellulose or varnish gums in the preparation of lacquers. If aldehydes and 
ketones only are desired they can be obtained by extraction of the oxidation 
product with solutions of sodium bisulphite. Instead of distilling the oxidation 
products they may be extracted with an immiscible solvent, e.g., 50 per cent 
alcohol, and the solvent subsequently separated by distillation. 

For producing motor fuels and other products, Ellis allowed a petroleum 
distillate such as kerosene to run slowly into a reaction chamber containing a 
catalyst supported on pumice and kept at a temperature of 430° to 450° C. while 
air is forced into the reaction chamber. The exit gases are then condensed. This 
condensate is a gasoline substitute. Acids and aldehydes can be removed from it 
by scrubbing with water. This process may also be modified by first passing the 
kerosene through a cracking tube kept at 540® to 590° C., then through a trap to 
remove easily condensible substances and .subsequently through a reaction chamber 
which contains a catalyst. Moist air is passed into the reaction chamber at the 
same time. A gasoline substitute, together with acids, is again obtained. Cata¬ 
lysts such as copper, chromium or vanadium oxides or duplex catalysts such as 
iron vanadate or silver chromate can be used. 

In a method for producing motor fuel, the vapors of the heavier hydrocarbons 
together with air are passed through screens containing catalysts such as the 
oxides of molybdenum, vanadium, or uranium.^^ The lighter fractions of the 
oxidation product, boiling up to 200® C., are separated by distillation and used as 
motor fuels. The heavier fractions are recycled. Any free acids in the products 
are eliminated by distillation over sodium hydroxide. In place of air, steam may 
be used, and the hydrocarbon vapor and steam are passed over metallic catalysts 
at a temperature of about 450° C. The metal is oxidized by the steam to give 
hydrogen and the metallic oxide. 

Heavy petroleum hydrocarbons, such as heavy lubricating oils or wax dis¬ 
tillates, are first mixed with light petroleum and the mixture is vaporized with 
steam.2« This mixture of vapors can then be passed through a series of catalytic 
screens without clogging. The high molecular weight hydrocarbons are prefer¬ 
entially oxidized. The best -results are obtained when only a portion of the' 
required air is put into the vaporizing chamber, and the remainder added after 
the mixture has passed the first screen. 

Strache and Forges*^ passed the vapors of the hydrocarbons mixed with 


.••James, U. S. Patents 1,782,963 and 1,782,964, Nov. 25, 1930; British Patent 259.293. 1925; 
Chem. Ahs„ 1927, 21, 3473. 

« U. S. Patent 1,697,263. Jan. 1, 1929; assigned to Ellis-Foster Co. Other processes for the oxida¬ 
tion of petroleum distillates devebped by Ellis are described in Chapter 36. 

“James, U. S. Patent 1,597,796, Aug. 31, 1926; Brit. Chem. Abe. B, 1926. 972. James U S 
Patent 1,597,798, Aug. 31, 1926; Brit. Chem. Abs. B, 1926, 973. British I^atcnt 209.128. 1924- 
Chem. Abs., 1924, 18. 1565. » » t 

“James, U. S. Patent 1,597,797, Aug. 31, 1926; Brit. Chem. Abs. B, 1926, 972. 

“U. S. Patent 1,205,578, Nov. 21, 1916; Chem. Abs., 1917, 11, 207; British Patent 1,329. 1915; 

Chem. Abs., 1916. 10. 1926. ' * 
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steam over a catalyst such as iron or lead oxide or manganese dioxide at 600® C. 
This process, however, is not a continuous one since the metallic oxide, which is 
the actual oxidizing agent, must be regenerated from time to time. 

Reid produced low molecular weight hydrocarbons, which boil within the 
gasoline range, by the oxidation of petroleym distillates at 300® to 500® C. under 
300 pounds per square inch pressure. The air, which is the oxidizing agent, is 
disseminated throughout the liquid in an extreme degree of subdivision, com¬ 
parable to molecular dispersion. In this way the rate of oxidation is very greatly 
increased. This subdivision of the air can be obtained with a very rapidly rotat¬ 
ing stirrer (for example, a Witt stirrer). The gasoline vapors are continuously 
withdrawn and condensed during the process* of oxidation. By lowering the 
temperature of oxidation it is possible to obtain partially oxidized products such 
as aldehydes. 

Beall prepared a motor fuel composed of a partially oxidized liquid hydro¬ 
carbon mixture. Natural gas and an oxygen-containing gas are compressed and 
heated separately. The two gases (without previous mixing) are passed under 
pressure through a reaction zone over a platinum catalyst, under such conditions 
of time and temperature that a liquid, partially oxidized mixture results. 

The deposition of carbon during the cracking of high molecular hydrocarbons 
is said to be largely avoided by a method developed by the 1. G. Farbenindustrie 
A liquid hydrocarbon is heated by rods or wire of metals, graphite, or 
silicon carbide. These rods are placed in the liquid and heated electrically to the 
desired temperature while they are exposed to a blast of air, hydrogen, steam or 
ammonia. If the cracking temperature is maintained at 500® C. the product is 
principally an oil boiling between 80® and 300® C. and the gases are mainly 
olefins. At higher temperatures (700® to 1000° C.) the product is an oil of 
lower boiling range together with a gas that is principally methane. 

I^w-boiling hydrocarbons can also be obtained by distillation of heavy hydro¬ 
carbons in the presence of oxidizing agents such as potassium permanganate or 
dichromate, or manganese dioxide.*^ This process is applicable to such materials 
as resins, pitch, waxes, tars and asphalts. The reaction may be assisted by ioniz¬ 
ing the vapors by means of high-frequency discharges. 

Howard produced motor fuels of high antiknock value by passing a mixture 
of the higher-boiling fractions of gasoline and air (in the proportion of 4 mols. 
of oxygen to 1 mol. of the hydrocarbon) through tubes heated to 230° to 370® C. 
The condensed products are steam-distilled to remove gummy substances, and can 
then be blended with other gasolines. In a procedure which has been developed by 
Hopkins,-® the vapors obtained by the distillation of high-boiling fractions, such 
as kerosene, are mixed with air and passed through a heating zone kept below 
the cracking temperature (385® to 470® C) (725® to 875® F^). The gaseous 
mixture, after passing through a rectifying column, is washed with sodium 
hydroxide solution and distilled. This process seems to be principally dehydro¬ 
genation, as the acid adsorption value of product indicates a high percentage of 
unsaturated hydrocarbons. 

Stryker -®*^ suggested adding about 0.2 to 1 per cent of a completely soluble 

U. S. Patent 1,663,523, M.ar, 20, 1928; assigned to E. I. duPont de Nemours & Co., Inc. 

U. S. Patent 1,859,193, May 17, 1932; Chem. Abs., 1932, 26, 3904. 

** British Patent 295.974, 1927; Brit. Chem. Abs. B, 1928, 806. 

” Girard, Petit and Charbonneau, British Patent 299,861, 1927; Chem. Abs., 1929, 23, 3563. The 

P roduction of liquid fuels by nitration has also been suggested (Charbonneau, U. S. Patent 1.480 372 
an. 8, 1924. and Chapter 47). ’ ' 

“U. S. Patent 1,758,898, May 13, 1930; assigned to Standard Oil Development Co.; Brit. Chem. 
Abs. B, 1931, 11. 

^ U. S. Patent 1,767,363, June 24, 1930; assigned to Standard Oil Development Co. 

U. S. Patent 1,826,439, Oct. 6, 1931; assigned to Texas Co.; Brit. Chem. Abs. B, 1932, 715. 



994 


CHEMISTRY OF PETROLEUM DERIVATIVES 


oxidized paraffin wax to gasoline or kerosene, the oxidized wax serving as a 
lubricant in the cylinders of internal-combustion engines. 

Watkins prepared a gas for heating purposes by passing heated air through 
a conduit under superatmospheric pressure, the heat from the air being used to 
partially vaporize liquid hydrocarbon^ which were then mixed with the air. 

Emulsifying Agents 

Emulsifying agents can be prepared from the oxidation products of petroleum, 
particularly from paraffin wax. As shown in Chapter 43, the oxidation of these 
solid hydrocarbons leads to the production of wax acids of high molecular weight 
together with saponifiable material, most probably esters. These products can 
then be treated with alkalies, either before or after the removal of the acids, and 
the resulting soaps can be used for making emulsions of many different types. 
This is apparently the basis for most of the processes, which differ only in the 
manner in which the various steps are carried out. 

For example, the oxidation products of solid paraffin are treated with a 
quantity of alkali hydroxide just sufficient to saponify the saponifiable con¬ 
stituents.®® Hydrocarbons, or other liquids which are insoluble in water and 
which may contain sulphur or other dissolved substances, can be added before or 
after saponification. The product so formed can be used either as an emulsifying 
agent for drilling oil and other similar oils, or directly as a lubricating oil. 

Partially oxidized wax, or mixtures of petroleum and other waxes (also 
partially oxidized), has also been proposed as an ingredient for paper sizes by 
Ellis.®^ For low grades of paper, where color is not important, the blown or 
oxidized wax can be mixed with various petroleum distillates. For high-grade 
paper a white oil such as “Nujol” or ‘'MarcoF' is employed. The sizing is made 
by dispersing the oil and oxidized wax mixture in an aqueous medium with 
emulsifying agents such as soap or silicate of soda. Other sizing agents, such as 
rosin, can also be used along with the blown wax. 

The oxidation products of paraffin wax have been mentioned as stabilizers for 
asphalt emulsions.*® The wax is oxidized by passing a rapid stream of oxygen 
through it at 150° to 160° C., in the presence of metallic soaps as catalyzers. 
The oxidation product is then dissolved to the extent of 0.1 to 0.3 per cent in 
petroleum asphalt (m.p. 40° C.) and the mixture is poured into an equal volume 
of dilute alkali solution (0.5 per cent), agitated well, and heated to 90° to 100° C. 

Ill another process*® the wax is oxidized until the acidic contents amount to 
about 30 per cent by weight. The oxidation is carried out at 160° C.^ under 
pressure, and in the presence of catalysts such as manganese oleate. The oxidized 
material is then washed and pressed to remove the highly acidic substances. The 
resulting products are subsequently neutralized with alkali and emulsified with 
water. An emulsion is obtained which has been suggested for use as a textile 
dressing, and also for the “proofing** of permeable materials such as strawboard, 
asbestos, brick, stone, or concrete. The addition of rosin or other size to the 

»«*U. S. Patent 1,903,583, April 11, 1933; assigned to Skelly Oil Co.: Ckem. Abs., 1933, 27, 3321. 

Pungs and Luther, German Patent 438,180, 1922; assigned to 1. G. Farbenindustrie A.-G.; 
BriL Chetn. Abs. B, 1927, 548. 

“Ellis, U. S. Patent 1,739,580# Dec. 17, 1929; assigned to Ellis-Foster Co.; Chem. Abs., 1930, 
24, 965. 

“ Hataafsche Petroleum Maatscfaappij, Dutch Patent 14,751, 1926; Chem. Abs., 1926, 20, 3077. 

" Burwell, U. S. Patent 1,768,523, June 24, 1930; British Patent 287,514, 1927; Chem. Abs., 1929. 
23, 510; U. S. Patent 1,791,860, Feb. 10, 1931; Chem. Abs., 1931, 25, 1997; German Patent 570,798. 
1933; Chem. Abs., 1933, 27, 4400; all patents assigned to Alox Chemical Corp. Luther and Beller, 
German Patent 566,797, 1930; addn. to (lerman Patent 438,180, 1922; assigned to I. G. Farbenindustrie 
A.-G.; Chem. Abs., 1933, 27, 2542. 
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oxidized product before neutralization yields an emulsion which can be used in 
sizing paper. 

Beller and Pfaff *** prepared an emulsifying agent by treating high molecular 
weight hydrocarbons, or a partially oxidized mixture containing about 70 per cent 
or more of unchanged hydrocarbons, with sodium carbonate and ammonium 
stearate. 

Hydroxyalkyl ethers of aliphatic polyhydric alcohols containing more than 2 
carbon atoms may be etherified or esterified with aliphatic compounds containing 
more than 5 carbon atoms, of which at least 2 hydroxyls are left free, to obtain 
wetting, cleansing and dispersing agents. Such compounds are sorbitol hexa- 
(2-hydroxyethyl) ether with lauric acid, linoleic acid, coconut oil acids, or acids 
containing from 8 to 'll carbon atoms from oxidized paraffin wax.*®*> 


Paint Vehicles and Driers 

In one process, paint vehicles are made by hydrogenation followed by oxidation 
of a mineral oil. This product is then mixed with drying, semi-drying or non¬ 
drying oils. Only mild oxidation need be applied. For example, the mineral oil is 
heated in contact with manganous oxide at 85® to 90® C. (185® to 194® F.) for 
about two hours.*^ Tung oil may be added to the final blend. 

Driers are obtained by treating the crude or saponifiable oxidation products of 
paraffin or montan wax with the oxides or salts of the alkaline earths or metals 
such as aluminum, zinc, manganese or lead to form products which are insoluble 
or only slightly soluble in water.*® These products may be used alone or mixed 
with salts of high molecular weight acids of natural origin, e.g., resinates, lin- 
oleates, or stearates. 

Mixtures of aluminum resinates obtained from petroleum distillates and low- 
boiling petroleum fractions have been proposed as substitutes for linseed oil.*® 
The aluminum compounds are prepared in the following manner: The sodium 
soaps obtained from the alkali used in washing acid-treated lubricating oils are 
dissolved in a light hydrocarbon, dilute sulphuric acid is added to neutrality, 
followed by the addition of a dilute solution of aluminum sulphate. The solution 
of aluminum resinate so obtained is separated, the solvent is removed, and the 
residue is then ready to mix with a low-boiling hydrocarbon. 

Metallic salts of acids of oxidized mineral oils dissolved in low-boiling 
petroleum fractions, aromatic hydrocarbons or terpenes have been suggested as 
varnishes by Petrov, Danilovich, and Rabinovich.*®* 

Compositions which may be used as weather-proof coatings for stone-work 
have been made by mixing drying oils with higher aliphatic alcohols, the latter 
having been prepared by the oxidation of paraffin hydrocarbons or by catalytic 
reduction of the acids of paraffin hydrocarbons.*®^ Any acids present in such 
oxidation products may be converted into aluminum or zinc salts and added in 

German Patent 564,922. 1931; assigned to I. G. Farbenindustrie A.-G.; Chem, Abs., 1933, 
27. 1115. 

1. G. Farbenindustrie A.-G., British Patent 375,842, 1931; Brtt. Ckem. Abs. B, 1932, 973; 
cf. British Patent 380,431. 1931; Brit. Chem. Abs. B. 1932. 1114. 

MBlakeman, U. S. Patents 1,385.033, 1,385,034, 1,385,035, 1,385.036, 1,385,037, July 19, 1921; 

1921, 40. 667A; U. S. Patent 1,423,390, July 18, 1922; Chsm. Abs., 1922, 16, 3218; U. S. 
Patents 1.430,881 and 1,430.882, Oct. 3, 1922; Chem. Abs., 1922, 16. 4073. 

■*1. G. Farbenindustrie A.-G.; British Patent 311,716. 1928; Chem. Abs., 1930, 24, 979. 

“Maitland, U. S. Patent 1,425,882, Aug. 15, 1922; J.S.C.I., 1922, 41, 741A; U. S. Patent 
1,528.884, Mar. 10, 1925; J.S.C.I., 1925, 44, 514B; both patents assign^ to Sun Oil Co. 

Ms Russian Patent 23,511, 1931; Chem, Abs., 1932, 26, 2071. The properties of these varnishes of 
Petrov have been investigated by Vedenkin, Malyamee Dek>, 1931, No. 3, 26; Chem. Zentr., 1931. 2. 
2793: Chem. Abs., 1932, 26, 5219. 

“i>I. G. Farbenindustrie A.-G., British Patent 375,002, 1931; Brit. Chem. Abs. B, 1932, 807. 
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this form. Varnish products with a high luster have been prepared by heating the 
alcohol obtained from oxidized paraffin wax with turpentine and ozokerite, or 
with nigrosin to produce a shoe polish.*®® Fatty acids of oxidized paraffins, 
montan or carnauba wax mixed with turpentine or similar substances and then 
emulsified with water by means of soaps or sulphonic acids have been proposed as 
polishing materials.**^ 

Weber**® prepared a coating composition by dissolving nitrocellulose in a 
water-soluble, acetylated oxygenated petroleum derivative boiling between 66° and 
85° C., with an acetylated distillate from the volatile water-soluble petroleum 
oxidation products boiling between 77° and 95° C., and adding this mixture to a 
solution containing rosin-phthalic glyceride resin. Cellulose acetate or other 
cellulose esters or ethers and other synthetic resins, such as benzoic phthalic 
glyceride, salicylic phthalic glyceride, or natural resins may be used similarly. 


Lubricants and Greases 


Penniman*^ obtained machine lubricants by adding to a hydrocarbon of low 
viscosity, (1) a “polar body,” such as oleic acid, or the higher alcohols and 
ketones obtained by oxidizing petroleum with air, (2) a protective material, e.g., 
a mixture of castor oil and oleic acid, and (3) an antioxidant, lead tetraethyl and 
phenyl disulphide being examples. 

James** oxidized petroleum distillates to obtain a large percentage of alde¬ 
hydes and alcohols and condensed these to form acetals which may be used as 
lubricants. Condensation is also accompanied by some polymerization of the 
aldehydes, which is said to result in the formation of lubricating bodies. Alter¬ 
natively, the petroleum may be oxidized to give a large quantity of aldehyde acids. 
This product can be mixed with one containing a larger quantity of alcohols to 
obtain liquid mineral waxes or esters, which also are proposed as lubricants. 

Dengler **® manufactured lubricants by oxidizing, with air at 205° to 270° C., 
the residues of paraffin or semi-paraffin crudes having flash points of 190° to 
245° C. 

The addition of small proportions (0.25 to 2.0 per cent) of oxidized paraffin 
wax to lubricating oils appears to enhance the lubricating power of the oils. 
This applies to lubricating oils for machinery cutting tools and molds,** lubricants 
for internal-combustion engines,^® and lubricants for transmission systems of 
automobiles.®^ The unsaponifiable matter may be removed from the oxidized wax 
before using. 

Greases were produced by James®* by careful neutralization of the acids in 
partially oxidized petroleum wjth alkalies such as lime or sodium hydroxide, car¬ 
bonate, or bicarbonate. Upon neutralization, the soaps formed cause an emulsifi¬ 
cation of the whole product. * The grease thus obtained, either before or after 
blending with other oils or greases, can be brought to the desired consistency by 
careful evaporation of the water. 


*•« I. G. Farbcnindustrie A.-G., British Patent 388,369, 1931; Brit. Chem. Abs. B, 1933, 436. 
Henkel and Co., G.m.b.H.. British Patent 381,387, 1931; Brit. Chem. Abs. B, 1932, 1090. 

U. S. Patent 1,835,105, Dec. 8, 1931; assigned to Ellis-Foster Co.; Chem. Abs., 1932, 26. 1143. 
” British Patent 317,406, 1928; Chem. Abs., 1930, 24, 2285. ’ ’ 

•• U. S. Patent 1,700,055, Jan. 22, 1929; Chem. Abs., 1929; 23, 1262. 

U. S. Patent 1,781,444, Nov. 11, 1930; assigned to Texas Co.; Brit. Chem. Abs. B, 1931, 619. 
••Alox Chemical Corn., British Patent 335, 152, 1928; Chem. Abs., 1931, 25, 1375; French Patent 
672.813, 1928; Chem. Abs., 1930, 24. 2285. 

^ MacCoull, U. S. Patent 1,767,147, June 24, 1930; assigned to Texas Co.; Chem. Abs.. 1930. 
24. 4377. 

®»MacKenaie and Haskell, U. S. Patent 1,705.298. Mar. 12, 1929; cf. MacKenzie. U. S. Patent 
1,904,065, April 18, 1933; Chem. Abs., 1933, 27, 3326; both patents assigned to Texas Co. 

•US. Patent 1,700,056. Jan. 22, 1929. » ® 
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Waxes and Resins 

As mentioned in Chapter 43, the oxidation of paraffin wax progresses through 
the formation of esters which are further oxidized to acids. This oxidation can 
be made to yield substances for the preparation of artificial waxes. Waxes 
produced by this method are held to be substitutes for carnauba, beeswax, and 
other similar substances. ^ 

Before oxidation the paraffin may be mixed with resins, and oxidation of the 
mixture serves as a purification step. For example, Schliemann produced arti¬ 
ficial waxes by oxidizing a mixture of paraffin and American resins or French 
colophony at 90° C. with air. During this operation an insoluble resin separates 
and the mass assumes a peculiar sweet odor. After separation of the insoluble 
portion the mass is cooked with steam. It can then be mixed with smaller quan¬ 
tities of high-melting paraffins and coloring matter. The finished paraffin-resin 
mixture is a plastic mass which can be kneact^ without sticking and retains this 
property after long storage. It can be used in many teciinical applications as a 
substitute for wax or rosin. 

A number of processes have been developed for the manufacture of such 
materials as shoe polishes, creams, and floor polishes, and substitutes for beeswax. 
In the production of a substitute for beeswax,paraffin wax is oxidized at 150° C. 
with air and the oxidation product is then separated into a solid and a semi-solid 
portion by pressing or by extraction with organic solvents. Synthetic wax thus 
obtained from a paraffin wax melting at 52° C. had the following characteristics: 
acid value, 21; saponification value, 75.6; iodine value, 4.7. 

Artificial waxes are also produced by bleaching niontan wax with oxygen, or 
by oxidizing mixtures of paraffin wax, castor oil, and resins for a short time 
in the presence of oxidizing catalysts. Any free acids formed can afterwards be 
esterified with glycol. 

For the making of light colored wax-like substances which can be used as 
shoe or floor polishes, heated mixtures of oils and lignite wax, or other similar 
mixtures of vegetable or animal fats and waxes or resins are oxidized with air 
in the presence of contact materials such as clay, glass, aluminum rings or balls.**® 

Waxes which have similar uses are obtained by the oxidation of raontan wax 
with a mixture of chromic and hydrochloric or phosphoric acids.*^ Too vigorous 
oxidation and carbonization must be prevented. The products are white or light 
yellow in color. The oxidized wax is then partly esterified with glycol and partly 
neutralized with lime. The matefial can be further improved by the addition of 
glycol esters to reduce its salt content to not more than 15 to 20 per cent. 

Acetic acid may also be substituted for hydrochloric or phosphoric acid in the 
oxidation of montan wax.*® The product thus obtained can be used as a substitute 
for beeswax, or it can be mixed with oxidation products of paraffin hydrocarbons 
to give wax-like materials. 


"British Patent 16,472, 1898; 1898, 17, 932; German Patent 101,222, 1898; Chcm. Zentr., 

1899 1 864. 

"Grun, British Patent 183,186, 1921; assigned to G. Schicht A.-G.; J.S.C.I., 1922, 41, 719A. 
" I. G. Farbenindustrie A.-G., British Patent 320,854, 1928; Brit. Chem. Abs. B, 1930, 156. 

" Badische Anilin and Soda Fabrik, British Patent 258,099. 1925; Chem. Abs., 1927, 21, 3138. 
"I. G. Farbenindustrie A.-G., British Patent 296,145, 1927; Brit. Chem. Abs. B, 1928, 779; 
British Patent 305,552, 1927; Brit. Chem. Abs. B, 1929, 273; British Patent 315,283, 1928; Brit. 
Chem. Abs. B, 1929, 804. British Patent 324,631, 1928; Brit. Chem. Abs. B, 1930, 519; ef. British 
Patent 354,782, 1930; Brit. Chem. Abs. B, 1931, 962; British Patent 362,632, 1930; Brit. Chem. 
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1927; Brit. Chem. Abs. B, 1929, 273; British Patent 308,996, 1927; Brit. Chem. Abs. B, 1929. 425: 
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1925, 44, 436B. 
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The synthesis of waxes from fatty acids, or from the wax acids resulting from 
the oxidation of paraffin wax, has been accomplished by Griin, Ulbrich, and 
Krczil.** The acids were converted to ketones, from which the secondary alco¬ 
hols, olefins and esters found in natural waxes could be made. The mixed wax 
esters were much easier to prepare than the individual esters and had more useful 
properties. Stearic acid, for example, when heated in an iron vessel for 4 hours 
at 300® C. gave a 91 per cent yield of ketone. The ketone was reduced by heating 
with a mixture of ethyl alcohol and sodium hydroxide solution, and the secondary 
alcohol obtained was easily esterified with acid chlorides. After neutralization of 
the excess acid, the ester and salts were separated by the-;H6nig and Spitz 
method*® with petroleum ether and 50 per cent alcohol. To accomplish further 
separation of the unesterified wax alcohol from the reaction product it was 
extracted with hot alcohol in which the esters are insoluble. High yields of 
waxes were obtained in this way. 

Szidon produced a white paraffin wax melting at 45° C. by the oxidation of 
spindle oil in the presence of copper oxide at 180® C. under pressure. 

Hard resins which are said to be of value in the manufacture of varnishes 
are made by oxidizing the . resinous substances removed from cracked petroleum 
distillates by adsorbing agents.®* The oxidation is effected with air at slightly 
elevated temperatures and in the presence of polymerizing agents such as the 
salts of heavy metals. Resins may also be obtained by heating cracked petroleum 
distillates with phenolic substances, e.g., wood- or coal-tar distillates. These 
distillates are heated to a temperature of about 150® C. while oxidizing gases 
(ozone, air, or an oxide of chlorine) are passed into the mixture until the desired 
consistency is obtained.®* 

Ramage®* produced an oxidized resin by treating rosin dissolved in liquid 
hydrocarbons with air or ozonized air at 93® C. (200° F.). The oxidized product 
possesses lower iodine and saponification values than the original product, though 
the acid v^lue is higher, and the metallic salts of the oxidized product are much 
less soluble than those of the original substance. The oxidized product can be 
used in the manufacture of paints and varnishes, and as a filler for plastic 
molding. 

Products containing resinous oxygen-containing substances, paraffin com¬ 
pounds, oily liquids, alcohols and aqueous solutions of organic acids have been 
obtained by passing mixtures of oxides of carbon and hydrogen over iron catalysts 
containing small proportions of alkalies and alkaline earths at about 200® C., 
under atmospheric, slightly reduced, or increased pressures.®^® 


Plastics and Related Substances 


Products which can be used in the manufacture of linoleum, lacquers, or rubber 
compounds may be obtained in the following manner: The liquid acids insoluble 
in petroleum ether, which are obtained on the oxidation of paraffin wax, are 
esterified at 150® C. or above with alcohols containing at least two hydroxyl 


cMew. Chem., 1926, 39, 421; Chem. Abs., 1926, 20, 2818. 

•• See Chapter 43. 

French Patent 640,534, 1927; Chem. Abe., 1929, 23, 846. 

” Morrell and Egloff, U. S. Patent 1,627,054, May 3, 1927; assigned to Universal Oil Products Co.* 
Brit. Chem. Abs. B, 1927, 635. ’ 
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Universal Oil Products Co.; cf. I. G. Farbenindustrie A.-G., French Patent 735,906. 1932; Chem 
Abs.. 1933, 27, 1221. 

“RamMe. U. S. Patent 1,752.693, April 1, 1930; Chem. Abs., 1930, 24, 2623. 
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groups, such as glycol or glycerol. Hie alcohols may be mixed with organic 
unsaturated acids or hydroxy-acids, such as lindleic acid, or with their glycerides. 
Before or during the heating process the liquid acid portion is heated with 
siccatives, e.g., lead oxide, or with sulphur or sulphur compounds.*® The same 
class of Substances can also be obtained by using the unsaturated fatty acids made 
by the dehydration of the oxidation products of paraffin wax in place of the acids 
just mentioned.*® 

Milvitzkii and Maksorov*®* produced synthetic resins by heating at 180® to 
220 ® Ci a mixture of glycerol and phthalic anhydride with carboxylic acids, 
obtained from the oxidation of paraffin hydrocarbons. Petrov*®** suggested the 
formation of resins by condensing acids obtained in the oxidation of petroleum 
distillates with aldehydes in the presence of amines. 

It has been stated that plastic materials are produced by the reaction of 
alginic acid with hydrocarbons (paraffin >vax), followed by the addition of an 
alkali, sodium hydroxide or ammonia.*^ Finely divided metals may he added to 
the product. 

When liquid petroleum, for example, fuel oil, is oxidized at 130® to 160® C. 
under 150 to 350 pounds per square inch pressure in the presence of catalysts the 
reaction mixture eventually separates into three layers.*® The upper and lower 
layers contain principally unchanged hydrocarbons, petroleum-soluble materials, 
and an aqueous solution of acids, respectively. The middle layer, principally 
hydroxy-acids insoluble in petroleum, is separated and distilled at low pressures 
(10 to 20 mm. of mercury) to yield artificial asphalt. The temperature of dis¬ 
tillation varies from 140® to 275® C.; the higher the temperature, the harder and 
more brittle are the products obtained. The less brittle products, however, have 
high dielectric properties. 

Hard-blown products of mixed petroleum residues or other asphaltic bitumens, 
with softening points of about 50° C. and penetrations between 8 and 16 at 50° C. 
(A.S.T.M.), are advantageous ingredients for rubber. Such materials can be 
prepared by blowing a mixture of 60 and 40 per cent, respectively, of residues 
from Illinois and California petroleums.*® From 5 to 25 per cent of this oxidized 
material can be added to rubber before vulcanization. 

Oxidation of petroleum distillates, of 43° to 48® Be., in the liquid phase can 
be effected at 130° to 140° C. under 150 to 350 pounds per square inch pressure, 
so as to avoid as much as possible the production of hydroxy-acids. The acids 
thus obtained, after separation from aldehydes and ketones, can be used as plas¬ 
ticizers for coating compositions of nitrocellulose, for artificial rubber, or can be 
esterified to give substitutes for castor oil.®® 


M Luther and Held, U. S. Patents 1,884,023 and 1,884,024, Oct. 25, 1932; Chem. Ahs., 1933, 27, 
1222; German Patent 575,954, 1933; Chem, Abs., 1933. 27, 4890; British Patent 322,496, 1928; 
Chem. Abs., 1930, 24, 2904; all patents assigned to I. G. Farbenindustrie A.-G. 

“•I. G. Farbenindustrie A.-G., British Patent 323,580, 1928; Chem. Abs., 1930, 24, 3134. French 
Patent 676,659, 1929; Chem. Abs., 1930, 24, 3135. 

•••Russian Patent 27,789, 1931; Chem. Abs., 1933, 27. 2321. 

Russian Patent 27,468, 1931; Chem. Abs., 1933, 27, 2321; cf. Russian Patent 24,585. 1931; 
Chem. Abs., 1932, 26, 2334. 

•^Burgess, U. S. Patent 1,782,887, Nov. 25. 1930; assigned to Plastic. Inc.; Chem. Abs., 1931. 


25, 389. 

•• Alox Chemical Corp., British Patent 309.384, 1927; Brit. Chem. Abs. B, 1929, 651. See also 
Burwell, U. S. Patents 1,770,875 and 1,770,876, July 15. 1930; assigned to Alox Chemical Corp.; 
Chem. Abs., 1930. 24, 4647. 

«* Winkelmann, U. S. Patent 1,751,848, March 25, 1930; assigned to B. F. Goodrich Co.; Brit. 
Chem. Abs. B, 1931, 77. 

••Alox Chemical Corp., British Patents 303,560 and 303,566, 1927; Brit. Chem. Abs. B. 1929, 219; 
also Burwell. Canadian Patent 283,892, 1928; assigned to Alox Chemical Corp.; Chem. Abs., 1929. 
23, 704; Burwell. U. S. Patent 1,791,711. Feb. 10. 1931; assigned to Alox Chemical Corp.; Chem. Abs., 
1931. 25. 2019. 
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Submerged Combustion 

In the cracking of asphalts, cracking pitches or still residues, Ellis used 
submerged combustion.®* The process may be operated at atmospheric or in¬ 
creased (20 atmospheres or more) pressure. Under pressures above atmospheric, 
submerged combustion is more intensified and more positive. The burner is sup¬ 
plied with air and fuel (gaseous, liquid or solid) at such a rate as to maintain a 
temperature of about 425® C. (800° F.). The volatile products formed are re¬ 
covered by passing them through a heat exchanger, to preheat^ the oil fed to the 
still, then through a condenser and scrubber, and subsequently through an 
absorber. 

Submerged combustion is particularly*applicable to the distillation of tar or 
tar oils, and to the cracking of petroleum. In some instances, the steam produced 
can be utilized for the generation of power. 

Nitric acid and oxides of nitrogen are obtained in the combustion of oil or 
other fuel and air in a flame submerged in water, and in the presence of catalysts 
such as vanadium, nickel, chromium, iron, or other metals which form more than 
one oxide.®® Calcium hydroxide or carbonate is added to the water to neutralize 
the acid and prevent corrosion of the apparatus. The salts thus formed can be 
recovered. The steam produced in the process may be employed for generating 
power. 

Baum and Herrmann obtained acetylene by means of a hydrogen-oxygen 
flame in petroleum. A carbon monoxide-hydrogen-oxygen flame in petroleum 
produced ethane and acetylene. Acetylene may also be produced on burning 
oxygen or a gas containing oxygen in an atmosphere of hydrocarbon gas or sub¬ 
merged in a liquid hydrocarbon.®® The yield is affected by the ratio of hydro¬ 
carbon to oxygen and also by the shape of the vessel. The yield is greater when 
the oxygen is supplied through a jet with small diameter than with a large 
diameter and by supplying the gas through several jets in one vessel than through 
the same number of jets each in a separate vessel. 


SULPHONATED AND CHLORINATED QxiDIZED HYDROCARBONS 

Sulphonated®® and chlorinated®^ oxidized hydrocarbons have found a variety 
of uses. They have been suggested as emulsifying, wetting, and flotation agents, 
and as insecticides. 

The vapor phase oxidation of a Pennsylvania gas oil distillate gave alcohols, 

® U, S. Patent 1,716,433, June 11, 1929; assigned to ElUs-Foster Co.; Brit. Chem. Abs. B, 

1929, 745. 

** The history and development of submerged combustion is discussed by Hammond, /. Inst. Fuel, 

1930, 3. 303. See also Gas J., 1930, 189, 500; Gas World, 1930, 92, 14; Chem. Abs.. 1930. 24, 2578; 
Chem. Age (London), 1927, 274; Hammond (Fuel Economist, 1929, 4, 385; Chem. Abs., 1930, 24. 
1721), Tupholme (Gas Age Record, 1929, 64, 373; Chem. Abs., 1930, 24, 1721) and Brownlie (Com¬ 
bustion, 1930, 1 (12), 46; Chem. Abs., 1931, 25, 5748) described the uses and advantages of the 
Hammond submerged combustion burner. 

**Ormandy, British Patent 296,121, 1927; Chem. Abs., 1929, 23, 2253. Lutz (German Patent 
475.882, 1927; Chem. Abs., 1929, 23, 3779) produced oxides of nitrogen by burning liquid fuels 
in the presence of nitrogen and oxygen under pressures of 50-100 atmospheres. Contact agents such 
as tungsten or .titanium were used. 

•«U. S. Patent 1,864,196, June 21, 1932; Chem. Abs., 1932. 26, 4347; German Patent 568,673, 
1927; Chem. Abs., 1933, 27, 2741; both patents assigned to Consortium fur elektrochemische In¬ 
dustrie G.m.b.H.; see also footnote 84 in Chapter 36. 

** Millar, British Patent 364,418, 1931; Brit. Chem. Abs. B, 1932, 248; French 
1930; Chem. Abs., 1932, 26, 1624; both patents assigned to Bataafsche Petroleum 
Millar, U. S. Patent 1,896,552, Feb. 7, 1933; Chem. Abs., 1933, 27, 2696; Canadian 
193); Chem. Abs., 1931. 25, 2441; both patents assigned to Shell Development Co. 

** The action of sulphonating agents on hydrocarbons and the production of various other sulpho¬ 
nated derivatives is discussed more completely in Chapter 46. 

^ See also Chapter 30. 


Patent 713,012, 
Maatschappij; 
Patent 309,544, 
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aldehydes, ketones, saturated and unsaturated acids and unchanged hydrocarbons.®® 
This mixture, after being sulphonated, washed, and neutralized with sodium 
hydroxide yielded a composition having 40 per cent oxygen and 1.5 per cent 
sulphur. It was a clear stable, maroon-colored liquid which easily emulsified 
with water. A 1 per cent solution was toxic to aphids, leaf hoppers and red mites. 
As an activator for poisons such as nicotine sulphate it was much more effective 
than the soaps usually employed. 

Sulphonated products of partially oxidized petroleum hydrocarbons, either 
as free acids or as alkali salts, can be used as cleansing or emulsifying agents, 
in the manufacture of lubricants, with flotation oils, or in tanning.®® 

Oxidation products of solid or liquid paraflfifi or naphthene hydrocarbons, tars, 
or waxes may be sulphonated with sulphur trioxide®®® or with oleum or chloro- 
sulphonic acid ®®^ to produce emulsifying and wetting agents. These sulphonated 
products may be improved as textile assistants by addition of electrolytes, such 
as salts of sodium, potassium, magnesium, ammonium, barium, aluminum or zinc, 
or water-soluble salts of acids stronger than carbonic.®®** * **** 

Chlorination or sulphonation of the unsaturated hydrocarbons, resulting from 
the dehydration of oxidized paraffin or waxes, gives substances which form water- 
soluble salts with bases such as ammonia, pyridine, amines, sodium hydroxide, 
nr sodium carbonate, which are useful as wetting, emulsifying or cleansing agents, 
and in the preparation of insecticides and disinfectants.^® The unsaturated liquid 
hydrocarbons are obtained by first oxidizing liquid or solid paraffin or naphthene 
hydrocarbons in the presence of barium cinnamate, uranyl tungstate, or manganese 
naphthenate. The product, which contains a mixture of alcohols, hydroxy-acids, 
esters, lactones, and other substances, is then heated to 180® C. in the presence of 
catalysts with the result that water or carbon dioxide is split off and the un¬ 
saturated compounds are formed.'^^ The use of boric acid or vanadium pentoxide 
is said to increase the yield of alcohols. Any free acids which still remain in 
the crude product can be removed in a number of different ways. 

A mixture consisting mainly of aliphatic alcohols of 12 to 20 carbon atoms 
and acids of 11 to 24 carbon atoms, obtained by extracting partially oxidized paraffin 
hydrocarbons with methyl alcohol, may be reacted with one-third of its weight of 
98 per cent sulphuric acid at 35° C for 2 hours, and the excess sulphuric acid 
removed by washing with sodium sulphate solution to produce sulphonated 
products. The resulting material may be mixed with 3 to 4 times its weight of 
spindle oil and 2 to 3 per cent of ammonia to form a stable emulsion with water, 
which may be used as a wetting, cleansing and emulsifying agent.^'® Products 
for similar purposes may be obtained by sulphonation of oxidized products of 
mineral oil, ceresin, or tar fractions.^^** 

** Inman, Ind. Eng. Chem., 1929, 21, 542. See also Hoerner, J. Econ. Entomol., 1930, 23, 174; 
Chem. Abs., 1930, 24. 3314. 

“James, U. S. Patent 1,753,516, April 8. 1930; Chcm. Abs., 1930, 24, 2591. 

“•I. G. Farbenindustrie A.-G., French Patent 714,000, 1931; Chem. Abs., 1932, 26, 1732; see- 
also Chanter 46. 

1. G. Farbenindustrie A.-G., British Patent 303,281, 1928; Brit. Chem. Abs. B, 1929, 197; see 
also Chapter 46. 

1. G. Farbenindustrie A.-G., British Patent 352,989, 1930; Brit. Chem. Abs. B, 1931, 1090; 
French Patent 703,466, 1930; Chem. Abs., 1931, 23, 4414; French Patent 40,987, 1931; addition to 
French Patent 703,466; Chem. Abs., 1933, 27, 1524; see also Chapter 46. 

^*1. G. Farbenindustrie A.-G., British Patent 3^1^239, 1928; Chem. Abs., 1930, 24, 2516; British 
Patent 324,031, 1928; Chem. Abs., 1930, 24, 3332; French Patent 673,887, 1929; Chem. Abs., 1930, 
24, 2596. 

I. G. Farbenindustrie A.-G., British Patent 357,620; appln. date Jan. 1930; Chem. Age (London), 
1931. 134. 

«»U. S. Patent 1,909,295, May 16, 1933; German Patent 577,428, 1933; Chem. Abs., 1933, 27, 
4043; German Patent 524,354, 1925; Chem. Abs., 1931, 2S, 3664; French Patent 680,351, 1929; 
Chem. Abs., 1930, 24, 3798; all patents assigned to I. G. Farbenindustrie A.-G.; see also Chatter 46. 

**** I. G. Farbenindustrie A.-G., British Patent 373,642, 1932; Chem. Abs., 1933, 27, 4116; see 
also Chapter 46. 
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The sulphonation of hydroxy acids obtained by oxidation of crude montan 
wax, or amides, anhydrides or esters of montan wax acids, or alcohols or amines 
corresponding to these alcohdls, to produce wetting, cleansing and emulsifying 
agents has also been suggested.^^® 

Sulphonic acids, which can be used in the hydrolysis of fats, as emulsifying 
agents, or in the textile industry, are made by sulphonating white oil or liquid 
paraffin which has been previously oxidized at 140® to 180® C. by a current of 
air.” 

Chatrov,^^* by using different proportions of reagents and temperatures, 
obtained four different sulphonated derivatives from crude Tiydroxy acids of 
oxidized paraffin hydrocarbons. The products, were soluble only in sodium hy¬ 
droxide, and partly in sodium carbonate and carbon disulphide and emulsified 
with water. The most highly sulphonated acid showed wetting properties, but 
was not satisfactory as a soap although it could be substituted for sodium 
ricinoleate in naphthol or lizarol baths for printing with alizarin red or rose. 

Miscellaneous Products 

A medicinal product is obtained when hydrocarbon oils, such as kerosene, are 
atomized and partially burned with a limited supply of air, and the vapors con¬ 
densed.^*^ The product is described as a liquid of low irritability and high absorb¬ 
ability for medicinal purposes in the treatment of catarrhal diseases. 

For preserving wood, Petrov, Danilovich and Rabinovich suggested forc¬ 
ing oxygen under pressure through the material impregnated with warm hydro¬ 
carbon oil, the oxidation taking place in the pores of the wood. An oil-soluble 
catalyst such as a metallic salt of a fatty acid may be employed. 

Compositions which may be used as insecticides or fumigants may be prepared 
by oxidizing the sulphur dioxide extract of kerosene distillates and emulsifying 
the resulting products with water. 

A wood preservative ” which contains aldehydes and aldehyde-acids is pre¬ 
pared by the partial oxidation of petroleum hydrocarbons by passing the oil vapors 
and air over catalysts at 200® to 500® C. The oxides of molybdenum are used as 
catalysts, and steam may also be added to the gaseous mixture. The insoluble 
calcium salts of these acids can be used for waterproofing fabrics or paper 
making. Soluble soaps are employed for the emulsification of disinfectants or in 
mixtures for spraying trees.^® A water emulsion of petroleum oils with the acids 
from such oils (particularly from the oxidation of naphthenic hydrocarbons) is 
suggested as a herbicide,^® 

Mineral frothing agents, which may be employed in the concentration of ores, 

Jahrstorfer and Hummel, German Patent 578,405, 1933; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1933, 27. 4435; see also Chanter 46. 

PetrofI and Shestakoff, U. S. Patent 1,761,744, June 3, 1930; Brit, Chem. Abs. B, 1931, 332. 

^ Rekonstruktsiyu TeksHU Prom., 1932, 11 (4), 48; Chxmie et industrie, 1932, 29, 418; Chem. 
Abs.. 1933, 27. 2305. 

« Porter, U. S. Patent 1,660,655, Feb. 28, 1928; Chem. Abs., 1928, 22. 1440. 

German Patent 552,477, 1930; Chem. Abs., 1932, 26, 4438; Russian Patent 23,595, 1931; 
Chem. Abs., 1932, 26, 2034. 

nb DeOng, Canadian Patent 318,318, 1931; assigned to Shell Development Co.; Chem. Abs., 
1932, 26, 1381; cf. Sankowsky and Fulton, British Patent 394,977, 1932; assigned to Standard Oil 
Development Co.; Brit. Chem. Abs. B, 1933, 760. Yates (Petroleum Z., 1933, 29 (20), 5; Brit. 
Chem. Abs. B, 1933, 654) discusses the use of naphthenic acid and phenol fractions of kerosene as 
disinfectants and insecticides. Martin and Salmon (/. Aqri. Sd., 1931, 21, 638; Chem. Abs., 1932, 
26, 3607) investigated the fungicidal properties of certain sprays prepared from mineral, tar and 
«vegetable oils. Klemgard (Refiner, 1929, 8 (6), 58; Chem. Abs., 1929, 23, 4332) proposed formulas 
for insecticide sprays as well as for various cleaning fluids and polishes. 

«James, U. S. Patent 1,561,164, Nov. 10. 1925; Chem. Abs., 1926, 20, 101. 

»British Patent 174,099, 1920; Chem. Abs., 1922, 16, 1878. 

** DeOng, Canadian Patent 305,502, 1930; assigned to Shell Development Co.; Chem. Abs., 
1931. 25, 768. 
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are obtained by the partial oxidation of various petroleum fractions in the liquid 
phase.^^ Catalysts need not be used during the oxidation step. 

Unsaturated acids of high molecular weight, such as are produced by the 
dehydration of the acids obtained , in the oxidation of paraffin .wax, when mixed 
with an alkaline agent, e.g., a solution of ammonia, yields a composition which 
finds application for the oiling of fibrous materials like wool.^® 

In the manufacture of stove lacquers the residues from the distillation of 
oxidized paraffin waxes are polymerized by heating with chlorine and sulphur and 
then dispersed or dissolved in various organic solvents.^® 

Bituminous materials (free of volatile oils) oxidized in the presence of 
alkalies and emulsified with water furnish a product which can be mixed with 
cement and used for producing a cold glaze.*® Before the addition of the oxidized 
bituminous substance, the cement may be mixed with pigments to obtain glazes 
of various colors. 

The pitch-like residues from the distillation of coal-tar or of petroleum can be 
air-blown in the presence of manganese dioxide to yield products for impregnating 
roofing paper.®^ The addition of formaldehyde to tlie blown residue before cooling 
is said to aid deodorization and to increase the durability of the product. 

Organic acids, suggested as synthetic tanning agents, are obtained by the 
oxidation of fossil vegetable materials in the presence of nitric acid.®- Thus, 
brown-coal residues, e.g., those extracted with benzene, are heated to 90° C. 
in a covered vessel in a current of air, while fuming nitric acid is allowed 
to percolate through the mass. When samples of the material show no increase 
in solubility in water, oxidation is stopped and the nitrous gases removed by a 
current of air. The product is a mixture of acids, which contain no more nitro¬ 
gen than the original substance. Ozokerite gives a water-insoluble acid mixture, 
the sodium salts of which possess soap-like properties. 

The oxidation product from paraffin wax, after it has been freed of resins 
or asphalts, or the acid compounds after being separated from the other oxidation 
products, or the zinc salts of these products, may be added to synthetic or natural 
rubber before vulcanization.®® Or the oxidized products mixed with an accelerator, 
such as mercaptobenzothiazole, may be employed similarly.®®* 

Oxidized petroleum oils, pine tar, or stearic acid have been added to rubber, 
before incorporation of reenforcing ingredients and vulcanizing agents, to obtain 
rubber compositions of increased resistance to abrasion.®®® 

Linseed, or other similar unjaturated oils, can be oxidized by mixing with 
molten paraffin wax, cooling, powdering the mixture and exposing it to air at 
ordinary temperatures.®®® When dispersed in this manner the linseed oil is rapidly 
oxidized. The wax is subsequently melted and separated from the solid oxidation 

"Wilkinson, Canadian Patents 246,235, 246,236, 246,237, 246,238, 246,239, 1925; Chem. Abs., 
1925. 19, 1242. 

"Luther and Beller, U. S. Patent 1,808,363, Tune 2, 1931; assigned to I. G. Farbenindustrie A.-G.; 
Chetn. Abs., 1931, 25, 4415. 

" I. G. Farbenindustrie A.-G., British Patent 322,437, 1928; Brit. Chem. Abs. B, 1930, 827; 
British Patent 329,954, 1928; Brit. Chem. Abs. B. 1930, 827. 

"Friedrich, U. S. Patent 1,402,412, Jan. 3, 1922. 

“ Schreiber, British Patent 7,739, 1907. 

"Daimler, German Patent 441,432, 1920; assigned to I. G. Farbenindustrie A.-G.; Brit. Chem, 
Abs. B, 1927, 924. 

"I. G. Farbenindustrie A.-G., French Patent 703,791, 1930; Chem. Abs., 1931, 25, 4742; British 
Patent 352,167, 1930; Brit. Chem. Abs. B, 1931, 1021. 

"•Sanderson, Canadian Patent 316,118, 1931; assigned to Goodyear Tire and Rubber Co.; Chem. 
Abs.. 1932, 26, 1831. 

"•* Cagnon, British Patent 378,197, 1932; assigned to Goodyear Tire and Rubber Co.; Chem. Abs., 
1933. 27, 4130. 

Eisenstein, U. S. Patent 1,564,331, Dec. 8, 1925; assigned to I. G. Schicht A.-G.; Brit. Chem. 
Abs. B, 1926, 202. 
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product. The linseed oil can also be dispersed on sodium chloride, oxidized at 
100® C., and the salt removed later by washing with water. 

Materials such as sawdust, wood, moss, paper pulp and rags are oxidized 
by heating in an alkaline solution to which is added a heavy hydrocarbon, for 
example, paraffin, which appears to act as a catalyst.Air may be used as the 
oxidizing agent, at a temperature of about 200° C. Salts of oxalic and other 
organic acids are the principal products of this oxidation. 

Bacterial Oxidation of Crude Oils 

In a study of the bacterial oxidation of crude oils, Tauson ** found tliat 
Penicillium develops on paraffins melting at 45° to 56° C., and utilizes about 
80 per cent of the hydrocarbon, B.fluorescens liquifaciens, B.pyocyaneus, 
B.stutseri and other bacteria utilize paraffins as well as kerosene, and micro¬ 
organisms obtained from the Baku region (bacteria as well as the mold Aspergillus 
flavus) c&n utilize both hard and soft paraffin as well as white vaseline. The 
paraffins are oxidized to carbon dioxide and water, there being no evidence of the 
production of fatty acids. Hydrocarbons of the olefin group are apparently easily 
oxidized, and the oxidation of terpenes also seems very probable. Conditions 
necessary for oxidation of the paraffins are: (1) The presence of an aqueous 
solution of mineral salts, including a nitrate or ammonium salts. In the case of 
the latter, calcium carbonate must be present to neutralize the acid set free by the 
liberation of ammonia. (2) The reaction of the solution must be as nearly neutral 
as possible, and (3) there must be a free access of oxygen. Other bacteria oxidize 
aromatic substances. For example, benzene, toluene, and xylene are oxidized by 
B.bensoli, naphthalene by B.naphthalinicus liquifaciens, B.naphthalinicus, and 
B.mphthalinicus notdiquifaciens, and phenanthrene by B.phenanthrenicus, Since 
the soil in oil-bearing regions is rich in a great variety of microorganisms which 
utilize hydrocarbons and display considerable specificity, and also because the con¬ 
ditions for this growth are very frequently found, it was concluded by Tauson that 
bacterial action plays a very important role in those changes of the crude oil which 
take place before it comes from underground. 

MellanofT, British Patent 307,784, 1928; assigned to Kemikal, Inc.; Chcm. Abs., 1930, 24, 128. 

^ .Weft. Khoz., 1928, 14, 220; Brit. Chem. Abs. A, 1929, 1108; Chcm. .4bs., 1929, 23, 1431. 



Chapter 46 

Action of Sulphonating Agents on Petroleum Hydro¬ 
carbons. Sulphonic Acids', Detergents, and 
Other Products 


The action of sulphonating agents such as concentrated or fuming sulphuric 
acid on petroleum hydrocarbons is of considerable interest in view of the large- 
scale application of sulphuric acid in the refining of petroleum distillates. The 
various classes of hydrocarbons behave in markedly different ways toward this 
reagent. In general, when combination occurs, two main reactions inay be dis¬ 
tinguished, namely, sulphation and sulphonation. The former, whidi is exemplified 
by the interaction of unsaturated hydrocarbons with sulphuric acid, yields a sul¬ 
phuric acid ester in which a carbon atom is linked through an oxygen atom to a 
sulphur atom, i.e., in compounds of the type R—O—SO3H. These sulphuric acid 
esters are distinguished by their ready hydrolysis to alcohols (see Chapters 13, 14 
and 16). On the other hand, the true sulphonated products contain a carbon atom 
directly linked to a sulphur atom which is itself part of a sulphonic, or —SOgH, 
group. This carbon-sulphur linkage is much more stable than the carbon-oxygen 
linkage and even alkylsulphonic acids of the type R^R^R®—C—SO3H are ex¬ 
tremely resistant to hydrolytic influences.^ 

The action of sulphuric acid on hydrocarbons not only forms sulphates or sul- 
phonates, however, but also induces polymerization and oxidation reactions (which 
have been discussed in Chapters 26 and 37). The unsaturated hydrocarbons are 
polymerized in the presence of this acid, particularly with high concentrations of 
acid. With very concentrated or fuming sulphuric acid, oxidation of the hydro¬ 
carbon molecule often results, in which the sulphuric acid or sulphur trioxide is 
itself reduced to sulphur dioxide. Many of the stable paraffin and cycloparaffin 
hydrocarbons are oxidized as well as sulphonated on treatment with warm fuming 
sulphuric acid or sulphur trioxide. 

As already indicated in Chapter 13, the unsaturated hydrocarbons of the olefin 
series generally undergo sulphation, with the production of esters, when sub¬ 
jected to the action of sulphuric acid. However, polymerization is often the main 

'These differences are pointed out also by Hart, Ind. Eng. Chem., Anal. Ed., 1932, 4, 411. 
Cf. Stadlinger, Chem. Umschau, 1932, 39, 217; Chem. Abs., 1933, 27, 3840; Lindner, Russe and Beyer, 
Fettchcm. Umschau, 1933, 40, 93; Chem. Abs., 1933, 27, 3838. Katinor and Schmidt (Chimie et 
Industrie, 1933, 29, 1278; Brit. Chem. Abs. B, 1933, 718) made a further distinction: those sulphonic 
acids havina a sulohonic acid group in the middle of the chain are called “internar’ whereas those 
having one at the end are called/‘external.” The numerous proposals for the treatment of different 
stocks with sulphuric acid of various strengths appear in many cases to use the term “sulphonated” 
rather loosely. Generally, however, the word has the significance of its usual meaning, namely, that 
involving direct linkage of sulphur to carbon. Luther, however, stated that under the term “sulpho* 
nated” as used by him in U. S. Patent 1,908,376 he included the products which have been acted upon 
by sulphonating agent so that either sulphuric esters or sulphonic acids or mixtures of both may be 
obtained, depending on the character of the sulphonating treatment. Perhaps, from the standpoint of 
this chapter, the term “sulpho compounds” as used by a number of investigators could be applied 
conveniently in a generic sense. Gray^ for instance, stated (“The Mineral Industry,” 1901, 579): 
**ln the treatment of oils with sulphuric acid, considerable action takes place and the reaction is a 
very complex one. 'Fhe acid removes the asphaltic matter and attacks and combines with many 
hydrocarbons forming ‘sulpho* compounds.” At the risk of some confusion, the author has been 
impelled to adopt the terms reported to have been used by the investigator or investigators in each case. 
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result of treatment of olefins with this acid, particularly if the acid is very con¬ 
centrated. Even more pronounced is the action of sulphur trioxide on olefin 
hydrocarbons, which induces both polymerization and oxidation. The reaction 
of olefins with sulphuric acid to form derivatives of carbyl sulphate ^ is discussed 
in this chapter. 

1‘he most readily sulphonated hydrocarbons are those of the aromatic series. 
The aromatic sulphonic acids are in most cases prepared by warming the aromatic 
hydrocarbon with concentrated sulphuric acid. The conversion of benzene into its 
monosul^Honic acid is a ty^iical reaction, and proceeds as follows^: 

* GH.4-H,S04 —^ C.H»SO,H + HaO 


The aromatic sulphonic acids derived’from benzene and naphthalene and their 
immediate homologues and derivatives find extensive application in the manufac¬ 
ture of dyestuffs. An extended discussion of the sulphonation of aromatic hydro¬ 
carbons, however, is outside the scope of this book. The relatively greater ease of 
sulphonation of the typically aromatic hydrocarbons as a class should, nevertheless, 
be noted and a few instances will be cited in which aromatic hydrocarbons present 
in petroleum appear to have been sulphonated. 

Comparatively little work has been carried out on the sulphonation of saturated 
hydrocarbons of the paraffin and cycloparaffin series, but the indications are that 
most of these hydrocarbons, despite their apparently great resistance to chemical 
action, can be sulphonated by fuming sulphuric acid, oxidation also occurring in 
the presence of this reagent. Certain types of saturated hydrocarbons, notably 

sC 

those containing a tertiary carbon atom, i.e., the grouping sC—CH, appear to be 

much more readily sulphonated (and also nitrated) than their Straight-chain 
isomers. 

Since immense quantities of petroleum hydrocarbons are refined with sulphuric 
acid, during which process considerable formation of sulphonic acids takes place, 
this action of sulphuric acid on hydrocarbons is of importance. These sulphonic 
acids derived from mineral oils have attracted a high measure of technical interest. 
The acid refining of gasoline distillates is usually accomplished under conditions 
which preclude attack of all but the most reactive constituents, and are such that 
probably no saturated aliphatic hydrocarbons are sulphonated. However, the con¬ 
ditions are somewhat more severe in the acid refining of certain lubricating dis¬ 
tillates, and even treatment with fuming sulphuric acid is resorted to in the manu¬ 
facture of petrolatum. Undoubtedly, under the latter conditions, considerable 
sulphonation and oxidation of the more reactive saturated (paraffin and cyclo¬ 
paraffin) hydrocarbons can, and does, take place. Our knowledge of the sulphona¬ 
tion of the saturated hydrocarbons is largely limited to that of hydrocarbons of 
comparatively low molecular weight. Only inferences can be drawn from these 
data concerning the reactions which occur in the acid refining of higher petroleum 
fractions. It appears that the saturated hydrocarbons present in the higher dis¬ 
tillates of many petroleums are much more reactive toward chemical reagents, 
sulphuric acid included, than the simpler saturated compounds and that the almost 


CHa-SOj 


* Carbyl sulphate, 


[ ^O. i. 

CH»-0-$0t 


the anhydride of ethionic acid, 


CHr-SOaH 


CHr-O—SOsH 
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unknown class of polynuclear cycloparaffins may embrace more highly reactive 
hydrocarbons than has hitherto been suspected. 

Although the sulphonation of saturated hydrocarbpns is primarily of interest 
in connection with the acid refining of petroleum distillates, another aspect of the 
question should not be overlooked. Since the saturated aliphatic and saturated 
cyclic sulphonic acids can be made the starting point of a number of syntheses (for 
example, the conversion into alcohols by hydrolysis or lower carboxylic acids by 
alkali fusion), it may be possible to utilize the sulphonation process as a method 
of transforming the more readily sulphonated paraffins and cycloparaffins into 
derivatives with desirable properties. It is unfortunate that our knowledge of the 
sulphonation of even the simpler paraffins and cycloparaffin hydrocarbons is so 
ex:ceedingly meager. 


Sulphonation of Paraffin Hydrocarbons 

Most of the simpler paraffin hydrocarbons appear to be unattacked in the cold 
by concentrated sulphuric acid (up to 100 per cent H 2 SO 4 ). However, McKee* 
stated that saturated hydrocarbons of ordinary Pennsylvania kerosene fraction 
which boiled at about 200° C. could be sulphonated to disulphonic acids by ordinary 
concentrated sulphuric acid with vigorous stirring (900 revolutions per minute). 
Brooks and Humphrey* were unable to verify this; both pure n-heptane and 
diisopropyl were unaffected by shaking with 95 per cent sulphuric acid (specific 
gravity 1.84) at 25° C. for 48 hours. 

Paraffin hydrocarbons are absorbed in cold fuming sulphuric acid. For example, 
Orndorff and Young ® found that propane was absorbed to the extent of 50 per cent 
in 50 days. Worstall * observed that ethane was absorbed more rapidly than 
methane by fuming sulphuric acid. The absorption of methane, ethane, propane, 
butane, isobutane, pentane, hexane, isopropylethane, heptane, ethylisoamyl, and 
octane in fuming sulphuric acid of various concentrations has also been determined.^ 
Mabery® noted that various fractions of Pennsylvania petroleum were dissolved 
by fuming sulphuric acid. Other results on the absorption of constituents of 
gasolines and petroleum distillates in sulphuric acid of several concentrations were 
given by Ormandy and Craven ® and Carpenter.^® 

Fuming sulphuric acid reacts with some paraffin hydrocarbons to yield sul¬ 
phonic acids. An investigation of the action of fuming sulphuric acid on n-hexane, 
n-heptane and n-octane was carried out by Worstall.^^ He found that although 
these hydrocarbons were unaffected by cold fuming acid, rapid sulphonation oc¬ 
curred when the acid was added to the boiling hydrocarbons. The products con¬ 
sisted of monosulphonic acids together with smaller proportions of disulphonic 
acids. Better yields of the latter were obtained by passing sulphur trioxide into 
the boiling hydrocarbons. The hexane-monosulphonic acid, the yield of which was 
about 30 to 40 per cent of the theoretical, was a light brown liquid, very soluble 
in alcohol and water but insoluble in ether. Considerable oxidation of the hydro- 


J Paper delivered at S. meeting in Washington, D. C., 1911; Ckem. Ztg., 1912, 36, 872. 

* Ampr. Chem. !/.. 189.1.' IS, 249; Chem. Soc. Abs., 1893. 64 (1), 498. 

•J.A.C.S.. 1899, 21. 245. 

’Grimm, Dissertation, Karlsruhe-Basel, 1897; Lehmann, Dissertation, Karlsruhe-Freiburg, 1897; 
Sentke, Dissertation, Karlsruhe, 1907; see Engler-Hdfer, “Das Erdol,” S. Hirzel, Leipzig, 1913 1 231 
Cf. Tropsch and Dittrich, Brentutoff-Chem., 1925, 6, 169; Gep. Abkandl. Kenntnis Kohle, 1929, a! 28S! 

* Proceedings, Amer, Acad., 1902, 37, 565; Amer. Chem. /., 1902, 28 (3), 165; 1902 

21, 1271. 

*/. Inst. Pet. Tech., 1926, 12, 68; Chem. Abs., 1926, 20. 2581. 

»•/. Inst. Pet. Tech., 1926, 12, 518; Chem. Abs., 1927, 21, 1702; see also Chapter 49 for additional 
references. 

^^Amer, Chem. 1898, 20, 664; Chim. Soc, Abt,, 1899, 76 (1), 18. 
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carbons took place in the sulphonation. The disulphonic acids produced by the 
action of sulphur trioxide on the boiling hydrocarbons were dark syrupy liquids. 
In addition to the disulphonic acids, brown brittle solids, insoluble in water and 
all organic solvents, were isolated. These solid products Worstall considered were 
probably oxysulphones. 

Burkhardt and Lapworth observed that sulphur trioxide attacked llgroin and 
crude hexane completely in the cold, considerable sulphur dioxide being evolved. 
This led to an investigation by Burkhardt^* of the action of fuming sulphuric 
acid on n-hexane and cyclohexane. By vigorously stirring n-hexane with fuming 
sulphuric acid (35 to 65 per cent free SOg) at 0® to 10® C., almost all the sulphur 
trioxide was consumed in the resulting reaction, and approximately 1 nlolecule of 
sulphur dioxide was formed for each molecule of hydrocarbon attacked. Isolation 
of individual substances from the complex mixture of barium salts, obtained by 
neutralization of the acid layer with barium carbonate, was not effected. The 
general nature of the products was determined from the analytical data of the 
mixed barium salts (and the derived sulphonyl chlorides). Partial separation of 
the mixed salts was made by fractional precipitation from their concentrated 
aqueous solutions with alcohol. The mixed barium salts from n-hexane were 
partly unsaturated and contained sulphuric acid ester groups, probably as salts of 
sulphato-sulphonic acids formed by the action of fuming acid on the unsaturated 
compounds produced by initial oxidation. After hydrolysis of these substances, 
the products contained 2 molecules of disulphonic acids to 1 molecule of mono- 
sulphonic acid. About 5 per cent of the hexane chains were unsaturated and 
30 per cent contained a hydroxyl group. It is evident, therefore, that fuming 
sulphuric acid both oxidizes and sulphonates hexane. Burkhardt believed that the 
oxidation probably leads to the formation of an unsaturated hydrocarbon which is 
immediately sulphonated by the acid to a sulphuric ester. Hydrolysis of these 
sulphato-sulphonic acids then yields sulphonated compounds containing either an 
unsaturated linkage or a hydroxyl group.- 

According to Brooks and Humphrey,^* hydrocarbons containing a tertiary 
hydrogen group, such as diisopropyl, are much more readily sulphonated and 
oxidized than straight-chain members. They regard it very possible that the large 
losses experienced in the refining of mineral lubricating oils by concentrated 
sulphuric acid may be partly attributed to sulphonation and oxidation of such 
branched-chain hydrocarbons. It is interesting to note at this point that in 1875 
VohP® found as much as 3.1 per cent of sulphuric acid (probably as esters) in 
American cracked kerosene. 

The sulphonation of various higher-boiling distillates with fuming sulphuric 
acid is discussed in the section on the production of mineral oil sulphonic acids. 
Very little is known of the teaction or constitution of the products formed. Gill 
and Meusel,^® as early as 1868, observed that fuming sulphuric acid had no effect 
on a paraffin which melted at 60® C. and contained 85.5 per cent carbon and 14.9 
per cent hydrogen. However, Istrati and Michailescu noticed that paraffin waxes 
of high melting points, when cautiously heated with sulphuric acid, reacted without 
the formation of coke. No sulphonic acids were obtained but they did observe 
the evolution of carbon dioxide and sulphur dioxide which resulted from partial 

^J.C.S., 1926, 684. 

1930, 2387. 

1918. 40. 822; cf. Brame, Dunstan, Lomax, Pemberton, Craven and Moore. /. Inst 
Pet. Tech., 1926, 12, 48. 

^ Dingier*s Polytech. 187S, 216, 47. 

'•J.C.S., 1868, 21, 466; Chem. Zentr., 1869, 305. 

Bull. soe. sci. Bucharest, 1904, 13, 143; Chem. Zentr., 1904, 2, 1447. 
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decomposition by oxidation. From thh behavior they concluded that the various 
paraffins contain a large number of branched-chain isomers.^® 

The action of chlorostdphonic acid [S02(0H)C1] on the paraffins often pro¬ 
duces sulphonated products, hydrogen chloride being eliminated during the process.'® 
Aschan found that diisopropyl reacted with chlorosulphonic acid at room tem¬ 
perature with the evolution of hydrogen chloride, and abundant heat production. 
The reaction was regarded by Aschan to be of a complicated character for, besides 
sulphonated products, a considerable amount of unsaturated oily material was 
formed. Isopentane also reacted with chlorosulphonic acid in a similar way. The 
relative^ ease with which many branched-chain hydrocarbons are sulphonated by 
this reagent has been used by Young,®' and later* by Shepard, Henne and Midg- 
ley ®® to obtain straight-chain paraffins free from the more reactive branched- 
chain members and naphthenes. 


SULPHONATION OF CyCLOPARAFFINS 


The naphthenes react with fuming sulphuric acid, resulting both in sulphonation 
and oxidation.®® Concentrated sulphuric acid, however, has no effect in the cold, 
except on the lower members of the series.®* With an excess of sulphuric acid, at 
ordinary temperatures or more readily at 40° C., some cycloparaffins yield aromatic 
mono- and di-sulphonic acids, resins, and products volatile with steam.®* 

Of the cycloparaffins, the cyclopropane derivatives appear to be most readily 
attacked. Treatment of cyclopropane or its homologues with even moderately 
concentrated sulphuric acid usually results in rupture of the ring and the forma¬ 
tion either of sulphuric esters of a straight-chain alcohol or of polymerized 
straight-chain olefins. Thus, cyclopropane itself is absorbed by concentrated 
sulphuric acid to the extent of 480 cc. of cyclopropane per gram of acid at 18° C.®* 
Dilution of the acid solution followed by distillation affords propyl alcohol.®^ 
Absorption of methylcylcopropane in concentrated sulphuric acid results in the 
formation of a mixture of high-boiling polymers (evidently derived from the 
corresponding butene) and, if the solution is diluted, secondary butanol is formed 
on distillation,®® 1,1-Dimethylcyclopropane also dissolves in dilute sulphuric acid 
(2 volumes of acid and 1 volume of water).®® 

Cyclohexane itself gives no indication of being attacked by concentrated sul¬ 
phuric acid but treatment with fuming sulphuric acid results in oxidation and sul- 

** See their previous work (Bull. soc. set. Bucharest, 1897, 6, 61; Chem. Zentr., 1897, 1, 1222) 
on an ozokerite (m.p. 97-98** C.) which also gave no sulphonic acids on heating with concentrated 
sulphuric acid. 

The sulphonation of the more reactive paraffins by chlorosulphonic acid apparently proceeds 
according to the typical equation CaHii + ClSOaH-^CcHiaSOaH -j- HCl., On the other hand, chloro¬ 
sulphonic acid reacts with aromatic hydrocarbons and their derivatives with the formation of sulphonyl 
chlorides. Thus benzene and chlorosulphonic acid at 1S0**-160* C. yield benzene-1,3-disulphonyl chloriiSe 
according to the equation C«H#-f ZQSOsH-* C*H 4 (SOiCl)f-f ZHgO (Poliak, Heimberg-Krauss, 
Katscher and Lustig, Monatsh., 1930, 55, 358; Chem. Abs., 1930, 24, 4004). 

*^Ber., 1898, 31, 1801. 

1899. 75, 172. 

••J.A.C.S., 1931, 53. 1948; Ind. Enp. Chem., 1930. 22, 356. 

” For reviews of the sulphonation of the naphthenes see Markownikow, /, Russ. Phys.-Chem. Soe., 
1892, 24, 141; J. brakt. Chem., 1892. (2) 45. 561; ibid., 1892, (2) 46, 86; Chem. Soe. Abs., 1892, 
62, 1182, 1311; Tihtscheiev and Dumiskaja, Neft. Khot., 927, 13, 647; Brit. Chem. Abs. B, 1928, 630. 

** Markownikow, J. Russ. Phys.-Chem. Soc., 1898, 30. 151; Chem. Zentr., 1898, 2, 578; Ann., 
1898, 302, 1; Chem. Soc. Abs., 1899, 76 (1), 22; Aschan, Ber., 1899, 32, 1769; Markownikow, /. Russ. 
Phys.-Chem. Soc., 1904, 35, 1023; Chem. Zentr., 1904, 1, 1345; Ann., 1904, 336, 299; ibid., 1905, 
341. 118; Chem. Soc. Abs., 1905, 88 (1), 760. 

** Markownikow, /^c. rtf.; Markownikow and Spady, Ber., 1887, 20, 1850; Ishevski, Chem. Ztg., 
1888, 12, 1322; Konovalov, Chem. Ztg., 1890, 14, 113, 145; Chem. Zentr., 1890, 1, 426, 585; 
Markownikow and Rudevitsch, /. Russ. Phys.-Chem. Soc., 1898, 30, 586; Chem. Zentr., 1899, 1, 176; 
Rudevitsch, /. Russ. Phys.-Chem. Soc., 1893, 25, 385; Ch^m. Zentr., 1893, 2, 857. 

** Berthelot, Annales de chimie et physique, 1895, 0) 4, 102. 

** Gustavson, J. pr. Chem., 1887, (2) 36, 300; Chem. Soc. Abs., 1888, 54, 240. 

** Demjanow, Ber., 1895, 28, .21. 

* Gustavson and Popper, /. pr. Chem., 1898, (2) 58, 458; Chem. Soc. Abs., 1899, 76 (1), 263. 
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phonation. Burkhardt treated cyclohexane and methylcyclohexane with fuming 
sulphuric acid (35 to 65 per cent free SOg) at 0® to 10® C. and observed the 
formation of sulphur dioxide to the extent of about 1 molecule per molecule of 
hydrocarbon attacked. As in the case of n-hexane, the products consisted of 
sulphato-sulphonic acids (probably derived from unsaturated hydrocarbons), 
which on hydrolysis yielded both mono- and di-sulphonic acids, often containing 
an ethylene linkage or a hydroxyl group. Small amounts of benzenesulphonic 
acids were also noted by Burkhardt in ^e sulphonation of cyclohexane. 

A similar result was obtained by Menschutkin and Wolfv®^ They observed 
that 1 gram of cyclohexane reacted with 27 grams of 25 per cent fuming sulphuric 
acid at 25® C. From the dark brown aqueous extract of the reaction product 
they isolated 70 per cent of barium salts of aromatic sulphonic acids. The action 
with anhydrous sulphuric acid was entirely comparable to that of fuming acid. 
This reaction indicates dehydrogenation of the naphthene to an aromatic 
compound. 

Methylcyclohexane is not attacked at room temperature by concentrated sul¬ 
phuric acid but fuming acid oxidizes it. and yields little or no sulphonic acids, 
according to Markownikow.®* Burkhardt observed that methylcyclohexane was 
attacked by fuming sulphuric acid (35 to 65 per cent free SO) somewhat more 
rapidly and more extensively than cyclohexane, with the liberation of about 
molecule of sulphur dioxide from each molecule of hydrocarbon. The products 
obtained were similar to those from cyclohexane. 

Octanaphthenes react with fuming sulphuric acid, particularly on heating, to 
give both sul phonation and oxidation products. Markownikow and Spady,®® for 
example, obtained 4 grams of barium sulphonate (from which m-xylene could 
be separated by distillation with steam) by the action of fuming sulphuric acid 
on 5 grams of 1,3-dimethylcyclohexane after its complete solution at 50® to 60® C. 
The conversion of 1,2,4-trimethylcyclohexane into pseudocumenesulphonic acid 
under similar conditions was described by Konowalow.®* 

l,4-Dimethyl-2-ethylcyclopentane dissolved in fuming sulphuric acid (con¬ 
taining 10 per cent sulphur trioxide), with darkening, according to Zelinsky.®* 
Little heat is liberated and no sulphur dioxide was evolved, a behavior unlike that 
exhibited by derivatives of cyclohexane. 

The action of chlorosulphonic acid on the cycloparaffins has also been studied. 
Aschan ®* found that by treating cyclohexane at 60® C. with chlorosulphonic acid, 
both hydrogen chloride and sulphur dioxide were evolved. The products con¬ 
sisted of unsaturated compounds which resinified on standing but no sulphonic 
acids were isolated. Methylcyclohexane reacted similarly but at room temperature. 

In summarizing the action of sulphonating agents on cycloparaffins it can be 
said that, in general: (1) The lower cycloparaffin homologues, on treatment 
with concentrated sulphuric acid, dissolve readily, at the same time these cyclo¬ 
paraffins undergo rearrangement, for the solutions on hydrolysis yield aliphatic 
alcohols. (2) The higher cycloparaffins are not attacked by concentrated sul¬ 
phuric acid at ordinary temperatures but are dehydrogenat^ by fuming acid. 
The cyclohexane derivatives thus yield aromatic sulphonic acids. 

1930, 2387. 

KhoM., 1927, 13, 340; Ckem. Ahs., 1928, 22, 2744; /. CMechoslov. Chem. Comm., 1930. 2. 
Z96\Ckem. Abs., 1930, 24, 4510. 

Russ. Phys.-Chem. Soe., 1903, 35, 1035; Ckem. Zentr., 1904, 1, 1345; Ann,. 1905. 341. 131* 
Chem. Soc. Abs., 1905, 88 (1), 760. 

**Ber., 1887, 20, 1850. 

««/. Russ. Pkys.-Chsm. Soe., 1890, 22, 9; Ber., 1890, 23, 431 Ref. 

•• Bit., 1923, SOB. 1718, 1723. 

••Paper given at meeting of Finnish Chemical Society at Helsingfors, Apr. 14, 1905; Chem. Ztg 
1905, 29, 747; see also Aschan, **Chemie der alicylischen Verbindungen,*'^ F. Vierweg und S^n! 
Braunschweig, 1903, 394. 
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Properties of Monosulphonic Acids Derived from Paraffins 

The aliphatic sulphonic acids are strongly acidic, stable compounds which are 
usually obtained in the form of viscous, very hygroscopic liquids. They exhibit 
the usual properties of sulphonic acids and are readily converted into sulphonyl 
chlorides and sulphonamides. The carbon-sulphur linkage in these compounds 
is not broken by the usual hydrolyzing agents but by heating with aqueous alkali 
at 310® to 375® C, hydrolysis takes place w'ith the formation of an alcohol and 
sodium sulphite, according to the equation RCHaSOaNaH-NaOH RGH 2 OH + 

NagSOj. This main reaction is also accompanied by decomposition of the re¬ 
sulting alcohol according to the equation RCH 2 OH + NaOH —> RCOONa + 
Wagner and Reid examined this reaction for the sodium salts of a number of 
normal and secondary saturated aliphatic sulphonic acids. They obtained the 
results in Table 156 for the percentage dccomposition of these salts when heated 
(in the form of approximately molar solutions) with a 3.7N NaOH solution at 
345® C. for 3 hours. 


Table 156 .—Decomposition of Sodium Salts of SahircUcd Aliphatic Sulphonic Acids, 


Sulphonic Acid 

Decomposed 

Sulphonic Acid 

Decomposed 


Per Cent 


Per Cent 

Methyl . 

. 1.5 

Amyl . 

. 13.3 

Ethyl . 

. 62.7 

sec-Amyl . 

. 64.2 

Propyl . 

.. 20.2 

Hexyl . 

. 11.7 

Isopropyl . 

. 88,6 

sec-Hexyl . 

. 54.9 

Butyl . 

. 17,3 

Benzene . 

. 5.0 

sec-Butyl . 

. 75.2 




It will be seen that although niethylsulphonic acid is by far the most stable, 
the stability of both the normal and secondary series of acids increases with in¬ 
creasing number of carbon atoms from Cg to Cg. The secondary acids are less 
resistant to this hydrolysis than the corresponding normal acids. 

A series of sulphonic acids was prepared by Noller and Gordon by oxidation 
of lead mercaptides with nitric acid. The melting points of the anhydrous 
sulphonic acids, their monohydrates, and their benzylaniline salts*® were as 
follows: 

Table 156a .—Melting Points of Sulphonic Acids and Derivatives. 


Sulphonic Acid 

Anhydrous Acid 

Monohydrate 

®C. 

Benzylaniline Salt 
^C. 

Nonyl . 

. — 

— 

90.5-91.0 

Decyl . 

. — 

— 

84.0-84.5 

Undecyl . 

. 49 

40-41 

84.6-84.7 

Lauryl . 

. 52 

43-45 

— 

Tridecyl . 

. 58 

48-49 

87.5-88.0 

Myristyl . 

. 65.5 

55-56 

82.5-82.7 


Sulphonic Acids Produced from Higher Petroleum Distillates 
During Refining 


Concentrated sulphuric acid is the most important reagent for the refining 
of various petroleum distillates. Although there is an increasing tendency to 


” J.A.C.S., 1931, 53, 3407; Brit. Chem. Abs. A, 1931, 1268. 


^J.A.C.S., 1933, 50, 1090. 
••The salts of benzylmorphine 
crystallizable and soluble (Chem. 

1932, 26, 1066; ef. also Stoll and 

1933, 37, 1894). 


with alkylsulphonic acids of low molecular weight are also easily 
Fabrik vorm. Sando^ French Patent 709,787, 1930; Chem. Abs., 
Burckhardt. U. S. Patent 1,892,019, Dec. 27, 1932; Chem, Abs„ 
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displace this method in favor of refining processes which depend upon the use 
of adsorbent materials, Kalichevsky and Stagner/® expressed the opinion that, 
because of its cheapness and its almost universal applicability, it will continue to 
maintain this leading position for many years in the future. The precise action 
of the sulphuric acid in the refining process depends largely upon the character 
of the distillate, the time of treatment, and the amount and concentration of the 
acid. The refining action of the sulphuric acid involves both chemical reaction 
and physical solution. When highly unsaturated compounds are present, sulpha- 
tion and polymerization reactions undoubtedly occur, but under certain circum¬ 
stances sulphonation of the aromatic constituents also takes place.*^ However, 
the removal of sulphur compounds, asphaltic materials and naphthenic acids by 
sulphuric acid appears in most cases to involve purely physical phenomena rather 

than chemical combination .*2 

The formation of sulphonated products is, as might be expected, at a maximum 
in the drastic refining of heavier fractions of petroleum for the production of 
white oils and medicinal paraffins. Even under the less stripgent conditions em¬ 
ployed in the' production of ordinary high-grade lubricants, a certain amount of 
sulphonation occurs nevertheless. According to Weir, Houghton, and Majewski,*® 
there is reason to believe that the following are the changes which take place 
during the acid refining of solar reduced oil with concentrated acid: (1) the 
formation of indicator-like substances; (2) the flocculation and adsorption of 
(colloidally?) dissolved bitumens; (3) solution of other color substances contain¬ 
ing chromophoric groups; and (4) some sulphonation and oxidation. 

Dunstan and Thole** and others showed that most lubricating oils contain 
20 to 40 per cent of reactive hydrocarbons which are partially removed from the 
oil by agitation with sulphuric acid. The resulting acid tars, or sludges, tend to 
become solid. The fact that these reactive hydrocarbons (which can be concen¬ 
trated by solution in liquid sulphur dioxide) cannot be hydrogenated by known 
means to yield fully saturated substances and that their iodine values are ex¬ 
ceedingly ill-defined, leads to the presumptiop that they are not unsaturated hydro¬ 
carbons of the types known to us at present but are probably polynuclear naph¬ 
thenes with unstable groupings or “bridged’* structures. As previously noted, 
Brooks and Humphrey *® considered it very possible that the extensive oxidation 
and sulphonation which occur in the acid refining of some heavier petroleum dis¬ 
tillates is a result of the attack of certain of the more reactive saturated hydro¬ 
carbons, such as paraffins and cycloparaffins with reactive groupings (i.e., a 
tertiary carbon atom). Because the more reactive constituents of lubricating oil 
fractions, which are removed or destroyed by drastic acid refining, often possess 
desirable lubricant properties, the modern tendency is to avoid unnecessarily 
drastic treatment so as to minimize the elimination of these desirable constituents. 
Sulphuric acid refining tends to remove the valuable olefins from gasoline also.*® 
The production of sulphonated and oxidized products becomes very pro¬ 
nounced during the manufacture of very highly refined oils of the type of me¬ 
dicinal paraffin (petrolatum liquidum). For the production of such oils, oleum or 
fuming sulphuric acid is usually employed, the amount of such acid used depend- 

^ “Chemical Refining of Petroleum,” Chemical Catalog Co., Inc., New York 1933 31 
^ The action of sulphonating agents on olefins is discussed in a later section o'f this chapter 
« For a complete account of the chemistry of refining, the book of Kalichevsky and Stairner 
Hoc. cit.) should be consulted. ^ « « ag 

« Jnd. Eng. Chem., 1930, 22. 1293. 

«/. Inst. Pet. Tech., 1917, 4, 191; also Chapter 49 and Kalichevsky and Stagner ob ext 
* J A.C S. 1918 40 822. wnaguci, vy. 

kalichevsky and Stagner, toe. ctt.; Kaudela, Brennstoff-Chem., 1929, 10. 404: Brii Chtm Ah* 
8 ,. 1929, 1004; Egloff, Chem. Met. Eng., 1917, 17, 156. ' * ^ 
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ing upon the degree of refining desired. According to Holmes/’^ for example, 
white petrolatum is produced by treating a suitable petroleum distillate with 
fuming sulphuric acid at an elevated temperature, usually up to 170® C. In the 
manufacture of technical or medicinal white oils, treatment of lubricating oil 
stocks with 5 to 10 per cent of oleum has been recommended.^® Under such 
stringent conditions, considerable sulphonation ajnd oxidation of the more reactive 
types of saturated hydrocarbons is to be anticipated. 

Production and Recovery of Mineral Oil Sulphonic Acids and 
Other Products 

Sulphuric acid refining of petroleum distillates gives sludges which usually 
contain, in addition to free acids, polymerized bodies, asphaltic materials, and 
oxidized substances, together with various sulphonated products. In the disposal 
of this acid sludge, which has long been a problem to the refiner, the acid is 
usually separated by the addition of water and reconcentrated for further treat¬ 
ment of distillates. The residual material is largely used as a fuel.*® 

The chemical and physical nature of the sludge, as is quite evident, is de¬ 
pendent upon the character of the original distillate and the refining treatment. 
Methods for the recovery of sulphonic acids vary with the character of the sludge 
and with the type of product desired. The sulphonic acids can be separated from 
acid sludge usually by some selective action such as that of solvents or adsorbents 
or they can be salted out in the form of their alkali or alkaline earth salts. It be¬ 
comes extremely difficult and hazardous to generalize concerning these procedures. 
The most that can be said about some of them is that with a particular sludge, 
the products removed in the described way can be used for certain definite pur¬ 
poses. Obviously, much of the detail of the individual operations must be 
omitted here. 

As early as 1863, Millochan recovered an oil which could be used in paints 
as a substitute for linseed and other'oils. He mixed 40 per cent of water with 
acid sludge and allowed it to settle into two layers. The oily layer was then 
washed with a solution of sodium or potassium hydroxide. 

A dyestuff was made by Frasch from crude oil or acid sludge by the action 
of sulphuric acid. This product was soluble in water, alcohols and acetone and 
dyed silk or wool a yellow color. Its calcium and alkali salts were soluble in 
water and could be used for a similar purpose. Forward and Davidson pro¬ 
posed to treat crude petroleum, petroleum tar, or heavy hydrocarbon oil with 
sulphuric acid in such a way that when heated to 425® C. (800° F.) for 4 to 8 
hours, asphalt was produced. 

Sulphoparaffins were obtained by Kaufmann by heating acid sludge with a 
solution of sulphur in petroleum ether at 200° to 250° C. with stirring. 

The production of Russian mineral oil, a clear white pharmaceutical <5il, re¬ 
quired considerable refining with sulphuric acid or anhydride of high concentra- 

U. S. Patent 1,733,597, Oct. 29, 1929; assigned to Standard Oil Development Co.; Chcm. /lbs., 
1930, 24, 495; cf. Gallagher, U. S. Patent 1,791,926, Feb. 10, 1931; assigned to Standard Oil Develop¬ 
ment Co.; Brit. Chtm. Abs. B, 1931, 1002. 

** Reddish and Myers, British Patent 347,164, 1929; Brit, Chem. Abs. B, 1931, 751. 

• See Kalichevsky and Stagner, op, cit. 

MU. S. Patent 37,918, March 17. 1863. 

“ U. S. Patents 518,989 and 518,990, May 1, 1894; assigned to Grasselli Chemical Co.; British 
Patents 10,321, 10,322 and 10,323, 1893; J.S.C.I., 1893, 12, 756; Gefman Patents 84,626 and 87,974, 
1893; Chem. Zentr., 1896, 1, 1040; ibid., 1896, 2, 1144; Z. angew. Chem., 1896, 9, 89, 578. 

« British Patent 20,879, 1898; J.S.C.L, 1899, 18, 128. 

** Austrian Patent 1,448, 1900; Hungarian Patent 15,489, 1899. 
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tions. In these treatments large quantities of sulphonic acids were produced.** 
Great interest was manifested in the recovery and utilization of such sulphonated 
petroleum derivatives at an early date in Russia, where the industry was con¬ 
centrated. To extract sulphonic acids from petroleum oils, which have been 
treated with sulphuric acid or anhydride, Petroff ®* used such solvents as aqueous 
solutions of methyl and ethyl alcohol or acetone. The sulphonic acids codd be 
recovered from the acid sludge by extraction of the hydrocarbons with gasoline, 
carbon disulphide, or similar water-immiscible solvents.** The sulphonated 
products were called ‘‘kontakt.^^ *^ 

In another method for the preparation of sulphonic acids, Petrofffirst diluted 
acid sludge with an equal part of water and heated the mixture in an autoclave 
for 3 to 4 hours at 20 atmospheres.*® The oily layer was then distilled and the 
fractions were sulphonated. In related processes for the recovery of sulphonated 
materials from acid sludge, temperatures of 75® to 120® C.*® and 160® to 180® C.*^ 
are used. 

Oil-soluble sulphonic acids can be isolated by treating the sulphonated oil with 
an aqueous solution of acetic aqid or one of its water-soluble esters.*® 

For the recovery of sulphonic acids of high molecular weight Petroff*® has 
also suggested adsorbing them from solution on porous cellulose or wood flour, 
which is subsequently dried. From this the sulphonic acids can be extracted with 
benzene, alcohol, or other solvents.** 

Sodium salts of organic sulphonic acids, which result on boiling the crude 
sulphonic acids with sodium chloride solution, can be purified, according to 
Twitchell,*® by salting out the simultaneously formed sodium sulphate and ex¬ 
tracting the free unsulphonated mineral oils with organic solvents. Petroff** 
treated the aqueous solution of sulphonic acids in alkali with gasoline, to remove 
the hydrocarbons, and salted out the dissolved sulphonates with sodium chloride. 

Recovery of sulphonic acids from acid sludge in the form of their calcium 


^ The manufacture of sulphonic acids from petrolatum is described by Montag, Awerb. Neft. Khoi., 
1927, No. 1, AZxChem. Abs., 1927, 21, 3738; Vlasenko. AMerb. Neft. Khos., 1927, 10, 86; Chem. Abs., 
1927, 21. 497; Tilitschejev and Dumiskaja, Khot., 1926, 11, 738; Chem. Zentr., 1927, 1, 2380; 
Chem. Abs., 1928, 22, 3286; Budrewicz, Prsemysl Chem., 1920, 4, 63; Chem. Zentr., 1920, 4, 448; 
J.S.C.J., 1920, 39, 740A; Razderishin and Dennemark, Neft. Khos., 1931, 20, 95; Chem. Abs.. 1932, 
26, 4452. 

■* Russian Patent 428, 1911, 1924; Chem. Abs.. 1928, 22, 4243; tbtd.. 1933, 27, 1501; Russian 
Patent 508, 1913, 1924; Chem. Abs., 1928, 22, 4131; ibid., 1933, 27, 1501; French Patent 448.207. 
1912; Chem. Abs., 1913, 7, 2112; German Patent 271,433, 1912; Chem. Abs., 1914. 8. 2481; British 
Patent 19,676, 1912; Chem, Abs., 1914, 8. 571; U. S. Patent 1,087,888, Feb. 17, 1914; Chem. Abs., 
1914, 8, 1344; U. S. Patent 1,233,700, July 17, 1917; Chem. Abs., 1917, 11, 2609. 

“•Petroff, U. S. Patent 1,087,888, Feb. 17, 1914; Chem. Abs., 1914, 8. 1344; French Patent 


Patent 2,838. 

••Russian Patent 1,447, 1924; Chem. Abs., 1928, 22. 4243. 

■•C/. Berguer, Russian Patent 10,416; assigned to Nobel Bros.; described by Gurwitsch-Moore, 
^‘Scientific Principles of Petroleum Technology," D. Van Nostrand Co., New York, 1932. 459. 

••Mann and Holmes, U. S. Patent 1,838,030, Dee. 22, 1931; assigned to Standard Oil Develooment 
Co.; Chem. Abs., 19.32, 26, 1429. 

« Burgess and Buc, U. S. Patent 1,767,344, June 24, 1930; assigned to Standard Oil Development 
Co.; Chem. Abs., 1930, 24, 4384. 

•• Schestakoff, U. S. Patent 1,706,940, Mar. 26, 1929; Chem. Abs., 1929. 23. 2290; French Patent 
622^93, 1927: British Patent 247,940, 1925; Chem. Abs., 1927, 21, 593; German Patent 444.326. 

i«U. S. l^atent 1,766,304, June^24, 1930; Chem. Abs., 1930, 24. 4053; British Patent 284 859 
1927; Chem. Abs., 1928, 22, 4539; German Patent 517,156, 1927; Chem. Abi., 1931. 2S. 2156- Freiich 
Patent 628,129, 1927. 


i,nem. Sientr., i, oioo: (.nrm. iy*o, ca, 

Sulfokisloty,’* Nauez. Chem. Techn. Izd., teiningrad, 1929, 

••Swiss Patent 72,380, 1916; Chem. Abs., 1916, 10, 2412; Swedish Patent 43,923, 1918; Chem. 

Russian Patent 1,449, 1923; Chem. Abs., 1933, 27, 1497. 
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salts was proposed by Divine.®^ He allowed the acid sludge to stand with water 
for 8 to 12 hours. The lower layer, which consists of an aqueous solution of 
the sulphonic acids and sulphuric acid, is separated, neutralized with calcium 
hydroxide and the precipitated calcium sulphate is filtered off. The calcium sul- 
phonates are precipitated from the filtrate by the addition of about 20 per cent of 
sodium or calcium chloride. The calcium sulphonate is a water-soluble, light 
yellow plastic material with a distinct aromatic odor. The use of this and similar 
products as detergents, fat-splitting reagents and for other purposes is discussed 
in a succeeding section of this chapter. 

The recovery of sulphonic acids with calcium hydroxide has also been de¬ 
scribed by Pilat and Sereda.®® By boiling the oalcium sulphate precipitate with 
sodium carbonate, the insoluble calcium sulphonates are converted into their 
soluble sodium salts, which can be salted out of solution. 

Divine ®® recommended the recovery of sulphonic acids by boiling the sludge 
with a solution of aluminum sulphate. The precipitate- which forms is washed 
with water and from it the sulphonic acids are liberated with sulphuric acid. 
Similar methods have also been described by Taveau for the separation of 
sulphonic acids during the treatment of petroleum acid sludge to obtain asphalts, 
and by Fischer and Reddish.The latter investigators decomposed the aluminum 
sulphonates with sodium hydroxide, using phenolphthalein as indicator. 

Sulphonic acids can be recovered from acid oil, which remains after tar has 
been removed from acid sludge, in the following manner* The acid oil is treated 
with alkaline solutions and alcohol. Sodium chloride, which is then added to 
the alkaline liquid, causes a separation into two layers, one of which contains 
about 30 per cent sodium sulphonate and 30 per cent mineral oil, together with 
salt and free alkali. Methyl alcohol, ethyl alcohol, acetone or other solvent 
miscible with water is added to the lower layer. The mineral oils thus pre¬ 
cipitated are subsequently removed and the solvent evaporated. From the residue, 
the sulphonic acids are precipitated by the addition of inorganic acids."^* These 
crude sulphonic acids can be purified by washing at about 60° C. with 40 to 50 
per cent sulphuric acid.^® However, the resulting sulphonic acids still contain 
about 5 per cent sulphuric acid, which can be removed by the addition of alcohol 
and neutralization with solid sodium carbonate.^^ The precipitated sodium sul¬ 
phate is filtered or allowed to settle out and the solution is evaporated. 

The following method was suggested by Happach.^* The acid tar is dissolved 
or emulsified in water or an alkaline solution and subjected to fractional precipi¬ 
tation by the addition of sodium chloride or calcium chloride. Sufficient salt is 
added to precipitate the sulphones and neutral hydrocarbons but not the sulphonic 
acids. After separating the precipitated material, the bulk of the sulphonic acids 
is thrown down by the further addition of salt. The salts of the sulphonic acids 

«U. S. Patent 1,301,662, Apr. 22, 1919; Chem. Abs., 1919, 13. 1924; U. S. Patent 1,303,779, 
May 13, 1919; assigned to Twitchell Process Co.; Chcm. Abs,, 1919, 13, 1924; Canadian Patents 
192,486 and 192,487, 1919; Chem. Abs., 1919, 13, 2770; U. S. Patent 1,330,624, Feb. 10, 1920; Chem. 
Abs., 1920, 14, 1216. Twitchell Process Co., British Patent 127,159, 1918; Chem. Abs., 1919, 13, 
2439; British Patents 143,682 and 143,683, 1919; Chem. Abs., 1920, 14, 2984. 

“British Patent 343,530, 1929; Brit. Chem. Abs. B, 1931, 474; French Patent 694,236, 1930; 
Chem. Abs., 1931, 25, 1954. 

•U. S. Patent 1,438,101, Dec. 5, 1922; Chem. Abs., 1923, 17. 894. 

“ U. S. Patent 1,271,387, July 2, 1918; assigned to Atlantic Refining Co.; Chem. Abs., 1918, 
12. 1925. 

” U. S. Patent 1,734,369, Nov. S, 1929; assigned to Twitchell Process Co.; Brit. Chem. Abs. B, 
1930, 7. 

^Oelwerke Stern-Sonneborn A.-G., German Patent 310,701, 1914; J.S.C.I., 1922, 41, 850A. 

“ Oelwerke Stern-Sonneborn A.-G., German Patent 350,299, 1915; J.S.C.I., 1922, 41, 676A; WolflF, 
U. .S. Patent 1,428,197, Sept. 5, 1922; Cheth. Abs., 1922, 16, 3666. 

Oelwerke Stem-Sonneborn A.-G., German Patent 385,222, 1915; J.S.C.I., 1924, 43, 411B; Wolff, 
U. S. Patent 1,240^523, Sept. 18, 1917; Chem. Abs., 1917, 11. 3427. 

“German Pateht 310,925, 1913; J.S.C.h, 1919. 38, 404A; addition to German Patent 264,785. 1913; 
both assigned to Sudfeldt and Co.; see also British Patent 148,579, 1920; J.S.C.I., 1921, 40, 74.^. 
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thus obtained may be purified by solution in water and further fractional precipi 
tation or by treatment with a solvent. The latter method of purification consist? 
in extracting the sulphonic acids with water and treating the aqueous solution oj 
sulphonic acids with a small proportion of methanol, ethanol, or acetone. 
Petroleum hydrocarbons separate and form an upper layer while sulphonic acids 
remain in solution. 

Sulphonates can be removed from sulphonated petroleum oil by washing the 
oil with isopropyl alcohol, according to Robinson.^® A similar method of re¬ 
covering oil-soluble sulphonic acids produced in the manufacture of white petro¬ 
latum has been described by Cobb and Holnies.^^ For improving the color of 
the salts of oil-soluble sulphonates, Buc heated them to above 150° C. in the 
presence of 3 per cent sodium hydroxide solution and purified them further with 
isopropyl alcohol. During evaporation of the isopropyl alcohol, from 1 to 10 
per cent of a sodium salt of a weak organic acid, such as sodium resinate, can be 
added to prevent darkening."^® 

The treatment of the heavier fractions of petroleum for the production of 
highly refined products, yields not only the ordinary oil-soluble sulphonic acids 
known as “mahogany’* acids but also under certain conditions, acids which are 
insoluble in oil but readily soluble in water, chloroform, alcohols, and benzene 
and sparingly soluble in carbon tetrachloride, carbon disulphide, xylene, naphtha 
and ether. To these latter acids the term “green” acids has been applied. The 
sludge from a mineral oil, for example, a lubricating stock from a Mid-Continent 
crude petroleum, which has been sulphonated by successive additions of fuming 
sulphuric acid, is subjected to the following treatments, by Humphreys, Rogers 
and Bransky,**^ for separation of the green acids: The sludge is first diluted with 
a medium heavy hydrocarbon oil. The mahogany acids remain in the resulting 
oil layer which is separated. The residual sludge is boiled with water, the diluted 
sulphuric acid settling at the bottom. The supernatant layer is neutralized with 
sodium carbonate and the remaining oil is extracted with naphtha. The oil-free 
sodium sulphonates (green acid salts) are then purified by washing with sul¬ 
phuric acid or by extraction with alcohol. 

Cushman and Doell,®- to obtain mineral oil sulphonated soaps, subjected the 
oil resulting from a preliminary treatment with sulphuric acid to the further 
action of sulphuric acid of 97 per cent concentration. From this second sludge 


both 

Patent 


WU. S. Patent 1,387,868, 16, 1921; see also Cobb, U. S. Patent 1,387,835, Aug. 16, 1921; 

both as/iigned to Standard Oil Co. of N. J.; 1921, 40, 728A. 

1,707,187, Mar. 26, 1929; assigned to Standard Oil Development Co.; Brit. Chem. 

AOS. B, 1929, 634. 

1000 1,707,506, Apr. 2, 1929; assigned to Standard Oil Development Co.; Chem. Abs., 

Z9f 256/* 

Sii §: 23, 1931; Canadian Patent 301.507, 1930; 

24, 4145; cf. Lyubarski, Russian I 

24,936. 1932; Chem. Abs., 1932, 26, 3661. 

w As the extent of this Chapter bears evidence, the literature describes many processes for 
sulphonating mineral oils for the purpose of obtaining sulphonates, nevertheless the commercial 
preparation of sulphonated mineral oils is largely confined to the recovery of these sulphonates as 
by-products from the manufacture of white medicinal and technical mineral oils. In the various 
white oil processes, the mineral oil is treated with fuming sulphuric acid and the mixture is allowed 
to separate into two layers. The upper oil layer contains most of the oil-soluble sulphonic acids and 
1 layw contains all ofthe water-soluble sulphonic acids together with minor proportions 
of the oil-soluble sulphonic acids. The upper ^ oil layer is washed with aqueous ethyl or isopropyl 
alcohob which wlvents remove the sulphonic oil-soluble (mahogany) acids, or the upper oil layer is 
neutrahaed with an alkali and the sulphonic acids are extracted with alcohols as the alkaline salts 
(mahogany salts). The water-soluble sulphonic acids (green acids) are recovered from the sludge 
by extraction with water and other solvents. The relatively small proportion of oil-soluble sulphonates 
prc.wnt may he removed from^ the sludge by extraction with hydrocarbons. 

rooA V* ^9*J^23, assinied to Standard Oil Co. of Indiana; Chem. Abs., 

c, j * j Coleman and Coleman (U. S. Patent 1,892,650, Dec. 27, 1932; assigned to 

»iud„ 

25. 1929, assitned to Standard Oil Co. of California; Chem. .d^r.. 
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the sulphonated products are separated from the free sulphuric acid and are 
neutralized: The oil-soluble coloring substances which remain in the soap are 
extracted with benzene. Petroleum oils can be sulphonated by emulsification with 
concentrated sulphuric acid, according to Terry and Craig.*® When water is 
added to this emulsion, stratification occurs and the free acids separate in the 
aqueous solution. Myers *^ used sulphuric acid containing 25 to 35 per cent free 
sulphur trioxide at 50° to 60° C. to obtain maximum yields of oil-soluble sul- 
phonates from the refining of medicinal oils. 

Various solvents have been proposed for the separation of sulphonated prod¬ 
ucts from acid sludges and other residues. The use of alcohols has already been 
mentioned. Bennett, Murphy and Story*® suggested a mixture of alcohol and 
benzene. Holmes ®* refined petrolatum-yielding material by treatment with fuming 
sulphuric acid at 170° C., the. purified petrolatum being removed by dissolving it in 
naphtha or benzene. 

Residues from the cracking of heavy oils, treated with concentrated sulphuric 
acid free from sulphur trioxide, yield sutphonic acids which Bestuzhev and 
Sakhanov extracted with a solvent. 

The unsulphonated oils may be separated from the sulphonated oils in acid 
sludges by distillation in vacuo with superheated steam.** Before distillation the 
acid tars can be neutralized with alkali.*® The residue is then treated with a 
solution of alkali in an organic solvent, particularly alcohol. Unsulphonated 
constituents, which may still be present, separate and the solution can be clarified, 
evaporated and acidified to obtain the sulphonic acids. 

The progressive sulphonation of waste oils (which remain after the refining 
of mineral oil distillates with liquid sulphur dioxide) using sulphuric acid of 
increasing concentration is described by Kirch.*® The reaction can be carried 
out in the presence of carriers such as organic or inorganic acids, anhydrides or 
chlorides.®^ Baddiley and Chapman ®‘^ also sulphonated mineral oil fractions, for 
example, Borneo petroleum refined with liquid sulphur dioxide or those from oil¬ 
cracking processes, which have an initial boiling point above 200° C. 

Petroff and Shestakoff ®® observed that crude petroleum distillates, which were 
no longer susceptible to sulphonation, could be sulphonated if first subjected to 
dehydrogenation. The crude material was blown with air at 140° to 150° C. until 
about 5 per cent of acid bodies were formed. The oxidized oil was then treated 
with an equal part of concentrated sulphuric acid (specific gravity 1.82) at 
60° to 70° C., about 35 per cent of sulphonic acid derivatives being obtained. 
Higburg and Reilly ®^ vaporized and superheated distillates containing a sub- 

*** U. S. Patent 1.867,778, July 19, 1932, assigned to Standard Oil Co. of California; Chem. Abs., 
1932. 26. 5200. 

*^1). S. Patent 1,824,615, Sept. 22, 1931; assigned to Twitchell Process Co.; Chem. Abs., 1932, 
26, 294. 

»»U. S. Patent 1,568,261, Jan. 5, 1926; Brit. Chem. Abs. B, 1926, 231. 

“U. S. Patent 1,733,597, Oct. 29, 1929; Chem. Abs., 1930, 24, 495; cf. Cobb and and Holmes, 
U. S. Patent 1,707,187, Mar. 26, 1929; Chem. Abs., 1929, 23, 2290; both patents assigned to Standard 
Oil Development Co. 

Russian Patent 29,699, 1928; Chem. Abs., 1931, 25, 1069. 

■^Gelbke, German Patent 426,947, 1923; assigned to Sudfeldt and Co.; Brit. Chem. Abs. B, 
1926, 526. 

Gelbke, German Patent 510,303, 1923; assigned to Sudfeldt and Co.; Chem. Abs., 1931, 2S, 1069. 

** German Patent 545,968, 1929; assigned to Chemische Fabrik Pott and Co.; Chem. Abs., 1932, 
26, 3681. 

“ Kirch, German Patent 546,943, 1929; addn. to 545,968; assigned to Chemische Fabrik Pott 
and Co.: Chem. Abs., 1932, 26, 3681. 

** British Patent 279,990, 1926; assigned to British Dyestuffs Corp., Ltd.; Chem. Abs., 1928, 22, 
3042; cf. U. S. Patents 1,836,428 to 1,836,431, Dec. 15, 1931; assigned to British Dyestuffs Corp., 
Ltd.; Chem. Abs., 1932, 26, 1403; British Dyestuffs Corp., Ltd., French Patent 637,848, 1927; Chem. 
Abs.. 1929, 23, 490. 

U. S. Patent 1,761,744, June 3, 1930; Chem. Abs., 1930, 24, 3638; German Patent 456,855, 1925. 

•*U. S. Patent 1,901,872, March 21, 1933; Chem. Abs., 1933, 27, 3321. 
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stantial amount of sulphonatable residue to convert a large part of the unsul- 
phonatable constituents into sulphonatable products and gases. 

Purification and deodorization of petroleum oils and naphtha by treatment 
with a sulphonating agent in the presence of about 5 to 15 per cent of stearic, 
oleic or other fatty acids of high molecular weight, has also been proposed by 
Petroflf.®® 

Fischer and Reddish purified neutralized mahogany acids, containing oil, 
by drying and mixing them with an aqueous solvent, for example, 75 per cent 
alcohol, saturated with sodium carbonate or other water-soluble .salts. The sulpho- 
nates were concentrated thus in the upper layer and were recovered by decantation 
and evaporation of the solvent. A relatively homogeneous suspension of the sul- 
phonates and entrained oil can be formed in an aqueous medium.®^ The separation 
of oil and sulphonates can be effected from this by centrifuging. Extraction of 
oil-soluble sulphonates with alcohol from lubricating oil stocks which have been 
treated with 5 to 10 per cent by weight of oleum for the preparation of me¬ 
dicinal white oils has been used by Reddish and Myers.®® The alcoholic extract 
of the sulphonic acids was neutralized and evaporated and yielded pure sulphonic 
acids free from alcohol and water. 

The constituents of high-boiling mineral oils which are insoluble in liquid 
sulphur dioxide have been sulphonated at normal temperature by Limburg ®® to 
obtain water-soluble sulphonic acids, the calcium salts of which are soluble in 
water and calcium chloride solution. Sulphonic acids, the calcium salts of which 
are insoluble in water, can be treated further with concentrated or fuming sul¬ 
phuric acid to obtain sulphonic acids which yield soluble calcium salts.'®® 

The purification of these sulphonic acids can be accomplished in a number 
of ways. Thus, the sulphonic acids can be purified by the addition of a volatile 
electrolyte, for example, ammonia or hydrogen chloride, to an aqueous solution 
of the crude acids.'®' Alternatively, to the aqueous solution can be added tar oil 
sufficient in quantity to separate with all the sulphonic acids.'®^ The residual 
aqueous solution is withdrawn and the tar oil is distilled from the purified 
products. To remove oil-soluble sulphonated products formed in refining, alcoholic 
alkali has also been used. Accordingly, the sulphonated residue is made neutral 
or feebly alkaline and is then treated with dilute alcohol.'®® Eichwald'®^ purified 
sulphonic acids by dissolving them in amyl alcohol or an alcohol practically 
insoluble in water and washed this solution with water. Ammonia or volatile 
organic bases such as propylamine, aniline, or cyclohcxylamine, which do 
not form water-insoluble compounds with the impurities, have also been pro- 

U. S. Patent 1,766,305, June 24, 1930; Chem. Abs., 1930, 24, 4147; British Patent 291,823, 1927; 
Chem. Abs„ 1929, 23, 1260; German Patent 517,197, 1927; Chem. Abs., 1931, 25, 2280. 

"•U. S. Patent 1,703,838, Feb. 26, 1929; Chem. Abs., 1929, 23, 2057; cf. U. S. Patent 1,731,716, 
Oct. 15, 1929; Chem. Abs., 1930, 24, 235; both patents assigned to Twitchell Process Co. 

Hcckel and Reddish, U. S. Patent 1,775,622, Sept. 9, 1930; assigned to Twitchell Process Co,; 
Chem. Abs., 1930, 24, 5149. 

“British Patent 347,164, 1929; Chem. Abs., 1932, 26, 1768; French Patent 679,210, 1929; Chem. 
Abs., 1930, 24, 3897. 

“ U. S. Patent 1,895,195, Jan. 24, 1933; assigned to Flintkote Corp.; Chem. Abs., 1933, 27, 2572; 

German Patent 531,157, 1928; assigned to Bataafsche Petroleum Maatschappij; Chem. Abs., 1931, 25, 

5588; French Patent 663,503, 1928; Chem. Abs., 1930, 24, 670. See also Langcdijk, German Patent 
528,583, 1929; assigned to Bataafsche Petroleum Maatschappij; Chem. Abs., 1931. 25. 5176: French 
Patent 684,992, 1929; Chem. Abs., 1930, 24, 5441. 

Bataafsche Petroleum Maatschappij, German Patent 536,273, 1930; Chem. Abs., 1932, 26. 
1434; French Patent 698,536, 1930; Chem. Abs 1931, 25. 3015. 

‘“Bataafsche Petroleum Maatschappij, British Patent 300,264, 1927; Chem. Abs., 1929, 23. 3479; 
French Patent 663,314, 1928; Chem. Abs., 1930, 24, 629. 

‘“Bataafsche Petroleum Maatschappij, French Patent 694,578, 1930; Chem. Abs., 1931, 25, 1842. 

‘“Bataafsche Petroleum Maatschappij, German Patent 539,270, 1930; Chem. Abs., 1932, 26. 1623; 

Dutch Patent 28,002, 1932; Chem. Abs., 1933, 27, 1363; cf. Voogt, U. S. Patent 1,901,383, March 14. 
1933; assigned to Shell Development Co.; Chem. Abs., 1933, 27, 3069. 

•“U. S. Patent 1,868,596, July 26, 1932; as.signed to Flintkote Corp.; Chem. Abs., 1932, 26, 5313. 
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posed for the precipitation of the sulphonic acid salts from aqueous solu- 
tions.^*^® 

A wide variety of hydrocarbon materials. have been sulphonated by the 
1. G. Farbenindustrie A.-G. to produce wetting, cleansing and dispersing agents. 
Only a few of these will be mentioned. Chlorosulphonic acid has been recom¬ 
mended for the sulphonation of solar, yellow, gas, paraffin and other mineral oils 
and hydrocarbons obtainable from brown-coal or shale-tar.^°® Sulphonation of 
the oils together with aromatic or hydroaromatic hydrocarbons was proposed by 
Marx, Broderson and Bittner.^®^ Oxidation products of paraffin waxes can also 
be sulphonated with oleum or chlorosulphonic acid to give emulsifying and wetting 
agents.^®® Fats or oils which contain more than 8 carbon atoms, especially 
mineral lubricating fractions, may be sulphonated at —12° to —15° C. with 
sulphur trioxide, oleum, or chlorosulphonic acid dissolved in liquid sulphur 
dioxide.^®® Products of the destructive oxidation of non-aromatic hydrocarbons 
or further products obtained from these by catalytic reduction, dehydration or 
decarboxylation can be treated with sulphur trioxidc at 20° to 40° C. to obtain 
wetting agents.^^® Wetting agents have also been prepared by sulphonation of 
olefins.^^^ 

A large number of halogen-substituted sulphonic acids have been described 
which are made, in general, by treating aliphatic, aromatic, or hydroaromatic com¬ 
pounds with sulphuric acid and halogen derivatives of acids, such as chlorosul¬ 
phonic acid.^^® These materials can be used as protective agents for wool, silk, 
rayon, cotton, linen and similar fibers in washing, fulling, carbonizing, scouring, 
steeping, bleaching and dyeing. 

Oils resembling Turkey-red oils have been prepared by treating naphthenic 
acids or their esters with reducing agents followed by sulphonation,^'® for ex¬ 
ample, with chlorosulphonic acid at 40° C. Arylamino-derivatives which haye 
been prepared by condensing naphthenic acids with aromatic amines have also 
been sulphonated."* The sulphonic acid group in this reaction enters the aro¬ 
matic ring. Mineral oil sulphonates can also be condensed with isopropyl or 

Limburg, German Patent 551,425, 1929; assigned to Bataafsche Petroleum Maatschappij; 
Chem. Ahs., 1932, 26, 4347; U. S. Patent 1,903,466, April 11, 1933; assigned to Flintkote Corp.; Ckcm, 
Abs., 1933, 27, 3224. 

I. G. Farbenindustrie A,-G., British Patent 267,924, 1926; Chem. Abs., 1928, 22, 1233; British 
Patent 271,071, 1926; Chem. Abs., 1928, 22, 1659; British Patent 269,942, 1926; Chem. Abs., 1928, 
22, 1419; British Patent 272,967, 1926; Chem. Abs., 1928, 22, 1848; British Patent 267,534, 1926; 
Chem. Abs., 1928, 22, 1200; French Patent 632.633, 1927; Chem. Abs., 1928, 22, 3524; French Patent 
632,155, 1927; Chem. Abs., 1928, 22, 3417; French Patent 633,661, 1927; Chem. Abs., 1928, 22, 3471. 

^ U. S. Patent 1,708,103, Apr. 9, 1929; assigned to I. G. Farbenindustrie A.-G.; Brit. Chem. 
Abs. B, 1929, 466; I. G. Farbenindustrie A.-G., British Patent 271,474, 1926; Chem. Abs., 1928, 
22. 1694. 

*•1. G. Farbenindustrie A.-G., British Patent 303,281, 1928; Brit. Chem. Abs. B, 1929, 197; 
French Patent 677,090, 1929; Chem. Abs., 1930, 24, 3092; cf. British Patent 309,875. 1927; Bnt. 
Chem. Abs. B, 1929, 466: British Patent 324,031, 1928; Brit. Chem. Abs. B, 1930, 362; British Patent 
343.524, 1929; Chem. Abs., 1931, 25, 4371; see also Chapter 45. 

I. G. Farbenindustrie A.-G., British Patent 346,945, 1930; Brit. Chem. Abs. B, 1931, 684. 

G. Farbenindustrie A.-G., British Patent 360,002, 1930; Brit. Chem. Abs. B, 1932, 221. 

This is discussed in section on sulphonation of olefins. 

Lindner and Russe, German Patent 539,551, 1928; Chem. Abs., 1932, 26, 2201; Lindner, German 
Patents 524,349, 1927; 527.214, 1929, addn. to 430.085; Chem. Abs., 1931, 25. 472^ patents assigned 
to Oranienburger Chemische Fabrik A.-G. Oranienburger Chemische Fabrik A.-G., British Patent 
313,453, 1928; Chem. Abs., 1930, 24. 1230; British Patent 309,042, 1928; Chem. Abs., 1930, 24, 492; 
British Patent 275,267, 1926; Chem. Abs., 1928, 22, 2284; British Patent 283,864, 1927; Chem. Abs., 
1928, 22, 4131; British Patent 288,126, 1927; Chem. Abs., 1929, 23. 536; British Patent 308,280, 1927; 
Chem. Abs., 1930, 24, 213; French Patent 676,336, 1929; Chem. Abs., 1930, 24, 2910; French Patent 
640,617, 1925; French Patent 671,912, 1929; Chem. Abs., 1930, 24, 2284. Chemische Fabrik Milch 
A.-G., British Patent 289.841. 1927; Chem. Abs., 1929, 23. 848; British Patent 289,898, 1927; Chem. 
Abs., 1929, 23. 937; British Patent 289,863, 1927; Chem. Abs., 1929, 23, 937; French Patent 668,106, 
1928; Chem. Abs., 1930, 24, 1523; French Patent 674,517, 1929; Chem. Abs., 1930, 24, 2561; all patents 
assigned to Oranienburger Chemische Fabrik A.-G. 

“•Deutsche Hydrierwerke A.-G., French Patent 701,256, 1930; Chem. Abs., 1931, 25, 3783; 
British Patent 359,116, 1930; Brit. Chem. Abs. B, 1932, 173. 

“•Soc. des produits chimiques et mati^res colorantes de Mulhouse, French Patent 711,952, 1930; 
Chem. Abs., 1932, 26, 1943. 
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butyl alcohols, according to Baddiley and Chapman,to yield emulsifying agents 
for dyes. The reaction is conveniently conducted at a temperature of 65® C. or 
lower and chlorosulphonic acid may be employed as the sulphonating agent.^^® 

Sulphonic at ids (kontakt) which are satisfactory detergents have been ob¬ 
tained by Likhusin and Dei-Karkhanova by treating kerosene distillates with 
gaseous sulphur trioxide. They found that the yield of acids was increased by 
the presence of higher-boiling fractions, best results being obtained with dis¬ 
tillates with a boiling range up to 350® C. 

Gilsonite distillates have been sulphonated to give products^ whose alkali salts 
exhibit detergent properties. These sulphonated hydrocarbons have been pro¬ 
posed also as catalysts for the hydrolysis of glycerides. Forriest, Hayden and 
Douthett purified a gilsonite fraction with sulphuric acid and tlien treated it 
with fuming sulphuric acid. The product was a semi-drying viscous oily product, 
which when added to linseed oil promotes homogeneous drying. 

Properties of Sulphonic Acids Derived from Petroleum 

The sulphonic acids produced in the acid refining of the higher petroleum dis¬ 
tillates are complex mixtures. They all undoubtedly contain at least one sulphonic 
acid group (— SO3H) attached to a carbon atom but the structure of the hydro¬ 
carbon radical associated with this group in any particular class of sulphonic acids 
is not known. A number of rather sharply differentiated types of sulphonic acids 
of high molecular weight have been described. Sulphonated products derived 
from aromatic hyclrocarbons, cycloparaffins, and polynuclear cycloparaffins can 
be formed from high-boiling oils. A considerable variation in properties and 
composition, however, is to be expected of petroleum sulphonic acids from various 
sources. It is even possible that some of the more reactive high molecular weight 
paraffins may undergo sulphonation with sufficient ease to yield sulphonic acids 
under the conditions employed in practice in the manufacture of white oils. It is 
probable that, in some cases at any rate, sulphonation is also accompanied by 
oxidation, so that the acids obtained contain either unsaturated linkages or 
hydroxyl groups or both.^^® 

The mineral oil sulphonic acids (evidently formed by the action of oleum on 
petrolatum) investigated by Schestakoff and Rabinovitsch were found to have 
the general formula CnHjn-iaSOg and the average formula Cao^^ziSOaH. Two 
fractions which corresponded to Cj^H^iSOgH and C 19 H 285 O 8 H were separated. 
Their reactions revealed characteristics of aromatic compounds. 

Von Pilat and Davidson,^-^ from a careful examination of some sulphonic acids 
produced in acid refining, found them to correspond approximately to the formula 
C 24 H 33 SO 3 H. These naphthenesulphonic acids; as they were called, did not lose 
their sulphonic acid group even on prolonged boiling with alcoholic alkali, and 
their barium salts possessed the rather exceptional property of being soluble in 

British Patent 274,611, 1926; assigned to British Dyestuffs Corn., Ltd.; see also British Patent 
384,367, 1926; Chem. Abs., 1928, 22, 4741; British Patent 286,197, 1926; Ckem. Abs., 1929, 23, 249; 
British Patent 307,141, 1927; Chem. Abs., 1929, 23, 5285. 

Baddiley and Chapman, British Patent 311,885, 1928; assigned to British Dyestuffs Corp., Ltd.; 
Chem. Abs., 1930, 24, 932; French Patent 635,264, 1927; Chem. Abs., 1928, 22. 4833: addn. Patent 
36,744. 

^^^Aserb. Neft. Khos., 1932, (11), 67; Chem. Abs., 1933, 27, 1494. 

“• U. S. Patent 1,459,328, June 19, 1923; Ckem. Abs., 1923, 17, 2956; U. S, Patent 1,524,859, 
Feb. 3. 1925; Chem. Abs., 1925, 19, 1773; U. S. Patent 1,578,235, Mar. 23, 1926; Chem. Abs., 1926,' 
20, 1715 patents assigned to Barber Asphalt Co. 

The high solubility of some of the high molecular weight sulphonic acids may be due to the 
presence of hydroxyl groups produced by oxidation reactions {cf. Burkbardt, J.C.S., 193^ 2387). 

***/. Russ. Phys.-Chem. Soc., 1913, 45, 664; see also Gurwitsch*Moore, "Scientific Principles of 
Petroleum Technology," D. Van Nostrand Co., New York, 1932, 391. 

^Prsemysl Ckem., 1927, 11, 141; Chem. Abs., 1929, 23, 2816. 
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ether, from which they were precipitated by the addition of alcohol. The sodium 
salts exhibited high permanent foaming properties in aqueous solution which were 
retained even in fairly acid solutions. 

Later, von Pilat and Davidson investigated the technical naphthenesulphonic 
acids which separated during the alkali treatment of petroleum subsequent to acid 
refining. They obtained products which consisted of a thick, almost black liquid, 
containing 19 per cent of water and 6 to 8 per cent of ash. The crude material 
was soluble in water and possessed an acid value of about 25. Impurities in these 
acids were removed by extracting a slightly alkaline solution of them with 
limited amounts of ether. The residue was freed from the sodium salt solution, 
washed and dried at reduced pressure over phosphorus pentoxide when it formed 
a dark, gummy, hygroscopic mass. The molecular weight of this material was 
400 to 401 by the boiling-point method, and 410 by titration, indicating that the 
acids were monobasic. They noticed that two series of salts could be derived 
from these acids, which they designated as a-, and ) 8 -compounds, the latter being 
distinguished by their solubility in ether. The relationship of these compounds 
to one another has not yet been clearly defined. 

The sulphonic acids formed in the refining of mineral oil were later dis¬ 
tinguished by the solubility of their calcium salts. According to von Pilat, Sereda, 
and Szankowski,^-® three classes can be distinguished, characterized as follows: 

a-Sulphonic Acids; found mainly in the acid sludge, but also partly in the oil-layer; 
calcium salts are insoluble in water and ether. 

)9-Sulphonic Acids; present principally in the oil phase but also occur in the acid 
sludge when oleum is used; calcium salts insoluble in water but soluble in ether. 

y-Sulphonic Acids; appear to remain in acid sludge only; calcium salts soluble in 
water but insoluble in ether. 

The content of y-acids depends on the source of the oil but their nature appears 
to be invariant, i.e., y-acids from petroleum of different geographical origins 
are similar if not identical. From a variety of oils, two acids C 0 H 9 SO 3 H and 
CioHgoSOgH were isolated as calcium salts. These were converted to sodium 
salts, methyl esters, sulphonyl chlorides and sulphonamides. Reduction of the 
sulphonyl chlorides gave substances similar to sulphinic acids or thiols, according 
to the conditions. Alkali fusions of the acids at 200® to 210® C. yielded phenolic 
compounds which formed red dyes with diazobenzene-p-sulphonic acid but 
gave no well-defined benzoyl derivatives. With acetyl chloride a substance 
CgHsOOCCHg was obtained from the phenolic compounds in one instance. 

The oil-soluble sulphonic acids, for example, the technical mahogany acids 
exhibit a relatively high solubility in mineral oils and water. The mahogany 
acids are soluble in ether, chloroform and insoluble in amyl alcohol. Other 
sulphonic acids are the water-soluble green acids formed by exhaustive sul- 
phonation of lubricant fractions. These green acids, described by Humphreys, 
Rogers and Bransky,^®^ are readily soluble in either hot or cold water, difficultly 
soluble in oil, readily soluble in chloroform, aliphatic alcohols, and benzene, and 
somewhat sparingly soluble in carbon tetrachloride, carbon disulphide, xylene, 
naphtha, and ether. The combining weights of the green acids from lubricating 
oil sludge are approximately 360 and the acids, when anhydrous, are practically 
solid at ordinary temperature. They are strongly acid and may be titrated with 
methyl orange as an indicator. 

Petroleum Z., 1928, 24, 1559; Brit, Chem. Ahs. B, 1929, 47. 

Petroleum Z„ 1933, 29 (3), 1; Chem. Abs., 1933, 27, 2287; Brit. Chem. Abs. B, 1933, 2II. 
See also Neyman and Pilat, Ind. Eng, Chem., 1934, 26, 395. 

^ U. S. Patent 1,474,933, Nov. 20, 1923; assigned to Standard Oil Co. of Indiana; Chem, Abe., 
1924, 18, 584. 
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• Some of the sulphonic acids produced in the acid' refining of heavier petroleum 
fractions exhibit colloidal characteristics. Although soluble in water ^ to a con¬ 
siderable extent, these acids 'are usually readily displaced from their aqueous 
solutions by salts and mineral acids.^*® 

Petroff“® stated that the low molecular weight (350) oil-containing naphthene- 
sulphonic acids are soluble in water in the presence of alkalies, acid and neutral 
salts to yield strongly foaming solutions, and the higher molecular weight (about 
450) oil-containing acids, which possess colloidal characteristics, are soluble in 
water in the presence of ammonia, sodium carbonate, and sulphuric acid. When 
free from oil, the high molecular weight acids are soluble in wafer in the presence 
of most electrolytes. 

The petroleum sulphonic acids form a large number of metallic salts some of 
which have attained considerable technical importance. According to Dobrjanski 
and Anurov, salts of the first group metals, except copper, are soluble in water 
while the beryllium, zinc, cadmium, and mercury salts are appreciably soluble in 
hot water. 

Use of Mineral Oil Sulphonates as Detergents 

The mineral oil sulphonic acids were early proposed as iat-hydrolyzing agents 
and their salts as detergents, wetting and emulsifying agents. New applications 
for these materials have continually been found so that they now have a wide 
range of utility. Some of their uses will be discussed in the sections which 
follow. 

Much interest has been centered about the detergent properties of these sub¬ 
stances, probably because of the potentially large outlet for them in this field. 
Common fatty acid soaps cannot be used for all washing purposes (for example, 
in hard water). In attempting to find new and better washing materials a wide 
variety of products has been proposed.^^r Many of these have appeared on the 
market. A brief list of some of these newer detergents with their approximate 
composition and trade-mark names may serve to emphasize how great is the 
interest in these materials in fields other than that of petroleum.^*® 

I. Soaps containing fat-dissolving chlorinated hydrocarbons embrace Lanadin, 
Hydraphthal, Terpuril, Cycloran, Sovental, and Prestabitol. 

II. Alkylnaphthalenesulphonic acids include Nekal and Neomei^in. 

III. Sodium salts of higher sulphated alcohols** are Avirol** and Gardinol. The 
word hymolal, derived from ‘‘high molecular alcohol,” has been proposed **• to designate 
the Cl* to Ctt alcohols obtained by the reduction of fatty acids or esters or from other 
sources. The wetting and cleansing agents, such as those mentioned, which are prin¬ 
cipally alkali alkyl sulphates, can thus be called hymolal salts. 

IV. A mineral oil sulphonic acid has been called Kontakt (noted earlier in this 
chapter). 

V. Products derived from pyridine and other compounds include Tctracarnite. 

VI. Salts of ester-like condensation products of ethionic acid and fatty acids are 
known under the general name of Igcpons.*** 

^Dobrjanski and Anurov, Neft. KkoM., 1927, 13, 200; Chem. Abs., 1928, 22, 1674. 

^ Miuhb<nn<hZkiravoe Djeto, 1929, 1, 34; Chem. Abs., 1930, 24, 4415. 

*** See van der Werth, “Neuere SuHonierungsverfahren zur Herstellung von Dispergier', Netz* 
und Waschmitteln,*' Allgemeiner Industrie-Verlag G.n).b.H., Berlin, 1932; Mullin and Stribling, 
Textile Colorist, 1929, 51, 367, 655. 727, 807; Textile Recorder, 1930, (571), 65; (572), 61; (573), 63. 

“•This list is reported by Landolt, Melliand Textilber., 1928, 9, 759; Chem. Abs., 1928, 22, 4830; 
other additions have been made from sources indicated. 

“•General articles on these sulphated higher alcohols are those by Killeffer, Ind. Eng. Chem., 
1933, 25, 138; Lnlerer, Seifensieder-Ztg., 1932, 59, 13; Friedrichs, Farben-Chemiker, 1932, 3 (11), 413; 
Duncan, Jnd. Eng. Chem., 1934, 26, 24. 

Pomeranz, Seifensieder^Ztg., 1931, 58, 760; Chem. Abs., 1932, 26, 2612. 

“•• Ind. Eng. Chem., News Ed., 1934, 12 (6), 98. 

Hueter, Chem. Umsehau Fette, Ole, IVachse Haree, 1932, 39, 25; Chem. Abs, 1932, 26, 2611. 
Some of these are described in the section on sulphonation of olefins. 
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Pctroff stated that the oil-free naphthenesulphonic acids and their neutral 
salts are superior in detergent properties to ordinary soaps and the oil- 
containing sulphonic acids (and neutral salts) are equal to soaps. The presence 
of free sulphuric acid, he reported, is without influence on the detergent power 
of the sulphonates. Petroff found that an increase in the molecular weight of 
the sulphonic acid resulted in a lowering of the detergent power and the solubility 
in water. Thus, for example, three acids of molecular weights 350, 400, and 
450, respectively, had detergent powers in the ratio of 5:3:2. 

The low molecular weight naphtha sulphonic acids were considered by 
Schaeffer to be equal to soap flakes in the scouring of cotton goods. Attention 
has been drawn to the excellent emulsifying powqr of the alkali salts of naphthene¬ 
sulphonic acids which renders them valuable as detergents and Schaeffer described 
a method of analysis of such substances in mixtures which contain mineral oils. 

Because of the wide variety of products, considerable effort has been made to 
have some standard procedure for their evaluation. Methods for the testing and 
comparison of detergents have been described by Zhukov and Schestakoff,^*® 
Schaeffer,^** Pantyukhov i®® and by the Reichsausschuss fiir Lieferbedingungen.'*® 
Provisional procedures for the standardization of detergents have been advanced 
by the Detergent Committee of the American Oil Chemists* Society. 

The alkali salts of most mineral oil sulphonic acids which have been 
described in the preceding section have been proposed as detergents. In the 
following section a few specific methods for the production of detergent com¬ 
positions are mentioned. 

A neutral detergent composition was made by Petroff by treating an aqueous 
alcoholic solution of the sulphonic acids produced in refining mineral oils with a 
solution of alkali or ammonia. The solvent is distilled from the non-oily alkali- 
sulphonic acid compounds thus obtained. A washing composition was made by 
incorporating the polymerization products of drying or semi-drying oils and fats 
with the sulphonation products of petroleum naphtha or mineral oils.^®® 

A detergent consisting of an alkali sulphonate extracted by water from acid 
sludge was used by Divine.^*® Reddish proposed an oil-soluble sulphonate 

MagloboinO'Zhirovot Delo, 1929, (1), 34; Chem. Abs., 1930, 24, 4415. Statements concerning 
relative detergency are oftentimes misleading as testing methods and wash goods vary, giving rise to 
conflicting results. A strict comparison demands resort to tests of a standardized character to be 
made under uniform conditions. Since such information is lacking in most cases the author has to 
rely on data furnished by the investigator. Gotte {KoUoid-Ztg,, 1933, 64, 32/, 331; Brit, ,Chein. 
Abs. B, 1933, 973) observed that maximum detergency in an alkaline solution of the sodium salts 
of alkylsulphonic acids ranging from Ctf to Cu| is dependent on chain length. Maximum detergency 
is displaced in the direction of increasing chain leni^h by rise of temperature and hy increase in 
water hardness. Gotte reported that, in alkaline solutions, the sulphonates which he examined had 
several times the detergent power of soaps but that the difference is less marked in neutrali and acid 
solutions. Foaming is most evident at concentrations at which molecular aggregates form and does 
not bear any simple relation to detergency. 

*•* Cfcem. Utnschau Fette, Oelt, Wackse Horse, 1931, 58, 131; Chem, Abs,, 1931, 25, 3861. 

Ztg., 1911, 35, 1027; Chem. Abs., 1911, 5, 3924. 

**< Loc, cit. 

^ Masloboino’Zhirovoe Delo. 1929, (2). 20; Chem. Abs., 1930. 24, 4415. 

I3S *Trufverfahren fur Setten und seifenhaltize Waschmittel," RAL, Nr. 871A2, Beuth-Verlag 
G.m.b.H.. Berlin, 814. 1931. 

Reports of this committee appear in Soap, 1930, 5 (11), 55; Chem. Abs., 1930, 24, 4415; Oil and 
Fat Industries, 1931, 8 (11), 413; Oil and Soap. 1932, 9 (11), 260. Burkhardt and Falkman (Oil and 
Fat Industries, 19.11, 8 (11), 416) made a comparison of various common soaps. 

>••17. S. Patent 1,196,274, Aug.. 29, 1916; Chem. Abs., 1916, 10, 2648; Russian Patent 4,300, 1924; 
Chem. Abs., 1928, 22, 4789; British Patent 19,759, 1912; Chem. Abs., 1914, 8, 589; British Patent 
19,676, .1912; Chem. Abs., 1914, 8, 571. 

•••Petroff, U. S. Patent 1,661,620, Mar. 6, 1928; Chem. Abs, 1928, 22, 1447: Russian Patent 
1.448, 1926, 1923; Chem. Abs., 1928, 22, 3061; ibid., 1933, 27, 1464; German Patent 484,129, 1925; 
Chem. Abs.; 1930, 24, 931. 

•••U. S. Patent 1,30U63, Apr. 22, 1919; Chem. Abs., 1919, 13, 1925; U. S. Patent 1,493,111. 
May 6, 1924; assigned to Tiditchell Process Co.; Chem. Abs., 1924, 18, 2073; Canadian Patent 192,488, 
1919; Chem. Abs., 1919, 13, 2771; Twitchell Process Co., British Patent 143,681, 1919; Chem. Abs., 
1920. 14. 2984. 

>«U. S. Patent 1,780,144, Oct. 28. 1930; assigned to Twitchell Process Co.; Chem. Abs., 1931. 
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combined with a stable water-soluble amine such as triethanolamine. A mixture 
of oil-soluble and oil-insoluble mineral oil sulphonates, recovered from the oil 
and sludge layers, respectively^, in refining petroleum fractions having a naph¬ 
thenic base can be used as a detergent in acid, alkaline or hard water.^^* A liquid 
consisting of 99 per cent water and 1 per cent mineral oil sulphonates has been 
recommended as a wetting agent.^*® Carver,^** for removing mineral oils from 
various surfaces, used a detergent comprising 25 per cent alkali metal mineral 
oil sulphonate, 25 per cent coconut oil soap and 50 per cent water. Wetting agents 
have been produced by treating bark-tanned leather waste with aqueous solutions 
of sulphonic acids or their salts to form plastic masses.^*® 

Becker and Muller suggested for use as wetting, emulsifying or foaming 
agents, water-soluble sulphonated polymerization products of the lower hydro¬ 
carbons (prepared by the action of strong condensing agents such as sulphuric 
acid or zinc chloride on alcohols with more than 3 carbon atoms or on cracking 
gases). The properties can be improved by pretreating the polymerization 
products with lower aliphatic acid anhydrides or chlorides or by carrying out the 
sulphonation in the presence of these compounds. Products with similar proper¬ 
ties can also be prepared from a-naphthalenesulphonic acid and butylene,’ 
and from the treatment of butyl alcohol with solvent naphtha (or tetrahydronaph- 
thalene) and sulphonated fatty acids (or naphthenic acids).’*® 

Alcohols, hydroxy acids, or other products of high molecular weight obtained 
by the oxidation of paraffin wax,’*® or by halogenation of wax and subsequent 
treatment with alkali give, on sulphonation, esters which form the basis of other 
compositions having detergent properties.’®® The detergent power of these 
sulphonated products is improved by the addition of sodium bisulphate, silicate, 
phosphate or other sodium, potassium, magnesium, or amine water-soluble salts 
of acids stronger than carbonic. 

The salts of sulphonated derivatives of the partial oxidation products of 
petroleum hydrocarbons have been proposed by James ’®’ as cleansing agents. 

Chatrov’®® sulphonated the hydroxy acids obtained from the oxidation of 
paraffin wax. The products dissolved only in sodium hydroxide solution and 
partly in sodium carbonate and carbon disulphide and emulsified with water. 
The most highly sulphonated acid was a good wetting agent, but was not a 
satisfactory substitute for soap. 


i^Twitchell Process Co.; British Patent 350,505, 1930; Chem. Ahs., 1932, 26, 3121; French 
Patent 6RS.51.3. 19.30; Chem. Ahs., 19.31, 2S, 785. 

‘"Twitchell Process Co., French Patent 688,511, 1930; Chem. Ahs., 1931, 25, 785. 

*** U. S. Patent 1,767,345, June 24, 1930; assigned to Standard Oil Development Co.; Chem. Abs., 
1930, 24, 4384. 

Oranienburger Chemische Fabrik A.-G., British Patent 355,282, 1929; Chem. Abs., 1932, 26, 


5713. 

German Patent 550,242, 1928; assigned to Chemische Fabrik Pott and Co.; Chem. Abs., 1932, 
26. 4143. 

Chemische Fabrik Pott and Co., Swiss Patent 127,252, 1926; Chem. Abs., 1929, 23, 1228. 
Chemische Fabrik Pott and Co., British Patent 266,746, 1926; Chem. Abs., 1928, 22, 880. 

*** Sulphonation of these oxidized paraffin waxes was described by 1. G. Farbenindustrie A.-G., 
British Patent 303,281, 1928; Brit. Chem. Abs. B, 1929, 397; British Patent 309.875, 1927; Brit. Chem. 
Ahs. B, 1929, 466; British Patent 324,031, 1928; Brit. Chem. Abs. B, 1930, 362; British Patent 
360,002. 1930; Brit. Chem. Abs. B, 1932, 221; British Patent 343,524, 1929; Chem. Abs., 1931, 25. 
4371; British Patent 373,642, 1932; Chem. Abs., 1933, 27, 4116; British Patent 388,877, 1933. 
French Patent 677,090, 1929; Chem. Abs., 1930, 24, 3092; French Patent 714,000, 1931; Chem. Abs., 
1932, 26, 1732; Jahrstorfer and Hummel, German Patent 578,405, 1933; Chem. Abs., 1933, 27, 

4435; Luther, German Patent 577,428, 1933; Chem. Abs., 1933, 27, 4043; U. S. Patent 1.908,376. 
May 9, 1933; Chem. Abs., 1933, 27, 3841; U. S. Patent 1,909,295, May 16, 1933; all patents assigned 
to I. G. Farbenindustrie A.-G. Cf. Bertsch, German Patent 552,327, 1926; assigned to H T 

Bohme A.-G.; Cfcem. Abs., 1932. 26. 4494. ’ ' « ‘ i. 

I. G. Farbenindustrie A.-G., British Patent 352,989, 1930; Brit. Chem. Abs. B, 1931 1090; 

French Patent 703,466, 1930; Chem. Abs., 1931, 25, 4414; French Patent 40,987, 1931; addition to 
703,466; Chem. Abs., 1933, 27, 1524; cf. British Patent 344,829, 192^; Chem. Abs., 1932. 26 

267. 

S. Patent 1,753,516, April 8, 1930,* Abs., 1930, 24, 2591. .The sulphonation o( 

oxidized oils is described by Inman, Jnd. Eng. Chem., 1929, 21. 542; see also Chapter 45. 

*"RekcHstr. Testil. Prom., 1932, 11 (4), 48; Chem. Abs., 1933, 27, 2305. 
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Mineral Oil Sulphonic Acids as Fat-Hydrolyzing Agents 

About 1900 Twitchell observed that benzenestearosulphonic and other simi¬ 
lar acids had the property of splitting fats (when heated with them) into 
glycerol and fatty acids. Sulphonic acids of this class became known as Twitchell 
reagents. 

Divine noted that the sulphonic acids which he recovered from petroleum 
acid sludge^*® had similar properties and could be used for treating low-grade 
fats and oils in the manufacture gf fatty acids and glycerol.^^ A product oIp- 
tained by boiling petroleum acid sludge with aluminum sulphate (method of 
separating out the sulphonic acids was al^o proposed for this purpose by 
Divine.^®® 

Petroff also used sulphonated mineral oil products for the splitting of fats. 
The fatty acids obtained were said to be decolorized by exposure to a current 
of air.^®^ Charcoal was suggested as a decolorizing substance.'®- For decom¬ 
posing the emulsions formed in saponifying fats with Twitchell and other 
reagents, Petroff'®® recommended the addition of a small proportion of calcium 
sulphate and sulphuric acid.'®^ Petroff and Schestakoff'®® also prepared sulpho- 
aromatic fatty acids for fat-splitting. 


Sulphonated Mineral Oils in Emulsions 


The mineral oil sulphonic acids act as stabilizers of certain types of emulsions 
but on other dispersions they exert a coagulating effect.'®®'^ Budriewicz states 
that in mineral oil refining the sulphonic acids form troublesome emulsions on 
contact with water. To break these, the sulphonic acids are usually extracted 
with dilute alcohol. In such a solvent the acids apparently form normal solutions, 
as do ordinary soaps, but in water they are in a colloidal condition.'®^ Sulphonic 
acids from white oils find particular use as emulsifying agents.'®® 

Petroff'®® used mineral oil sulphonic acids for emulsifying oils, paraffin, waxes, 


1906, 28, 196; ibid.. 1907, 29. 566. U. S. Patent 1,082,662, Dec. 30, 1913; Chem, 
Abs 1914. 8, 834; U. S. Patent 1,170,468, Feb. 1, 1916; Chem. Abs., 1916, 10, 979; Dutch Patent 
1 360 1916; Chem, Abs., 1916, 10, 3172; British Patent 4,741, 1898; 1898, 17, 588; British 

Patent 9,160, 1913; Chem. Abs.. 1914, 8, 3379; French Patent 456,956, 1913; Chem. Abs., 1914, 
8 2273. 

* »“*The preparation of these compounds was described by Twitchell, J.A.C.S., 1900, 22, 22. 
i“U. S. Patent 1,319,027, Oct, 14, 1919; assigned to Twitchell Process Co.; Chew./ibr., 1920, 14,135. 
*“• See U. S. Patent 1,3U3,779, May 13, 1919; previously described in this ch^ter. 

A report of the application of these reagents from the Twitchell Process Co. Lab. appeared 
in Z. Deut. CeZ-Fe/t /nd.,0921, 41. 649; Chem. Abs., 1927, 16, 843. 

Product made according to U. S. Patent 1,438,101, previously described. 

U. S. Patent 1,495,891, May 27, 1924; assigned to Twitchell Process Co.; Chem. Abs., 1924, 
18 , 2804. 

»«U. S. Patent 1,079.437, Nov. 25, 1913; Russian Patent 500. 1911; Chem. Abs.. 1933, 27, 1535; 
Russian Patent 1,521, 1914; Chem. Abs., 1933, 27, 1535; British Patent 19,676, 1912; Chem. Abs.. 
1914, 8, 571; see also British Patent 252,212, 1925; Chem. Abs., 1927, 21, 1557. 

»« Petroff and von Fischenko, French Patent 467,188, 1914; J.S.C.I., 1914, 33, 875. 

»•» Petroff, British Patent 252,211, 1925; Chem. Abs., 1927, 21. 1557. 

British Patent 274,741, 1927; Ch6m. Abs., 1928, 22, 2284; German Patent 540,218, 1927; 


Chem. Abs.. 19.^2. 26. 1818. 

Fat-splitting by naphthasulphonic acids has been described by Petroff, Dimakov, and Taksa 
iSeifensiederZtg.. 1927, 54, 163, 182, 204, 221, 241, 261, 284; Chem. Abs.. 1927, 21. 3758). Petroff 
and Pichugina also discussed the complete hydrolysis of fats iMasloboino-Zhirovoe Delo, 1929, (9), 
5.3; Chem. Abs.. 19.31, 25. 1694). 

»«U. S. Patent 1,642,595, Sept. 13, 1927; Chem. Abs., 1927, 21. 3760; British Patent 281,896, 
1927; Chem. Abs., 1928. 22, 3795. 

^ See Neyman and Pilat (/nd. Eng. Chem., 1934, 26. 395) for emulsifying characteristics of these 

Prsemysl Chem., 1920, 4, 63; Chem. Abs., 1921, 15, 2177; J.S.C.L, 1920. 39, 740A. 

Dobryanskii and Anurov, Neff. Khoz., 1927, 13, 200; Chem. Abs., 1928, 22, 1674. 

The theories of the formation of petroleum emulsions are reviewed by Kalichevsky and 
Stogner, “The Chemical Refining of Petroleum,’* Chemical Catalog Co., Inc., New York, 1933; 
Vu»hetravski, Azerb. Neft. Khoz., 1929 (8-9), 53; Chem. Abs., 1930, 24, 951. 

^ U. S. Patent 1,230,599, June 19, 1917; Chem. Abs., 1917, 11, 2284; ef. Twitchell Process Co., 
French Patent 722,752, 1931; Chem. Abs., 1932. 26. 4195. 
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resins, and fats. For example, the substance to be dispersed is mixed with a 
small amount of the sulphonic acid and a volatile solvent, such as benzene. 
Petroff's “kontakt'* has been used for emulsifying hydrocarbon oils prior to oxida¬ 
tion with chromic acid to produce aldehydes.^^® 

Limburg also used mineral oil sulphonic acids (such as those described 
in this chapter to produce stable emulsions. As an illustration, Panuco asphalt 
was heated to about 95® C. and a S per cent aqueous solution of the sodium salt 
of the sulphonic acid was added with stirring, giving a dispersion. 

* Sulphonated mineral oils of high molecular weight were proposed by Levin 
as dispersing agents for rubber. Smith and Douthett made emulsions of 
asphalt and tars with alkali salts of petroleum sulphonic acids. Coggeshall 
recovered oil from oil sands by circulating an aqueous liquid comprising a highly 
dispersed colloidal mixture including a hydrocarbon sulphonate through the sands. 

In the treatment of, petroleum distillates with acids and alkalies, Petroff'^’’ 
prevented the formation of emulsions which carry off untreated hydrocarbons by 
washing the distillate with alcohol or acetone after the acid treatment. For 
breaking emulsions of petroleum and water, Rogers proposed sodium and 
Fischer and Reddish suggested the use of sodium or aluminum salts of 
mineral oil sulphonates and pitch. Reddish proposed the use of mineral oil 
sulphonates together with triethanolamine or other alkylolamines. Similar treat¬ 
ments of emulsions to effect their resolution have been described by Fischer and 
Reddish,^®® Heckel and Reddish,^®® Peirce and Reddish,^®* Myers,^®® Peirce and 
Myers,'®® de Groote and Monson,'®^ and Mirzoyan, Romashenke and Fyurst.'®® 
The sulphonic acids recovered from acid sludge by Taveau'®® have been 
recommended by Kennedy'®® for washing petroleum oils in refining operations 
to prevent emulsification. Burgess '®' also used sulphonic acids from acid sludge 

Strunnikov and Seryakov, Russian Patent 29,839, 1927; Chem. Abs., 1933, 27, 4241. 

German Patent 542,634, 1928: Ckem. Abs,, 19i2, 26, 3082; German Patent 536,912, 1928; 
Chem. Abs., 1932, 26, 1435; Dutch Patent 23,111, 1930; Chem. Abs., 1931, 25, 1645; British Patent 
291,393, 1928; Chem. Abs., 1929, 23. 1262; British Patent 300,574, 1927; Chem. Abs., 1929, 23, 
4061: French Patent 655,044, 1928; Chem. Abs., 1929, 23, 3806; French Patent 35,865, 1928; addn. 
to 655,044; Chem. Abs., 1930, 24, 4146; all patents assigned to Bataafsche Petroleum Maatschappij. 

Limburg, German Patent 531,157, 1928; assigned to Bataafsche Petroleum Maatschappij; Chem, 
Abs., 1931, 25. 5588. 

Canadian Patent 330,016, 1933; Chem. Abs., 1933, 27, 2340. 

U. S. Patent 1,888,295, Nov. 22, 1932; assigned to Barber Asphalt Co., Chem. Abs., 1933, 
27, 1503. 

S. Patent 1,905,630, April 25, 1933; assigned to Barber Asphalt Co.; Chem. Abs,, 1933, 

27, 3600.* 

>«U. S. Patent 1,822,271, Aug, 8, 1931; Brit. Chem. Abs. B, 1932, 587. 

French Patent 448,207, 1912; Chem. Abs., 1913, 7, 2112; German Patent 271,433, 1912; 
Chem. Abs., 1914, 8, 2481. 

”*U. S. Patent 1,299,385, Apr. 1, 1919; assigns! to Standard Oil Co. of Indiana; Chem. Abs., 
1919. 13, 1761. 

»»U. S. Patents 1,727,ISA and 1,727,165, Sept. 3, 1929; assigned to Kontol Co.; Chem. Abs., 
1929, 23, 5312. 

^U. S. Patent 1,710,159, Apr. 23, 1929; assigned to Kontol Co.; Chem. Abs., 1929, 23, 2818. 

S. Patent 1,747,987, Feb. 18, 1930; assigned to Kontol Co.; Chem. Abs., 1930, 24, 1734. 

‘•»U. S. Patent 1,734,369, Nov. 5, 1929; assigned to Twitchell Process Co.; Chem. Abs., 1930, 
24. 495. 

«»U. S. Patent 1,775,622, Sept. 9, 1930; Chem. Abs., 1930, 24, 5149; U. S. Patent 1,872,286, 
Aug. 16, 193^ Chem. Abs., 1932, 26, 6114; both patents assigned to Kontol Co. 

^ IJ. S. Patent 1,872,333, Aug. 16, 1932; assigned to Kontol Co.; Chem. Abs., 1932, 26. 6114. 

***17. S. Patent 1,837,130, Dec. 15, 1931; assigned to Kontol Co.; Chem. Abs., 1932, 26, 1109. 

***11. S. Patent 1,882,444, Oct. 11, 1932; assign^ to Twitchell Process Co.; Brit. Chem. Abs. B, 
1933. 69S. 

>«U. S. Patents 1,766,057 to 1.766,065 and 1,766,112, June 24, 1930; assigned to Wm. S. Barntckel 
and Co.; Chem. Abs., 1930, 24. 4145. 

Russian Patent 27,985, 1931; Chem. Abs., 1933, 27, 3326. 

»»U. S. Patent 1,271,387, July 2. 1918; assigned to Atlantic Refining Co.; J.S.C.I.. 1918, 
37 539A. ^ » 

’^U. S. Patent 1,439,171, Dec. 19, 1922; assigned to Atlantic Refining Co.; Chem. Abs., 1923, 
17. 874. 

S. Patent 1,668,941. May 8, 1928; assigned to Standard Oil Development Co.; Chem. Abs., 
1928, 22 , 2268; Canadian Patent 269,105, 1927: Chem. Abs., 1927, 21. 2382; ef. b. S. Patent 
1,681,895, Attf. 21, 1928; Chem. Abs., 1928, 22, 3984. ' 
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to break emulsions. In refining cracked gasoline stocks, Lachman brought the 
vaporized hydrocarbon oil into contact with aqueous solutions of zinc,^®* copper, 
cadmium, mercury, iron, chromium, manganese, aluminum, nickel or cobalt salts 
of sulphonic acids and condensed the vapor. 

The reaction products from the sulphonation of mineral oils, which form 
colloidal suspensions with water, have been proposed by Moser to bring about 
the separation of petroleum emulsions. Acid resins formed in the refining of 
light mineral oil fractions with sulphuric acid have also been suggested for the 
refining of heavy mineral oil fractions with sulphuric acid.^®® Canfield ^®® sug¬ 
gested a mixture of a hydrocarbon-substituted derivative of a polycyclic sulpho- 
aromatic compound, isopropylnaphthalenesulphonic acid/®^ for example, chloro¬ 
benzene, water, and a phenol, for treatment of wet petroleum oils. Derivatives 
of aromatic hydrocarbons have also been used for breaking petroleum emulsions.'®® 

Mineral oil sulphonic acids have been suggested by Staegemann ^®® for use 
as precipitants for proteins in acid solutions, such as from sewage and raw sugar 
juices. 

SULPHONATED MINERAL OlLS IN INSECTICIDES 

A number of sulphonated mineral oil compounds have been used in sprays for 
killing insects. These will have brief mention here. 

An insecticide containing a sulphonated petroleum and an alkylated sul¬ 
phonated petroleum, particularly a sulphonated petroleum condensed with iso¬ 
propyl alcohol has been suggested by Baddiley and Chapman. 

A basis for an insect spray has been obtained by treatment of a petroleum 
tar acid fraction boiling between 50° and 200° C. with sodium hydroxide and 
sodium plumbite.*®^ 

An insect-repellent mixture made by Grant consists of a nicotine com¬ 
pound, a petroleum sulphonic acid, petroleum white oil and soap and water as 
an emulsifying agent. A sulphonated mineral oil treated with citric or other 
hydroxy-acid or a polyhydric alcohol, such as glycerol, in the presence of copper 
sulphate and an alkali is the basis of another insecticide.®®® Sullivan and 
Adams ®®* used a composition of the following typical formula as a contact or 
stomach poison for insects or as a fungicide: liquid glue 5, water 33.5, copper 
resinate 8, lead arsenate 9, sodium mineral oil sulphonate 1.5, and white oil 
43 per cent. 

S. Patents 1.826,138 to 1,826,147, Oct. 6, 1931; assigned to Richfield Oil Co. of California; 
Chem. Abs., 1933i 26. 589. 

Lachman, U. S. Patent 1,790,622, Jan. 27, 1931; Chem. Abs., 1931, 25, 1374; U. S. Patent 
1,809,170, June 9, 1931; Chem. Abs., 1931, 25, 4395; both patents assigned to Richfield Oil Co. of 
California. 

*** U. S. Patent 1,788,684, Jan. 13, 1931; assigned to Rataafsche Petroleum Maatschappij; Chem. 
Abs., 1931, 25, 1067. 

Neftyanoi Sektor pri Glawnom Uprawleni Topliwa pri Wysschem Sowete Narodnogo Chosjaistwa, 
German Patent 582,172, 1933; Chem. Abs., 1933. 27, 5181. 

U. S. Patent 1,858,186, May 10, 1932; assigned to Empire Oil and Refining Co.; Brit. Chem. 
Abs. B, 193.3. 295. 

Preparation Is discussed in Chapter 24. 

Wayne, U. S. Patent 1,919,871, July 25, 1933; Chem. Abs.. 1933, 27, 4914; de Groote and 
Keiser, U. S. Patent 1,842,934, Jan. 26, 1932; assigned to Tretolite Co.; Chem. Abs., 1932. 26, 1763. 

U. S. Patent 1,847,023, Feb. 23, 1932; assigned to Daytol Co.; Brit. Chem. Abs. B, 1932, 
1069. Cf. Similar use of tumenol sulphonic acids described later in this chapter. 

French Patent 640,736, 1927; assigned to British Dyestuffs Corp., Ltd.; Chem. Abs., 1929, 
23, 927. 

Piotrowski and Winkler, British Patent 309,718, 1928; assigned to Galicyjskie Towarxystwo 
Naftowe Galicja Soc. Anon.; Chem. Abs., 1930, 24. 719. 

U. S. Patent 1,877,851, Sept. 20, 1932; assigned to Standard Oil Development Co.; Chem. Abs., 
1933. 27. 366. 

Soc. Anon, des mines d’Orbagnoux, French Patent 733,615, 1931; Chem. Abs., 1933. 27. 1083. 

IT. S. Patent 1,800,114, Apr. 7, 1931: assigned to Standard Oil Co. of Indiana; Chem. Abs., 
1931, 25, 3119; cf, U. S. Patent l,830,9d9. Nov. 10, 1931; assigned to Standard Oil Co. of Indiana; 
Brit. Chem. Abs. B. 1932, 745. 
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An emulsion comprising straw oil, sodium mineral oil sulphonates, soap and 
^cohol has been proposed by Lambert as an insecticide. Bottrell suggested 
the use of sulphonethylmetliane together with glue, water, alcohol, oil of pepper¬ 
mint or sodium benzoate as a rodent-repellent or insecticide. 

Sulphonated oxidation products of petroleum act as insecticide activators, 
according to Inman.*®’' Nicotine sulphate, not fully effective alone, is usually 
employed in the proportion of 1 part to 800 with soap as a spreader. If, instead 
of soap, a sulphonated oxidized petroleum is added, the concentration of nico¬ 
tine can be reduced.*®® 

The penetration and toxicities of petroleum sprays was determined by 
Young.*’® Apple and potato leaves partly soaked with oils of less than 6 per cent 
sulphonatable residue lived for 30 to 80 days. Oils of greater than 13 per cent 
sulphonatable residue killed the leaves in 7 to 14 days and were toxic if applied 
in 4 to 8 per cent emulsions. The effect of petroleum oils on the respiration of 
leaves has also been examined.*” 

Woodworth *’* discussed the efficiency of petroleum oils as insecticides. 
Smith *” made a study of the oil-depositing qualities of oil-spray mixtures. The 
determination of unsulphonated residue in petroleum spray oils has been described 
by Graham.*” 

Mineral Oil Sulphonic Acids for Textile Treatments 

Numerous substances are finding application in the various treatments to which 
textiles are subjected in their manufacture.*” Such compounds are usually 
designated as textile reagents'* (“textile assistants” in translations from the 
German) and may be used in textile treatment in the following way: 

1. As a wetting, penetrating, or cleansing agent, for example, for removing 
natural or artificial impurities from animal or vegetable fibers. Thus, it may be 
employed in aqueous solution for degumming silk or for removing sizes from 
textiles of various kinds, or to wash out oils added during various spinning 
operations. 

2. For lubricating or protecting fibers during weaving, spinning, or knitting. 
In this way it functions as a softening agent. The compound may be used in 
aqueous solution or as an emulsifying agent for oils. 

3. For dispersing or solubilizing dyes or coloring matters in the dyeing of 
textiles. The compound may simultaneously act as a penetrating agent in the 
process. 

The natural impurities contained in vegetable and animal fibers have been 
eliminatecj by heating the fibers in an aqueous solution of mahogany sulpho- 
nates.*” 

U. S. Patent 1,785,451, Dec. 16, 1930; assigned to Standard Oil Co. of Indiana; Brit. Chem. 
Abs. B. 1931. 776. 

U. S. Patent 1,871,949, Aug. 16, 1932; assigned to Kepulso, Inc.; Chew, Abs., 1932, 26, 

6083. 

Ind. Eng. Chem., 1929, 21, 542. 

For example, oxidized product described by Jatpes in U. S. Patent 1,697,653, Jan. 1, 1929; 
Brit. Chem. Abs. B. 1929, 425. 

••Fulton and Inman, U. S. Patent 1,826,065, Oct. 6, 1931; Chew. Abs., 1932, 26, 555. 

Phytopath., 1931, 21, 130; Brit. Chem. Abs. B, 1931, 1113. 

*“ Green and Johnson, Plant Physiology, 1931, 6, 149; Chem. Abs., 1931, 25, 3692. 

*“J. Econ. Entomol., 1930, 23, 848; Chem. Abs., 193l, 25. 1623. 

«*J. Econ. Entomol., 1931, 24, 985; Chem. Abs., 1932, 26, 2271. 

“*/. Assoc. Off. Agric. Chem., 1927, 10, 124; Brit. Chem. Abs. B, 1927, 290. 

The application of sulphonated fatty oils in textile treatment is discussed by Kelly, Am. Dyestuff 
Reptr,, 1933, 22, 214; Chem. Abs.. 1933, 27, 3353; Chem. Markets, 1933, 32. 423. 

Twitchell Process Co., British Patent 354,303, 1930; Chem. Abs.. 1932, 26, 5434; French 
Patent 690,434, 1930; Chem. Abs., 1931, 25, 1103; French Patent 688,514, 1930; Chem. Abs., 1931, 
2$, 827; French Patents 688,516 and 688,517, 1930; Chem. Abs., 1931, 25, 829; German Patent 536,806, 
1930; Chem. Abs., 1932, 26. 1137. 
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Silk has been degummecl and artificial silk fibers have been prepared for 
further textile processing in this manner.^i* 

Textile oils which can be used for the protection of artificial silk threads 
and fibers during weaving and knitting have been prepared by mixing mahogany 
sulphonates and mineral oils extracted with oleum.^^® A textile oil consisting of 
a low-viscosity mineral oil, an alkali metal soap of a sulphonated mineral oil, 
oleic acid, and an antioxidant such as beta-naphthol, has been suggested by 

Sullivan.220 

Products which are wetting and protective agents for textiles and leather 
have been obtained by Keller and Gofferje by the action of fuming sulphuric 
acid or other sulphonating agent on the material which results from the reaction 
of an alkali on a polyhalo-derivative of higher paraffin hydrocarbons, for example, 
a dichloro-derivative of hard paraffin. 


Miscellaneous Uses of Mineral Oil S jlphonic Acids 


Mahogany sulphonates have been used to make dyes soluble,--- for example, 
in the dyeing of cellulose acetate silk.^*^ Oil-soluble dyes have been made from 
basic dyes such as Victoria green, Bismarck brown, and Malachite green, by 
treatment with an aqueous solution of an oil-soluble sulphonated petroleum.--^ 
The absorption of dyes by mineral oil emulsions, according to Vellinger and 
Hemmer,^^'* is a function of the concentration of the coloring material and the 
Pii of the aqueous solution. 

Heckel --® employed mahogany sulphonates for the dispersion of pigments in 
inks made with an oily medium. 

Mineral oil sulphonic acids have been suggested as inhibitors in sulphuric acid 
pickling baths by Fischer and Stegemeyer.^-* Similar inhibiting agents for 
pickling baths have been suggested by Chapman and Voorhees.^-® A metal 
cleaning and pickling composition suggested by Corson and Lawrence consists 
of a dilute non-oxidizing acid and a small amount of a sulphonated mineral oil 
similar to ichthyol. 

Organic solvents in which are dispersed sulphonated mineral oils and water 

Myers and Stegemeyer, U. S. Patent 1,896,494, Feb, 7, 1933; assigned to Twitchell Process 
Co.; Chem. Abs., 1933, 27, 2825; Twitchell Process Co., German Patent 534,742, 1930; Chetn. Abs., 
1932, 26, 1136. 

Twitchell Process Co., German Patent 536,886, 1930; Chem. Abs., 1932, 26, 1135. 

Twitchell Process Co., French Patents 688,512 and 688,515. 1930; Chem. Abs., 1931, 25, 827, 
829; British Patent 349,962, 1930; Chem. Abs., 1932, 26, 2067; British Patent 354,297, 1930; Chem. 
Abs., 1932, 26, 3938; Reddish, U. S. Patent 1,909,721, May 16, 1933; assigned to Twitchell 
Process Corp.; Chem. Abs., 1933, 27, 3834. 

U. S. Patent 1,871,927, Aug. 16, 1932; assigned to Standard Oil Co. of Indiana; Brit. Chem. 
Abs. B, 1933, 661; cf. Kinney, U. S. Patent 1,871,889, Aug. 16, 1932; assigned to Standard Oil Co. 
of Indiana; Chem. Abs., 1932, 26, 6160. 

*"U. S. Patent 1,876,975, Sept. 13, 1932; assigned to General Aniline Works; Chem. Abs., 1933, 
27, 196. 

Twitchell Process Co., French Patent 690,505, 1930; Chem. Abs., 1931. 25, 1090. 

Twitchell Process Co., British Patent 354,326, 1930; Chem. Abs., 1932, 26, 5433. 

Buc, U. S. Patent 1,841,876, Jan. 19, 1932; assigned to Standard Oil Development Co.; 
Brit. Chem. Abs. B. 19.1.3. 262. 

Ann. combustible liquides, 1930, 5, 295; Chem. Abs., 1930, 24. 5988. 

“•British Patent 360,075, 1930; Chem. Abs., 1933, 27. 615; U. S. Patent 1,906,961, May 2, 
1933; assigned to Twitchell Process Co.; Chem. Abs., 1933, 27, 3627; cf. British Patent 360.948. 
1930; Brit. Chem. Abs. B, 1932, 234; cf. Singer, British Patent 109,270, 1917; Chem. Abs., 1918, 
12. 93. 

U. S. Patent 1,736,282, Nov. 19, 1929; assigned to Twitchell Process Co.; Chem. Abs., 1930, 
24, 585. 

“• U. S. Patent 1,836,445, Dec. 15, 1931; assigned to Imperial Chemical Industries, Ltd.; Chem. 
Abs., 1932. 26, 1228; cf. Imperial Chemical Industries, Ltd., British Patent 346,162, 1930: Chem. Abs., 
1932, 26. 416. 

“• U. S. Patent 1,838,338, Dec. 29, 1931; assigned to Standard Oil Co. of Indiana; Chem. Abs., 
1932. 26. 1228. 

“•Canadian Patent 316,994, 1931; assigned to Canadian Industries, Ltd.; Chem. Abs., 1932, 
26, 1231. 
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have been proposed as dry cleaning fluids.^*^ Such mixtures remove water- 
soluble stains as well as those soluble in the organic solvent. 

Some attention has been pjftd in the past to the possibility of using acid sludge 
as a basis for the manufacture of varnishes and drying oils.**® Zaloziecki *** 
described the production of varnishes from acid sludge. Tarry matter is boiled 
with an equal volume of water, and neutralized with basic oxides, carbonates, or 
organic bases. The resulting reddish-brown mass is either dehydrated and dis¬ 
solved in a cold mixture of strong alcohol and benzene, oil of turpentine or tar-oil, 
or dissolved directly in an equal volume of 50 per cent alcohol and benzene to give 
lacquers. 

According to Buc, certain of the heavy metal salts of oil-soluble petroleum 
sulphonic acids may be used as driers, either alone or in combination with other 
driers. The oil-soluble sulphonic acids (particularly those from lubricating dis¬ 
tillates) are first converted into their sodium salts, which are extracted subse¬ 
quently with a solvent (e.g., 35 to 65 per cent aqueous ethyl alcohol) and freed 
from oil by treatment with 10 to 20 per cent of gasoline. The sodium sulphonates 
are then converted into their lead,*** cobalt,*** or manganese *** salts and freed 
from insoluble material by solution in an organic solvent (e.g., a mixture of 
benzene and 75 per cent ethanol or isopropanol), the purified salts being used 
as driers. The calcium salt of an oil-soluble sulphonic acid has been used in 
varnishes, for example, one consisting of 50 to 90 per cent of a drying oil 
(linseed or tung oil), 5 to 25 per cent of resins and 5 to 25 per cent of calcium 
sulphonates.**^ The above mixture may be reduced to the desired consistency by 
the addition of sufficient thinner, such as turpentine. Metallic salts of oil-soluble 
sulphonic acids likewise have been used by others in paints.*** 

Rial *** used neutralized sludge from the refining of asphalt-base crude oils for 
a color coat for cemented surfaces. Water-insoluble residues of acid sludges 
have been used as waterproofing ingredients in concretes, mortars, and in gypsum 
and Sorel cement compositions.*^* 

Bolgar *‘‘^ obtained a rubber-like material for impregnating jute and similar 
fibers by boiling linseed or other drying oil at 180° to 200° C. with the residual 
sludge from acid mineral oil refining. 

According to Johnson,*** a lubricant adapted for use in the die-drawing of 
metals consists of the sodium salt of green sulphonic acid (water-soluble) ob¬ 
tained from lubricating oil sludge, tallow, and water, the materials being heated 
to 82° C, to effect a homogeneous mixture. 

The preparation of similar lubricants for like purposes is described by 

Twitchcll Process Co., French Patent 724,081, 1931; Chem. Abs., 1932, 26, 4966; Reddish, 
British Patent 392,931, 1931; Brit, Chem. Abs. B. 1933, 622. 

For example, see Millochan, CJ. S. Patent 37,918, Mar. 17, 1863; previously discussed in this 

Rev. Fett- u. Hare-lnd., 1898, 5 (2), 27; J.S.C.I., 1898, 17, 340. 

»MU. S. Patent 1,686,484, Sept. 16, 1927; Chem. Abs., 1928, 23, 4844; French Patent 659,825, 
1928: Chem. Abs., 1929, 23. 5.138; both patents assiftned to Standard Oil Development Co. 

»“U. S. Patent 1,686,485, Sept. 16, 1927; Chem. Abs., 1928, 23, 4844; French Patent 659,823, 
1928; Chem. Abs., 1929, 23, 5338; both patents assigned to Standard Oil Development Co. 

"•U. S. Patent 1,686,486, Sept. 16, 1927; Chem. Abs.. 1928, 23, 4844; French Patent 659,824, 
1928; Chem. Abs.. 1929, 23, 5338; both patents assigned to Standard Oil Development Co. 

*** Buc, U. S. Patent 1,735,493, Nov. 12, 1929; assigned to Standard Oil Development Co.; Chem, 
Abs.. 1930, 24. 739. . ^ . ■ 

*»e.g., Bataafsche Petroleum Maatschappij. French Patent 684,992, 1929; Chem. Abs., 1930, 24, 
5441; British Patent 355,430, 1930; Chem. Abs.. 1932, 26. 4189. 

** U. S. Patent 1,864,942, June 28, 1932; assigned to Richfield Oil Co. of California; Brit. Chem. 
Abs. B. 19.13. 508. 

*•1. G. Farbenindustrie A.-G., British Patent 368,498, 1931; Chem. Abs., 1933, 27, 2277. 

U. S. Patent 1,842,857, Jan. 26, 1932; Brit. Chem. Abs. B, 1932, 1042. 

**U. S. Patent 1,795,491, Mar. 10, 1931; assigned to Standard Oil Development Co.; Brit. Chem. 
Abs. B, 1931, 1039. 
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Adams,*** Arveson,*** and Sharp.**® Bransky **® prepared a rust-preventative 
which comprised a mixture of montan or carnauba wax and an oil-soluble sul- 
phonic acid (20 to 60 per cent), brought to required consistency by the addition 
of a hydrocarbon oil. 

Becker **^ proposed as a lubricant a mixture of a petroleum lubricating oil, 
an alkali soap of a fatty acid such as sodium oleate and an oil-soluble alkali metal 
mineral oil sulphonate. The latter facilitates feeding of the lubricant by a wick. 
A similar mixture can be used for lubricating artificial silk fibers during 
spinning.**^ 

For wood preservation, Hampton and Farrington**® used a composition con¬ 
sisting of 85 per cent fuel oil and the product resulting from the neutralization 
of an acid sulphur oil. of a petroleum distillate from pressure cracking. 

A fine-cutting and fine-finishing grinding compound which contains alkali 
sulphonates admixed with coarse particles of soft abrasive and fine particles of 
hard abrasive has been proposed by McClaughry,**® A typical mixture for such 
a purpose is 15 per. cent mineral oil sulphonates, 15 per cent oil, 30 per cent 
petroleum, 30 per cent of silicon carbide (150 to 230-niesh), and 10 per cent of 
emery (80 to 100-mesh). 

Moeller **^ obtained a tanning composition by heating mineral oil acid sludge 
with a quantity of hydrocarbon (naphthalene or anthracene) corresponding to the 
excess sulphuric acid present, in the presence of formaldehyde, until the mixture 
was completely soluble in water. The latter was subsequently treated with an 
excess of alkali. Nastukov*®* condensed crude oil or solvent naphtha with sul¬ 
phuric acid and formaldehyde. This product is then neutralized, washed, oxidized 
with dilute nitric acid and dissolved in dilute alkali to give a tanning material. 

Considerable interest has been exhibited in the use of mineral oil sulphonic 
acids for making plastic compositions.*®* One of the many ways which have 
been proposed is given by Petroff.*®* He condensed phenol and formaldehyde 
under reduced pressure in the presence of coal-tar or mineral oils; and emulsify¬ 
ing agents, such as high molecular weight sulphonic acids. A dielectric material 
has been prepared by Nastukov *®® from the condensation of 4 volumes of 
petroleum oil containing both saturated and unsaturated hydrocarbons first with 
at least 2 volumes of concentrated sulphuric acid and then with 1 volume of 
formaldehyde solution. A transparent and flexible product has been made by 
Heckel*®* from a mixture of gelatin, petrolatum, mahogany sulphonates and 
butyl cellosolve or other clarifier. 


*«*U. S. Patents 1,8712939 and 1,871,940, Aug. 16, 1932; assigned to Standard Oil Co. of 

Indiana: Brit. Ckem. Abs. B, 1933, 538. 

IJ. S. Patents 1.871,941 and 1,871,942, Aug. 16, 1932; assigned to Standard Oil Co. of 

Indiana; Brit. Ckem, Abs. B, 1933, 538. 

U. S. Patent 1,789,054, Jan. 13, 1931; assigned to Standard Oil Co. of Indiana; Brit. Chtm. 
Abs. B, 1931. 847. 

•^U. S. Patent 1,795,993, Mar. 10, 1931; assigned to Standard Oil Development Co.; Brit. Ckem. 
Abs. B, 1931. 1039. 

U. S. Patent 1,888,974, Nov. 29, 1932; assigned to Standard Oil Development Co.; Ckem. Abs,, 
1933, 27, 1745. 

■^Becker and Stonaker, British Patent 277,637, 1927; assigned to Standard Oil Development Co.; 
Brit. Ckem. Abs. B, 1929, 202. 

** U. S. Patent 1,873,582, Aug. 23, 1^32; assigned to Standard Oil Co. of California; Brit. Ckem. 
Abs. B. 1933. 615. 

*<*17. S. Patent 1,855,195, Apr. 26, 1932; assigned to Standard Oil Development Co.; Brit. Ckem. 
Abs, B, 1933. 269. 

*«U. S. Patent 1,448,278, Mar. 13, 1923; Ckem. Abs., 1923, 17, 1902. 

**U. S. Patent 1,806,910, May 26, 1931: BHt. Ckem. Abs. B. 1932, 238. 

** See Ellis, “Synthetic Resins and Their Plastics,** Chemical Catalog Co., Inc., New York. 
British Patent 205,167, 1922; Ckem. Abs., 1924, 18, 911. 

U. S. Patent 1,827,538, Oct. 13. 1932; Ckem. Abs., 1932, 26. 540. 

*** U. S. Patent 1,902,304, March 21, 1933; assigned to Twitchell Process Co,; Ckem. Abs., 1933, 
27, 3357. 
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SULPIIONATION OF OlEFINS 


The sulphonation reactions which have been reviewed previously in this 
chapter include those of the paraffins and cycloparaffins. Somewhat different 
products are obtained on the sulphonation of the olefins or sulphur-containing 
shale oils. 

Some of the ways in which sulphuric acid can react with olefins have already 
been discussed in previous chapters. Faraday and Hennel,^®^ as early as 1827, 
observed that ethylene was absorbed in sulphuric acid to form ethylsulphuric acid, 
which could be hydrolyzed to either ether or ethyl alcohol. Production of alco¬ 
hols by such reactions is summarized in Chapters 13, 14 and 15. This absorp¬ 
tion in sulphuric acid is also a convenient but not accurate method for the 
determination of the olefin content of gases and distillates (see Chapter 49). 
Higher olefins are polymerized by the action of sulphuric acid,*®® but ethylene 
is said to polymerize only when the acid contains a small proportion of such ma¬ 
terials as copper and mercury sulphates.*®^ These polymerization reactions are 
mentioned in Chapter 26. Of course, sulphuric acid also causes some oxidation of 
unsaturated hydrocarbons, this being evidenced by the sulphur dioxide odor on 
heating, but these reactions have received little attention.*®^ Attention now is 
primarily directed to those reactions of ethylene which lead to the formation of 


carbyl sulphate 


H,C- 


-SO, 

\ 


H,C 


-o—so'^^ 


O and its derivatives. 


In 1837 Regnault*®^ observed that, when ethylene and anhydrous sulphur 
trioxide were passed through a U-tube, a compound collected on the sides of the 
tube in radiated crystals which melted at about 80° C. The compound w^as 
called carbyl sulphate. On dissolving in water, heat is evolved and ethionic acid, 
llO.jS.CjHj.OSOaH and some isethionic acid, HO.C 2 H 4 .SO 3 H, are formed. 

When a benzine fraction (boiling between 55° and 65° C.^ was distilled 
in the presence of sulphuric acid and the distillate allowed to stand for 15 days, 
Boettger noted the separation of fibrous crystals. The composition of these 
crystals corresponded to C 5 H 10 SO 3 . They were insoluble in water or alcohol, 
but soluble in benzine. 

According to Daimler and Platz,*®* ethionic acid and carbyl sulphate, or their 
homologues, may be produced by the action of sulphur trioxide or chlorosul- 
phohic acid on aliphatic or hydroaromatic alcohols and olefins in the presence of 
liquid sulphur dioxide.*®® On hydrolysis, isethionic acid or its homologues is 
formed. Salts of ester-like condensation products of ethionic and fatty acids 


Pogucndorff's Ann., 1827, 9, 21; ibid.. 1828, 14, 282; sec («melin, “Handbook of Chemistry,” 
translated by Watts, Cavendish Society, London, 1853, 8, 168; see also Berthelot, Ann., 1855, 94, 78. 

For example, Lellcl, Cotnpt. rend., 1871, 73, 499; Chem. Soc. Abs., 1871, 24, 1025; sec 
Knffler-Hbfer, “Has Erdol,” S. Hirael, Leipzig, 1913, 1, 268; Rossalimo, /. Russ. Phys.-Chem. Soc., 
1894. 1, 250; Bcr., 1894, 27, Ref. 626; Brooks and Humphrey, J.A.C.S., 1918, 40. 822. 
lldeseken and Max, Rcc. trav. chim., 1929, 48, 486; Brxt, Chem. Abs. A, 1929, 674. 

Sec Graefe, Z. angeto. Chem., 1905, 39, 1580. 

^ Ann., 1837, 25, 32; 1838, 69, 168; Annales de chimie et physique, 1837, 65, 98; J. prt. Chem., 
1837, 12, 109. Sec Gmelin, “Handbook of Chemistry,” translated by Watts, Cavendish Society, 
London. 1853. 8. 168, 412. 

C/. MaRtius, Ann., 1834, 6, 163; ibid., 1839, 32, 251; Poggendorff's Ann., 1938, 47, 509; see 
Gmelin. op. cit. 

fiir Chemic. 1866, 2, 210. 

' German Patent 550.572, 1930; Chem. Abs., 1932, 26, 4828; British Patent 378.895, 1931 ; Brit. 
Chem. Abs. B. 1932, 1072; French Patent 716,914, 1931; Chem. Abs., 1932, 26, 2751; all patents 
assiRne<l to I. G. Farbenindustrie A.-G. U. S. Patent 1,913,794, June 13, 1933; Chem. Abs., 1933, 
27. 4248. 

Merley and Spring (U. S. Patent 1,904,160. April 18, 1933; assigned to Doherty Research 
Co.; Chem. Abs.. 1933. 27, 3224) prepared carlqrl sulphate by reaction of ethylene and sulphur dioxide, 
and subsequently converted it to acetic acid. 
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(for example, Igepon) have received much attention as wetting and cleansing 
agents, especially in textile treatment. Reaction of hydroxyethanesulphonic acid 
with oleic acid chloride (oleyl chloride) at 80® to 100® C., yields ester-ethane- 
sulphonic acids of the formula HOgS.CaH^.O.OC.R, in which R represents an 
aliphatic hydrocarbon radical having more than 3 carbon atoms. According to 
Daimler and Platz,^®® these compounds have soap-like wetting and emulsifying 
properties. Halogenated ethanesulphonic acids can likewise be treated with salts 
of the higher fatty acids to give similar compounds. Ethionic acid or its an¬ 
hydride (carbyl sulphate) can be used instead of hydroxyethanesulphonic acid— 
the fatty acids, their esters or chlorides, entering the molecule instead of sulphuric 
acid splitting out of the ethionic acid. If sulphuric acid is split out of the ethionic 
acid in some cases it may have a sulphonating action on the fatty acid but the 
properties of the resulting product are said to be unchanged. 

Wetting agents can also be prepared by condensing butyl alcohol with hydroxy- 
ethane-sulphonic acid, l^eeswax with carbj^l sulphate, or lapan wax with ethionic 

acid.2«7 

The detergent properties of the sodium salts of the products resulting from 
the reaction of the chloride of oleic acid with ethionic acid are improved by the 
addition of sodium phosphate, zinc sulphate or magnesium sulphate. With such 
mixtures can be incorporated sodium bisulphite or other salts which have a 
bleaching action.*®® 

1-Propanol-3-sulphonic acid has been prepared by Midler*®® by the action of 
sulphur trioxide on propyl alcohol. 

Hessle obtained synthetic tanning materials by tieating mineral oils which 
contain unsaturated hydrocarbons with oleum (containing 20 to 30 per cent free 
sulphuric anhydride) at a relatively low temperature. The sulphonated products 
are said to consist principally of sulphones with relatively small proportions of 
sulphonic acids.*^' 

The conversion of unsaturated aliphatic hydrocarbons containing 10 to 18 
molecules or cracked petroleum fractions into wetting agents by the action of 
sulphuric acid at 0® C. in the presence of a diluent has been proposed. 
Olefins which have been sulphonated in this manner include tetradecene, octa- 
deccne, dodecene, a mixture consisting mainly of cetenes from the distillation of 
spermacetti, and olefins from the dehydration of oxidation products of naph¬ 
thenes.*^* The sulphuric esters can be used together with soaps. Turkey-red 
oils, polynuclear aromatic sulphonic acids, glues, gelatine or mucilage, solvents, 
bleaching agents, or salts such as sodium chloride, bicarbonate, silicate, carbonate 
or sulphate. Decylene, and cetylene (hexadecylene) from the distillation of 
spermacetti, have likewise been sulphonated to give wetting agents by treatment in 
butyl alcohol solution at —5® C. with concentrated sulphuric acid.*^® The result¬ 
ing product is washed with saturated sodium sulphate solution to remove the 
excess acid. The sulphation may be carried out also with chlorosulphonic acid, 

U. S. Patent 1,881,172, Oct. 4, 1932; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs., 
1933, 27, 575; cf. I. G. Farbenindustrie A.-G., French Patent 705,081, 1930; Chem, Abs., 1931, 
25. 5259. 

“M. G. Farbenindustrie A. G., French Patent 715,585, 1931 ; Chem. Abs., 1932, 26, 2026. 

I. G. Farbenindustrie A.-G., French Patent 40,987, 1931; addition to French Patent 703,466, 
19.V); Chem. Abs.. 1933. 27, 1524; ibid., 1931, 25. 4414. 

1873, 6, 1442. 

U. S. Patent 1,830,320, Nov. 3, 1931. Cf, Moeller, U. S. Patent 1,236,468, Aug. 14, 1917; 
J.S.C.I.. 1917, 36, 1020; German Patent 262,333, 1912; J.S.C.I., 1913, 32, 878; both patents assigned 
to Gerh- nnd FarhstofTwerke H, Renner und Co. 

Cf. Condrea, Rex<, pHrol., 1911, 61; see Gurwitsch-Moore, "Scientific Principles of Petroleum 
Technology," D. Van Nostrand Co., New York, 1932, 416. 

I. G. Farbenindustrie A.-G., British Patent 343,872, 1929; Brit. Chem. Abs, B, 1931, 622; 
French Patent 693,814, 1930. 

•»H. T. Bohme A.-G., British Patent 360,602, 1930; Brit. Chem. Abs. B, 1932, 252. 
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oleum or mixtures of sulphuric acid with acetic anhydride, acetyl or propiony! 
chloride, phosphorus chloride or pentoxide, boron trioxide or with sulphur trioxide 
dissolved in trichloroethylene, ethyl acetate, or ether.*^* 

Olefins resulting from the destructive oxidation of paraffin wax and naph¬ 
thenic hydrocarbons have been sulphonated to give washing and emulsifying agents 
and especially textile reagents. BeJler and Schuette oxidized soft paraffin wax 
by blowing with air at 160® C. for 6 hours and removing with an alkaline wash 
the acid constituents which resulted from the oxidation. Unsaponiliable 
bodies were separated by centrifuging at about 20® C., thereby obtaining a liquid 
fraction consisting mainly of hydroxylated compounds. This liquid portion was 
heated at 180® to 220® C. with zinc chloride or concentrated sulphuric acid to 
bring about dehydration and formation of olefins. The olefin mixture (100 parts) 
was vigorously stirred at 15® C. with 80 parts of oleum containing 23 per cent 
of sulphur trioxide. The temperature was then raised to 25® to 30® C. and the 
reaction mixture stirred for about 5 hours until it was found to be soluble in 
water. In another case Russian gas oil was oxidized with air at about 160® C. 
in the presence of a small quantity of manganese naphthenate until the oil had 
a saponification value of 170. The product was distilled in vacuo. The saponifi¬ 
able constituents were separated from the distillate by saponification with alkalies, 
and the unsaturated hydrocarbons recovered from the unsaponifiable fraction by 
distillation. 100 parts of the olefins thus obtained were converted into sul- 
phonic acids by warming them with a mixture of 30 parts of acetic anhydride 
and 30 parts of sulphuric acid monohydrate at about 35° C. After the reaction 
mixture has become soluble in water, which is the case after from about 5 to 
6 hours, the batch is poured onto ice, then neutralized. The sulphonic acids ob¬ 
tained cannot be saponified by boiling with aqueous mineral acid. Chlorosul- 
phonic acid also has been used by Beller and Schuette to produce sulphonic acids 
from olefins of similar derivation. 

The sodium salts of sulphonated carbazoles of olefins containing more than 2 
carbon atoms are said to increase the wetting and emulsifying properties of 
aqueous solutions.*^® 

Products of the condensation of isethionic acid with aliphatic acids have been 
used m the washing and dyeing of wool.*^^ Soaps can also be prepared by mix¬ 
ing these condensation products with stearin soaps and glycerol, for example, or 
with Marseilles soap. 2 ”® 

Acetylene is absorbed by fuming sulphuric acid with evolution of much heat. 
The first stage of the reaction is: 

CH CH-(OH), CH=0 

Hi 4-2H,S04 —I I +H,0. 

CH CH-~(SO,H), CH~(SO,H), 


Oxidation by sulphur trioxide occurs and methane disulphonic acid (methionic 
acid) is formed: 


CH—(OH), 

I +SO, —CH,(SO,H),+ SO, + CO,-f H,0 

CH-(SO,H), 


G. Farbeninduitrie A.-G., British Patent 358,583, 1930; Brit. Chem. Abs. B, 1932, 173. 
Beller and Schuette. U. S. Patent 1,914,321, June 13, 1933; assigned to I. G. Farblmindustrie 
A.-G.; Chem. Abs.. 1933. 27. 4435. 

Michel and Buschmann, German Patent 552,606, 1930; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs.. 1932. 26. 5714. 

G. Farbenindustrie A.-G.; French Patent 712,121, 1931; Chem. Abs.. 1932, 26, 2067. 

G. Farbenindustrie A.-G., Frdnch Patent 712,913, 1931; Chem. Abs., 1932, 26. 1820. 

*** Muthmann, Ber.. 1898, 31, 1880; Schroter, Ber., 1898, 31, 2190. 
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Reactions op Chlorosulphonic Acid with Olefins 

With ethylene, chlorosulphonic acid forms ethylsulphuryl chloride (see Chap¬ 
ter 14), as has been shown by Muller and Baumstark.28o On prolonged treat¬ 
ment, however, with an excess of chlorosulphonic acid, ethionyl chloride results.*®^ 
If this latter product is warmed, hydrogen chloride is evolved and an oil re¬ 
mains which slowly congeals. When treated with water, this oil yields the an¬ 
hydride of isethionic acid, C 2 H 4 SO 8 , and the anhydride (CgHeSOa) of an acid 
C 2 H 8 S 08 , as well as the acids themselves.*®* The action of chlorosulphonic acid 
on the higher olefins has been but cursorily investigated. However, Marcusson *** 
observed that petroleum asphalts reacted violently with chlorosulphonic acid with 
the evolution of large quantities of hydrogen chloride. In a chloroform solution 
the reaction proceeds quietly and addition compounds which contain chlorine and 
sulphur are formed. 

Condensation of olefins with chlorosulphonic acid in the presence of esters 
or ethers of low molecular weight at temperatures above 100® C. yields true sul- 
phonic acids stable to boiling hydrochloric acid.**® 

SULPHONATION OF ArOMATIC HYDROCARBONS 

Although the action of sulphonating agents on aromatic hydrocarbons is out¬ 
side the scope of this book, nevertheless mention should be made of the few 
instances in which derivatives of aromatic hydrocarbons have been obtained from 
petroleum. The formation of these aromatic hydrocarbons may be the result of 
dehydrogenation of naphthenes,*** as discussed in the section on the sulphonation 
of cycloparafiins. 

By treating various light fractions of a Bustenari petroleum with fuming sul¬ 
phuric acid (containing 12 per cent sulphur trioxide) at 80® C., Edeleanu and 
Gane *** obtained tarry and resinous materials insoluble in water. On distillation 
with steam the substances yielded about 4.6 per cent of xylene, mesitylene, pseu¬ 
documene and hydrocarbons of unknown structure. Hausmann **^ obtained very 
little phenol on fusing sulphonic acids from a Galician petroleum distillate with 
sodium or potassium hydroxide. 

According to Starke,*** the naphthenes of a petroleum fraction boiling between 
130® to 260® C. give aromatic sulphonic acids when treated with 96 per cent 
sulphuric acid at 70® to 130® C. Benzene can be recovered from the sludge by 
distillation with superheated steam. 

Popa and Velculescu *** studied the direct sulphonation of petroleum hydro¬ 
carbons in both vapor and Ifquid phase with 98.8 per cent sulphuric acid. After 
separation of the sulphonated mixture from the unreacted hydrocarbons, it was 
subjected to distillation with superheated steam, the mixture being kept at 180® 

1873, 6, 227. See also Traube and Justh, Brgnnttoff-Chem., 1923, 4, ISO; Chtm. Abs., 
1923. 17, 3858. 

"•Z. fUr Ckemie, 1867, 566. 

*uClaes8on, /. prt. Chem., 1879, (2) 19. 234; Chem. Soe. Abs., 1879, 36, 1033. 

*** See Baumstark, toe. eii., and Claesson, toe. cit. 

Chem.-Ztg., 1915, b9,SSl; PetroUum Z., 1916, 12, 1149. 

*** Haussmann, German Patent 550,243, 1927; assigned to 1. G. Farbenindustrie A.-G.; Chem. A be., 
1932. 26, 4067; British Patent 364,669. 1930; Brit. Chem. Abs. B, 1932, 495. 

*** See also Tilitschejev and Dumiskaja, JVeft. Khos., 1927^ 13, 647; Brit. Chem. Abs. B, 1928, 630. 

•"Afonitenr Bourn., 1908, 493; Oisterr. Chem. Tech. Zig., 1908, 26, 156; Chem. Abs., 1909, 3. 
1079; see Gurwitsch-Moo're, ‘^Scientific Principles of Petroleum Technology, D. Van Nostrand Co., 
New York, 1932, 392. 

^Petroleum Z., 1910, 6, 2301; Chem. Abs., 1912, 6, 681; see also von Pilat and Starkel, Petro^ 
leum Z., 1912, 6, 2177; Chem. Abs., 1911, 8, 3729. 

U. S. Patent 913.780, Mar. 2, 1909; J.S.C.I., 1909, 28, 360. 

^ But. chim. soe. romane chim., 1930, 33, 3; Chem. Abs., 1932, 26, 5405. 
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to 190® C. The aromatic sulphonic acids were thus decomposed and the regen¬ 
erated hydrocarbons passed aver with the steam. Sulphonation in vapor phase 
required such a high temperature that both naphthenic and paraffin hydrocarbons 
also reacted with considerable evolution of sulphur dioxide. In the liquid phase, 
sulphonation was easily conducted at 60® C. The aromatic hydrocarbons recov¬ 
ered contained about 0.5 per cent of other hydrocarbons. 


Sulphonation of Sulphur-Containing Shale Oils 

Since the sixteenth century the peasants of the Tyrol have been known to 
distil the local shale, rich in fossil fish, to obtain a tarry oil which they employed 
to cure sores and wounds on live stock.^®^ In 1890 the name “ichthyol'' was 
given to this oil by Schroter of Hamburg.'-*®^ The oil when treated with sul¬ 
phuric acid yields ichthyolsulphonic acid which contains about 10 to 15 per cent 
sulphur, and forms salts with alkali metals or ammonia. The ammonium salt is 
generally known in commerce as ichthyol and is used for its therapeutic effects 
in skin diseases. Various other preparations, which include the odorless desich- 
thyol obtained by distilling ichthyol with steam or by treating it with hydrogen 
peroxide, and the blackish-brown ichthyoform prepared from ichthyolsulphonic 
acid and formaldehyde are also used for similar purposes.^^®- Alderson lias 
given a summary of the deposits and extent of these ichthyol shales and the 
volume of the industry. Some fractions of the oils have sharp odors and are 
said to kill flies instantly.^®* 

The composition of the ichthyol oil has not been completely determined. 
Scheiblei" concluded that the oil contains higher homologues of thiophene (in 
som^ cases 50 per cent of the oil) together with hydrocarbons of the benzene 
series and small proportions of compounds richer in hydrogen. According 
to Baumann and Schotten,-®® ichthyolsulphonic acid has the formula 
C 2 sH 2 cS(S 03 H),. 

The sulphonation of shale oil distillates to produce ichthyolsulphonic acids is 
carried out in a manner similar to that of mineral oil fractions. The purification 
of the products can be accomplished in a number of ways, the earliest probably 
being that of precipitating the sulphonic acid from an aqueous solution with salt 
or with hydrochloric acid.^®^ 

Helmers ®®® recovered the ichthyolsulphonic acids from the mixture by neu¬ 
tralizing them with an alkali and separating with solvents such as alcohol, benzene, 
and chloroform. The ichthyolsulphonates of the alkaline earths or heavy metals 

Zwingaur (German Patent 216,906, 1907; Chem. Abs., 1910* 4. 1224) described the distillation 
of ichthyol shale with steam in vacuum to obtain oils with higher specific gravities and viscosities. 

** Alderson, Quart, Colorado School of Mines, 1923, 18 (1), Suppl. B; sec Helmers, Pharm. 
Centr., 1897, 38, 716; Chem. Zentr., 1897, 2, 1076. 

*** Molinari, “Treatise on General Industrial Chemistry," translated by Pope, P. Blakiston's Sons 
and Co., Philadelphia, 1913, 84. 

»»Lof. cit. 

»*Belani. Petroleum Z., 1925, 21. 1439; Chem. Abs., 1926, 10, 4771 
1915, 48, 1815; Chem. Abs., 1916, 10, 340. 

See Thorpe, “Dictionary of Applied Chemistry," I.ongmans, Green and Co., New York, 
1912, 3. 92. 

Schroter, U. S. Patent 318,662, May 26, 1886; U. S. Patent 513,204, Jan. 23, 1894; British 
Patent 10,523, 1884; all patents assigned to Ichthyol Gesellschaft Cordes, Hermann! and Co. 
Jacobsen. U. S. Patent 495,343, 1893; German Patent 38,416, 1886; Chem. Zentr., 1887, 395; 
German Patent 54.501, 1889; Chem. Zentr., 1891, 1, 688; German Patent 78,835, 1893; Chem. Zty., 
1895, 19. 310; British Patent 10,695, 1886. Fr. Rose and Co., German Patent 101,807, 1897; Chem. 
Ztg., 1899, 23, 253. Helmers, German Patent 76,128, 1893; assigned to Ichthyol Gesellschaft Cordes, 
Hermann! and Co.; Chem. Zentr.. 1894, 2, 911; Soc. Anon, dc la Thyoleine, German Patent 169,356, 
1903; Chem. Zentr., 1906, 1, 1583; French Patent 353,708, 1905; Chem. Abs., 1907, 1, 382. 

S. Patent 525,784, Sept. 11, 1894; British Patent 6,044, 1893; J.S.C.I., 1894, 13. 508; 
German Patent 82.075, 1893; Chem. Zentr., 1895, 3. 744; all patents assigned to Ichthyol Gesellschaft 
Cordes. Hcrmanni and Co. 
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are rendered tasteless by extraction with alcohol or by heating up to about 
140® C. 

Oxidation of the ichthyolsulphonic acids with agents such as hydrogen peroxide 
has also been used to render them odorless and tasteless.*®^ 

The separation of ichthyolsulphonic acids into fractions of various sulphur 
contents has been effected with aniline, piperazine, or dimethylphenylpyrazolone.*®® 
As a result of the difference in solubility in water of the double compounds of 
th^se sul phonic acids, fractions rich and poor in sulphur can be obtained. The 
sulphonic acids can be recovered by decomposing the compounds with mineral 
acids. 

Purification of ichthyolsulphonic acids has ‘also been effected by treatment 
with steam under reduced pressure.*®* For the removal of inorganic salts, dial¬ 
ysis has been proposed.*®* 

As a means of purification, double complex compounds of the ichthyolsulphonic 
acids with albumen *®® and formaldehyde *®* have also been formed. These pre¬ 
cipitate from solution and can be used as such in various pharmaceutical prepa¬ 
rations, the product with formaldehyde being called ichthyoform, as mentioned 
previously. 

Besides the therapeutic uses for ichthyol-sulphonic acids, they have been sug¬ 
gested by Helmers *®^ for bringing phenols and hydrocarbons into solution. 

Schaeffer and Faber*®* sulphonated sulphur-containing shale oil distillates 
with chlorosulphonic acid to obtain disinfectants. The resulting soluble brown 
mass was called sulphothalassolic acid and its ammonium salt was termed thalassol. 

The sulphonic acids prepared by treating the unsaturated hydrocarbons present 
in middle and higher petroleum fractions, mineral waxes or rosin oils with sul¬ 
phuric acid have been called tumenolsulphonic acids.*®® These have also been 
recommended for pharmaceutic purposes. Mineral oil, for example,*^® was heated 
with fuming sulphuric acid (10 per cent sulphur trioxide) at 80° C. The reac¬ 
tion mixture was dissolved in water and the sulphonic acids and sulphones were 
precipitated by the addition of salt solution. Sulphonic acid salts were thus 
formed and the sulphones were removed from them in this precipitate by ex¬ 
traction with ether, naphtha, or similar solvents. The tumenol sul phones were 

Helmers, U. S. Patent 624,027, May 2, 1899; German Patent 99,124, 1897; Client. Zentr., 1898, 
2, 1192; German Patent 107,233, 1899; Chem. Zentr., 1900, 1, 886; German Patent 112,6.30, 1899; 
Chem. Zentr., 1900, 2, 462; German Patent 114,393, 1899; Chem. Zentr., 1900, 2, 996; British 
Patent 5,004, 1898; J.S.C.I., 1899, 18. 398; all patents assigned to Ichthyol Gesellschaft Cordes, 
Hermanni and Co. See also Helmers, Harm. Z., 1899, 45, 859; Pharm. J., 1899, 62, 181; J.S.C.I., 
18^'^. 18, 397. 

Helmers, U. S. Patent 624,028, May 2, 1899; British Patent 5,004, 1898; J.S.C.I., 1899, 18, 
398; both patents assigned to Ichthyol Gesellschaft Cordes, Hermanni and Co. 

Helmers, German Patent 99,765, 1897; Chem. Zentr., 1899, 1, 464; German P-atents 114.394 
and 114,395, 1899; Chem. Zentr., 1900, 2, 996; German Patents 120.014 and 120,015, 1899; Chem. 
Zentr., 1901, 1, 1073; German Patent 127,505, 1901; Chem. Zentr., 1902, 1, 235; British Patent 10,875, 
1898; J.S.C.I., 1899, 18, 606; British Patent 14,389, 1899; J.S.C.L. 1900, 19, 653; British Patent 
17,346, 1899; J.S.C.I., 1900, 19, 923; all patents assigned to Ichthyol Gesellschaft Cordes, Hermanni 
and Co. 

Helmers, U. S. Patents 671.135, Apr. 2, 1901; 709.321, Sept. 16, 1902; J.S.C.L, 1902, 21, 
1296; British Patent 6,795, 1901; J.S.C.L, 1900, 19, 364; all patents assigned to Ichthyol Gesellschaft 
Cordes. Hermanni and Co. ' 

Knoll and Co., German Patent 100,707, 1897; Chem. Zentr., 1899, 1, 766; German Patent 
118.452. 1899; Chem. Zentr., 1901, 1, 603; German Patent 124,144, 1899. 

^ G. Hell and Co., German Patent 161,663, 1900; J.S.C.I.. 1905. 24. 1008. 

Helmers, U. S. Patent 649.305, May 8. 1900; British Patent 14,388, 1899; J.S.C.L, 1900, 19. 
688: both patents assigned to Ichthvol Gesellschaft Cordes, Hermann! and Co. 

Helmers, British Patent 9,157, 1899; assigned to Ichthyol Gesellschaft Cordes, Hermanni and 
Co.. J.S.C.I., 1900, 19. 337. 

Helmers, German Patent 76,133, 1893; Chem. Zentr., 1894, 2, 911; German Patent 80,260, 
1893; Chem. Zentr., 1895, 1, 1096; both assigned to Ichthyol Gesellschaft Cordes, Hermanni and 
Co. 

British Patent 166,727, 1920; Chem. Abs., 1922, 16. 792. 

*• Gewerkschaft Messel. German Patent 56,401, 1890; Chem. Ztg., 1891, IS.’ 772; Chem. Zentr., 
1891, 2. 336. German Patent 65,850, 1891; Chem. Zentr., 1893, 1, 912. British Patent 19,502, 
1890; J.S.C.L 1892 11 22. 

C/. Gewerkschaft ’McsscI, German Patent 65,850, 1891; Chem. Zentr., 1893, 1, 912. 
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said^^^ to have the formula (C 4 iHe 70 )aS 02 and the tumenolsulphonic acids, 
C4 iH520 ,S03. These tumenolsulphonic acids have the property of precipitating 
glue and gelatin from slightly acid solutions with the formation of an elastic 
rubber-like precipitate which can be drawn into threads.*^® 

Another method of making hydrocarbons with high sulphur contents and of 
therapeutic value is that described by Bengough.®^* Unsaturated hydrocarbons 
formed on the distillation of sulphonated mineral oils in the presence of lime were 
treated with 10 to 40 per cent sulphur chloride. This yielded a thick brown oil 
which contained both chlorine and sulphur. When this oil -was boiled with a 
10 per cent sodium hydroxide solution, the chlorine was removed and a product 
containing about 30 per cent sulphur was obtained. 

^ Gewerkschaft Messel, German Patent 56,401, 1890. See also Dieckhoff, Dinglers Polytech. 
1892, 287, 41: Chem. Zentr., 1893, 1, 375. 

Gewerkschaft Messel, British Patent 19,502, 1890; J.S.CJ., 1892, 11, 22. 

German Patent 138,345, 1901; Austrian Patent 6,246, 1900; Chem. Zentr., 1903, 1, 305; 
British Patent 8,596, 1903; J.S.C.I., 1904, 23, 383. 



Chapter 47 

Chemical Action of Nitric Acid, Nitrosyl Chloride and 
Various Other Reagents on Saturated Hydrocarbons 

Saturated paraffin hydrocarbons are rega**(}ed as highly resistant to chemical 
reagents, and this characteristic has received undue and unjustified emphasis. 
While the gaseous members of the series are extremely stable and chemically 
inert, this is by no means true of all paraffins. Some of the branched chain 
paraffins exhibit a surprising degree of chemical activity, and a number of reac¬ 
tions formerly considered characteristic of aromatic hydrocarbons only are now 
known to occur with both the paraffins and cycloparaffins—though rarely, be it 
admitted, with a facility equalling that of unsaturated ring compounds. 

Of the cycloparaffins, the cyclopropanes and cyclobutanes are considerably 
more reactive, as a class, than the cyclopentanes and cyclohexanes. The action 
of chemical reagents often ruptures three- and four-carbon ring systems with 
production of straight chain derivatives. Since only the five- and six-carbon ring 
compounds have been found in any quantities in the lower-boiling fractions of 
petroleum, these two series will be considered representative of cycloparaffins in 
the following account. In general, the chemical reactivities of the cyclopentanes 
and cyclohexanes are similar to those of the paraffins. However, some of their 
homologues are far from indifferent to various reagents. 

The saturated hydrocarbons of the paraffin and cycloparaffin series are sharply 
differentiated from the unsaturated hydrocarbons (olefins, diolefins, or acetylenes) 
in thqt the former yield substitution compounds exclusively with various chemi¬ 
cal reagents, while the latter can form direct addition compounds (though both 
addition and substitution reactions may take place simultaneously with some un¬ 
saturated hydrocarbons). This fundamental difference between saturated and 
unsaturated hydrocarbons is exemplified by the combination of chlorine with 
methane, representing the saturated hydrocarbons, and with ethylene typical of 
the unsaturated type. The reactions taking place are illustrated by the following 
equations: 

(1) Substitution Reactions 

CH4 + a —CH.C1 + HC1 

CH.C1 + C1, —CH,C1, + HC1 

(2) Addition Reaction 

GH 4 +CI, —GH 4 CI. 

Although the paraffins possess high chemical stability at the temperatures ordi¬ 
narily employed in the more usual chemical reactions, at higher temperatures 
their thermodynamic stability is materially reduced. With the exception of tlie 
first few (lower) members of the series, the paraffins pyrolyze at elevated tem¬ 
peratures much more readily than other hydrocarbons, and, in this respect, are 
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markedly less stable than the olefin and aromatic hydrocarbons. Saturated hydro¬ 
carbons possess no power of polymerization, a property belonging exclusively to 
unsaturated substances. 

The paraffins of low molecular weight are least reactive toward the usual 
chemical reagents, but the resistance of the homologues of increasing molecular 
weight to oxidation and other chemical changes, so characteristic of the lower 
members, is reduced. The branched chain members containing a tertiary carbon 
atom (i.e., a carbon atom attached directly to three other carbon atoms) exhibit 
a greater tendency to react chemically, as with nitric or cblorosulphonic acid, 
than do the straight chain members, but the quaternary paraffins (i.e., paraffins 
containing a carbon atom linked to four other carbon atoms) are very stable. 

In the following account a review is presented of the reactions of the paraffins 
and cycloparaffins (the latter class being restricted in this discussion to the cyclo- 
pentanes and cyclohexanes) with various chemical reagents. Attention is spe¬ 
cially directed, as far as possible, to those reactions which appear capable of use 
in the conversion of these saturated hydrocarbons into chemical products. 


Nitration of Paraffin Hydrocarbons 

Unlike the aromatic and, the unsaturated hydrocarbons, the paraffins, in gen¬ 
eral, are not attacked at ordinary temperatures by concentrated or fuming nitric 
acid or by mixtures of nitric and sulphuric acids. Francis and Young ^ found 
the order of reactivity of hydrocarbons with fuming nitric acid to be as follows: 
(1) aromatic compounds ® and methyl derivatives of the cycloparaffin hydrocar¬ 
bons, which react at ordinary temperatures; (2) the tertiary paraffins (character¬ 
ized by the presence of a branched chain and the ^CH grouping), which arc 
attacked when heated moderately on a water-bath; (3) the cycloparaffin com¬ 
pounds; and (4) the normal (i.e., straight chain) paraffins. Both of the latter 
types are slowly attacked on heating on a water-bath. Quaternary hydrocarbons, 
however, were found by Markownikow ® to react as slowly as normal paraffins. 

The relative yields of oxidation and nitration products obtained in the treat¬ 
ment of hydrocarbons with nitric acid (or with mixtures of nitric and sulphuric 
acids^) depend largely on the following factors: (1) the temperature, (2) the 
concentration of the nitric acid employed, (3) the pressure,® i.e., whether the 
experiment is carried out in sealed tubes or in open vessels, (4) the duration of 
heating,® and (5) the structure of the particular hydrocarbon under treatment. 

It was shown by Konowalow ^ that a very effective method of preparing 
nitrated products from paraffins consists in heating the paraffin with relatively 
dilute nitric acid (sp. gr. l.(>75) at temperatures over 100° C. Under these con¬ 
ditions, quantities of mono- and di-nitrated products may be obtained from a wide 
variety of paraffins. Nitro-compounds can also be produced® by the action of 


^J.C.S.. 1898. 73. 928. , . , ^ 

* Sec also Konowalow and Gurcwitsch, /. Russ. Phys.-Chem. Soc., 1905, 37, 537; Chem, Soc. Abs., 


1905, 88 (1), 763. 

»/. Russ. Phys.-Chem. Soc., 1899, 31, 530; Chem. Zentr., 1899, 2, 473. Also Ber., 1899, 32, 
1445; Chem. Soc. Abs., 1899, 76 (1), 554. 

* The behavior of concentrated nitric acid and mixtures of nitric acid and sulphuric acid is 
di.scus.sed by Markownikow {Ber., 1899, 32, 1441; Chem. Soe. AbS., 1899, 76 (I), 553). 

“Sec Konowalow, J. Russ. Phys.-Chem. Soc., 1899, 31, 57; Chem. Zentr., 1899, 1, 1063; Chem. 
Soc. Abs., 1899. 76 (1), 844. 

• Konowalow, /. Ru.is. Phys.-Chem. Soe., 1906, 38, 109, 124; Chem. Soe. .4hs., 1907, 92 (1), I, 
»/. Russ. Phys.-Chem. Soe., 1893, 25, 472; Chem. Soc. Abs., 1894, 66 (1), 265; Per., 1895, 28. 

1852; Chem. Soc. Abs., 1895, 68 (1), 633. See also Ber., 1896, 29, 2199; Chem. Soc. Abs., 1896, 
70 n), 673. 

•Markownikow. Ber., 1899, 32, 1441; /. prt, Chem., 1899, 59 (2), 556; Chem. Zentr., 1899, 
2. 179. 
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more concentrated acid at lower temperatures (specific gravity 1,535 at above 
0° C., for example) but under these conditions oxidation reactions occur easily. 
Worstall ® secured a 60 per cent yield of nitrated products (containing both mono- 
and di-nitro-compounds) by boiling n-hexane for several days with concentrated 
nitric acid (specific gravity 1.52 or 1.42), either alone or with concentrated sul¬ 
phuric acid. An investigation of the influence of acid concentration by Poni 
and Costachescu revealed that, while isopentane could be nitrated with difficulty 
by acid of a specific gravity 1,075 to 1.14 at temperatures below 140° C., higher 
concentrations (specific gravity 1.38 to 1.42) attacked this hydrocarbon readily 
at 60° C., yielding both nitrated and oxidized products. The best yields of nitro 
compounds (mono-, di-, and tri-nitro-compounds hemg produced) were obtained 
at 60° C. with acid of specific gravity 1.42, using 1.5 moles of acid to 1 mole 
of hydrocarbon. The action of fuming nitric acid on various isoparaffins at 
^their boiling points was investigated by Francis and Young,^ who noted the 
formation of oxidation and nitration products from isohexane, isoheptane, and 
isooctane. Solid trinitro-compounds were obtained from isohexanc and isoheptane. 

Of the paraffin hydrocarbons, the tertiary paraffins, containing the character¬ 
istic grouping RgCH, appear to be most easily nitrated, yielding the tertiary 
nitro-compounds very readily. In the nitration of the paraffin hydrocarbons, the 
entering nitro-group has the greatest tendency to become attached to a tertiary 
carbon atom. When no tertiary carbon atom is present the nitro-group tends 
to attach itself to a secondary rather than primary carbon atom.'' Tn general, 
quaternary paraffins of the type R 4 C are nitrated only with difficulty and may 
often be separated from the other types of paraffins by this characteristic.'* The 
orientation of the entering nitro-group appears to depend somewhat upon the 
strength of nitric acid used. 

Direct nitration of paraffins containing less than five carbon atoms in the 
molecule apparently has not been efYccted. However, in the purification of a 
fraction of Caucasian petroleum boiling between 40° and 50° C. by treatment 
with nitric acid of specific gravity 1.52, Bcilstein and Kurbatow'* recovered a 
compound, C 4 HhN., 04 . This compound crystallized in glistening needles, melting 
at 96° C., soluble in alcohol, ether, carbon disulphide and light petroleum, and 
shown to be identical with a compound prepared by Haitinger '* from isobutylene 
and concentrated nitric acid. The constitution of the dinitro-compound is some¬ 
what uncertain; it does not correspond to any of the isomeric dinitrobutanes. 
Since the 40° to 50° C. fraction is practically free from butanes or other lower 
hydrocarbons, this nitro-compound must have been formed from products of the 
decomposition of hydrocarbons of higher molecular weight arising through the 
action of nitric acid. 

Isopentane was found by Francis and Young to yield what was probably a 
trinitro-derivative by boiling with fuming nitric acid under a reflux apparatus 
for a prolonged period. Later Poni and Costachescu thoroughly investigated 
the nitration of this hydrocarbon. With nitric acid of specific gravity 1.075 to 

* Amer. Chem. /„ 1898, 20, 202; Chem. Soc. Abs., 1898, 74 (1), 346. 

Ann. Sci. Univ. Jassy, 1903, 2, 119; Chem. Soc. Abs., 1903, 84 (1), 596; see also Poni, Ann. 

Sci. Univ. Jassv. 1902, 1, 53; Chem. Soc. Abs.. 1902, 83 (1), 581. 

“ Konowalow, Compt. rend., 1892, 114, 26; Chem. Soc. Abs,, 1892, 62 (1), 575; (Sec correction in 

Ber., 1892, 25, 1244). However, Worstall, {Amcr. Chem. J.. 1898, 20. 202; 1899, 21, 210, 218) 
describes the conversion of n-hexane and n-octane into primary nitro compounds by nitration with 
nitric acid of sp. gr. 1.52 or 1.42 in an open vessel at the boiling point of the hydrocarbon. 

« Markownikow, Ber., 1899, 32, 1441; Chem. Soc. Abs., 4899, 76 (1), 553. 

1881, 14, 1620; Chem. Soc. Abs., 1881, 40, 1020. 

**Monatsh.. 1881. 2. 287. 

^^J.C.S., 1898, 73, 928. 
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1.14 at temperatures somewhat below 140® C. in sealed tubes, isopentane was 
slowly nitrated to yield the tertiary nitro-compound, Z-nitro-Z-methylbutane, 



Stronger acid (specific gravity 1.42) at 60® C. yielded products cpnsisting of the 
above mononitro-compound, 2Jl-dinitro-2-methylbutane (boiling*point 105® to 110® 
C. at 44 mm., and dj 1.1572), 2X^-ii'if^i*ro-2-methylbutane (a crystalline solid 
melting at 179® to 184® C.) together with some 1-hydroxyisobutyric acid, oxalic 
acid and carbon dioxide. 

The nitration of n-hexane has been the subject of a number of studies. 
Konowalow'® reported that though nitric acid of specific gravity 1.155 nitrates 
n-hexane at 115® to 120® C. in a sealed tube, the yield of the mononitro-compound 
is low. Better results are procured by using acid of specific gravity 1.075 at 
140® C. Under the latter conditions a 60 per cent yield of nitrohexane (boiling 
point 176® C. at 758 mm. and dJ 0.9509) is obtained. This was proved to be 
the secondary nitro-compound, 2-nitrohexane, since on reduction with zinc and 
acetic acid it yielded methyl butyl ketone and /ff-hexylamine. On the other hand, 
Worstall found that if n-hexane is boiled for several days in an open vessel 
with nitric acid of a specific gravity 1.52 to 1.42, either alone or with sulphuric 
acid, a 60 per cent yield of nitrated products is obtained. These consisted of a 
primary nitrohexane (l-nitrohexane), a light yellow oil (boiling point 180®- 
183® C., which gave a nitrolic acid on treatment with nitrous acid), together with 
a dinitrohexane (probably also primary). The latter compound is sparingly soluble 
in aqueous alkalies, though readily so in alcoholic alkalies. It could not be dis¬ 
tilled without decomposition. Reduction of this mononitrohexane by Worstall 
gave a primary amine. 

From isohexane, Francis and Young obtained a crystalline trinitro-derivatiye 
(melting at* 85.5®-86.0® C.) by refluxing that hydrocarbon with fuming nitric 
acid for 6 days. Oxidation products were also produced. A number of crystal¬ 
line nitration products, apparently derivatives of isohexane, were prepared by 
Zaloziecki and Frasch by nitration of fractions of Galician petroleum (boiling 
range, 45® to 65® C.) using a mixture of 1 part of nitric acid (specific gravity 
1.404) and 3 parts of concentrated sulphuric acid. The products were fractionally 
crystallized from alcohol yielding (1) yellow needles, melting point 89.5® C., 
(2) a substance of melting point 67® C, and (3) two other substances crystalliz¬ 
ing in needles and melting af 65® C. and 61® C, respectively. An extensive 
investigation of the nitration of an isohexane (3-methylpentane) is that of Poni 
and Costachescu,^® who used a fraction, boiling at 61.5®-62.5® C., of a Rumanian 
crude. This fraction was nitrated with nitric acid of specific gravity 1.4 in sealed 
tubes at 60° C., and the nitrated products were dried and fractionated under a 
pressure of 35 mm. More than half of the product distilled at 75®-76® C. and 
this appeared to be the expected tertiary mononitro-derivative, i.e., 3-nitro-2- 
methylpcniam, boiling point 168°-170® C. at 750 mm., and dJ 0.9681. The fraction 
of highest boiling point (150® to 158® C.) consisted of a dinitro-compound, but 

Russ. Pkys.'Chem. Soe., 1894, 35, 472; Chem. Soc. Abs., 1894, 06 (1). 265. 

«Amcr. Chem. 1898, 20, 202i Chem. Soc. Abs.. lB9b» 74 (1)» 346. 

Ber., 1902, 3$, 386; ef. Markownilrow, Ber., 1902, 38. 1584. 

^ Ann. Sci, Univ. Jassy, 1904, 3, 95; Chem. Soc. Abs., 1905, 88 (1), 109. 
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was obtained only in a relatively small amount. A quantity of unattacked hydro¬ 
carbon was identified as 2-methylpentane, 

Poni and Costachescu also examined the products of the kction of fuming 
nitric acid (sp. gr. 1.525) on this Rumanian petroleum fraction. Two crystalline 
trinitro-compounds were identified, one of which proved to be 2,3J’trinitro-2- 
methylpentane; and the other, forming crystals of melting point 85® C., appeared 
to be 2,2,3^trinitro-2-fnethylpentane. These were identical with the trinitro-de- 
rivatives isolated by Francis and Young. 

Like most of the di-tertiary paraffins, diisopropyl reacts readily with nitric 
acid at 20® C. It can be nitrated to yield a mononitro-compound, proved by 
Konowalow to be the tertiary compound, 2-mtro-2,3-dimethylbutane, a liquid of 
boiling point 168°-169® C. at 750 mm., and dj 0.9716, together with a di-tertiary 
nitro-compound, 2J-dinitrp-2,3-difttethylbutane, melting point 208® C. Konowa¬ 
low obtained these compounds not only from synthetic diisopropyl but also from 
fractions, boiling at 55® to 60® C., of American and Baku petroleums. The nitra¬ 
tion of diisopropyl accordingly proceeds as follows: 

CH, CH, CH, CH, 

II II 

CH,—C-CH—CH, —CH,—C -C—CH, 

I I I 

NO, NO, NO, 

mononitro dinitro 

The typical quaternary paraffin, trimethylcthylmcthane, can be nitrated, though 
with difficulty, to yield a crystalline mono-nitroderivative of melting point 40® 
and boiling point 167,5®-167.8® C. at 748 mm. This substance has been proved 
by Markownikow' ^2 to possess the structure 

CH, 

CH,—C—CH(NO,)CH, 

CH, 

since, on reduction with alkaline stannous chloride, it yields the oxime of pina- 
coline, while reduction with tin and hydrochloric acid gives the corresponding 
j0-amine, a liquid of boiling point 101.5°-102.5® C. 2,2-Dimethylpentane (tri- 
methyl propylmethane) has also been nitrated to give 2,2-dimethyl-2-nitrop€n~ 
fane, of dj 0.9520, boiling point 89®-90° C. under 40 mm. pressure. It appears to 
be a general rule with hydrocarbons of this type that nitration takes place in 
such a way that the nitro-group becomes attached to the carbon atom next to the 
(CH 3 ) 3 C—group. 

Beilstein and Kurbatow obtained a nitro-compound by treating a crude 
American petroleum fraction boiling between 115® and 120® C. with nitric acid. 
The nitrated fraction boiling between 193® and 197® C. was found to correspond 
to the formula C 7 H 15 NO 2 . Konowalow nitrated n-heptane by heating it in a 
sealed tube with dilute nitric acid (of sp. gr. 1.075) at 125® to 130® C. A sec¬ 
ondary nitro-derivative, 2-nitroheptane, a liquid of boiling point 194®-‘196® C. and 
d®® 0.9306, resulted. This secondary nitroheptane appears to be identical with 
the compound of Beilstein and Kurbatow. 

1895, 28, 1852; Chem. Soc. Abs., 1895, 68 (1). 633; /. Russ. Phys. Chem. Soc.. 1893, 

25. 498. 

”7. Russ. Phys.'Chem. Soc., 1905, 37, 1119; Chem. Zentr., 1906, 1, 737. 

1899, 32, 1445; Chem. Soc. Abs., 1899, 76, (1), 554. 

** Maricownikow, Ber., 1900, S3, 1905; them. Soc. Abs., 1900, 78 (1), 469. 

**Ber., 1880. 13. 2028; Chem. Soc. Abs.. 1881, 40. 159. 

*•7. Russ. Phys. Chem. Soc., 1893, 25, 472; Chem. Soc. Abs., 1894, 66 (1), 265. 


CH, CH, 

I I 

CH.—CH-CH—CH. 
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According to Worstall,^* normal heptane is much more readily nitrated than 
n-hexane by boiling the hydrocarbon with nitric acid of specific gravity 1.42 to 
1.52. The product was said to consist of a primary nitroheptane (boiling at 193® 
to 196® C.), giving a nitrolic acid with nitrous acid, and readily reducible to a 
primary amine. A primary dinitroheptane, CH3(CH2)5CH(N02)2. was also 
obtained under these conditions. 

A study of the reactions of nitrogen pentoxide with benzene, bromobenzene, 
toluene, phenol, benzoic acid, m-dinitrobenzene, pyridine, triethylamine and other 
compounds by Haines and Adkins revealed that heptane was rapidly and quan¬ 
titatively nitrated at 0® C. The products of the reaction decomposed on distilla¬ 
tion at atmospheric pressure but a small amount of unidentified material which 
boiled at 130° to 180® C. at 25 mm. was obtained. 

Of the branched chain heptanes, an isohcptane from petroleum was found by 
Francis and Young-® to undergo nitration when refluxed with fuming nitric acid 
for two days. A crystalline trinitro-compound, of melting point 194° C., was 
isolated from the reaction mixture. Nitration of 2,4-dimethylpentane by dilute 
nitric acid (d. 1.11) in sealed tubes leads to the formation of the tertiary mono- 
and di-nitro-derivatives.2® The course of the nitration of 2,4-dimethylpentane is, 
therefore, as follows: 


CH, CH, 

I I 

CHnCHCHaCHCHa 


CH, CH, 


CHaCCHtCHCH, 

I 

NO, 


CH, CH, 


CHaCCHaCCH, 

I I 

NO, NO, 


2-nitro-2,4’dimethylpentane, 2,4-dinttro~2,4-dimethylpentane, 
b.p. 18r-182" C./742 mm. m.p. 8r-82" C. 

Nitration of tricthylmethane with nitric acid of specific gravity 1.075 at 120° C. 
yields 57 per cent of a tertiary nitro-compound and 43 per cent of a mixture of 
primary and secondary nitro-compounds.®® 

The nitration of n-octane has been the subject of a number of studies. 
Konowalow nitrated this hydrocarbon by heating it in a sealed tube at 130° C. 
with dilute nitric acid of specific gravity 1.075 and obtained a fair yield of the 
secondary nitro-compound, 2-mtrooctane, a liquid of boiling point 210®-212° C., 
and dj® 0.9201. On the other hand, Worstall reported the formation of primary 
mono- and di-nitrooctanes by boiling the hydrocarbon with nitric acid (specific 
gravity 1.42) and sulphuric acid. The use of fuming nitric acid (specific gravity 
1.52) resulted in extensive oxidation of the hydrocarbon. The primary mono- 
nitrooctafte was described by Worstall as a liquid boiling at 205° to 210° C., giving 
the nitrolic acid test and readily reducible to a primary amine. 

Francis and Young ®® noted the formation of a liquid nitro-compound on 
refluxing an isooctane fraction from petroleum with fuming nitric acid. Of the 
branched chain octanes, diisobutyl (2,5-difnethylhexane) is readily nitrated at 
105® to 110® C. by nitric acid (d. 1.075) to yield®* a mixture of nitro-compounds 
consisting mainly of the tertiary mononitro-compound, 2-nitro-2^-dimethylhexane, 
a yellowish liquid of boiling point 200®-202° C. and dj 0.9396. When this nitro- 


»Amer, Chem. J.. 1898, 20, 202; Chem. Soc, Abs., 1898, 74 (1), 346. 

” J.A.CS., 1925. 47. 1419; see Chapter 25 also. 

1898, 73, 928; Chem. Soc. Abs., 1908, 94 (1). 241. 

• Konowalow, J. Russ. Phys.-Chem. Soc., 1905, 37, 1119; Chem. Zentr., 1906, 1, 737. See also 
Chonin, ibid.. 1909, 41. 327; Chem. Zentr., 1909, 2, 587; Chem. Soc. Abs., 1909, 96 (1), 450. 

** Konowalow and Kotsina, J. Russ. Phys.-Chem. Soc., 1899, 31, 1027; Chem. Soc. Abs., 1900, 78 
(1). 324. 

Russ. Phys.-Chem. Soc., 1894, 25, 472; Chem. Soct Abs., 1894, 66 (1), 265. 

**Amer. Chem. 1898, 20, 202; Chem. Soc, Abs., 1898, 74 (1), 346. 

••J.C.S., 1898. 73, 928, 

*«Konowalow, Ber., 1895, 28, 1852; Chem. Soe. Abs., 1895, 68 (1), 633. 
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compound is further heated with dilute nitric acid at 120° to 125° C., the tertiary 
dinitro-compound, 2,5’-dinitro-2,5-‘dimetltylhexane, a crystalline solid of melting 
point 124°-i25° C., is produced. The nitration of this hydrocarbon can be repre¬ 
sented thus: 


CH, CH, 

I I 

CHaCHCH^CH^CHCH. 


CHa 


CH, 


CHaCCHaCHaCHCH, 

NO, 


CH, CH, 

ch.cch,ch,(!:ch, 


i!io. 


llo. 


Konowalow has shown that, simultaneously witli the formation of tertiary 
nitro-compounds, there is a slight tendency foV nitration to occur in otlier posi¬ 
tions. Under favorable conditions 83 per cent of the mononitro-derivatives of 
this hydrocarbon consist of the tertiary 2-nitro-compound and 17 per cent of the 
1-nitro- and 3-nitro-compounds. 

A solid trinitro-conipound (melting point ^l*® C.), derived from diisobutyl, 
was obtained by Francis and Young by refluxing the hydrocarbon with fuming 
nitric acid for two days. Markownikow also prepared a solid trinitro-com- 
pound, melting point 87°-88° C. (probably identical with the product of Francis 
and Young) and 4-}iwihyl-.^J,4-tnnitropCHtafie (melting at 95° C.) by the action 
of nitric acid of specific gravity 1.535. 

The nitration of a number of the higher paraffin homoiogues, including nonane, 
(Iccane, hendecane and dodccane, by heating with dilute nitric acid has been studied 
by Worstall.^^ Nottanc with nitric acid of specific gravity 1.08 gave a 70 per cent 
yield of mono- and di-nitro-dcrivatives, and a similar strength acid was used 
for nitrating dccanc, hritdecattc, and dodeemu*. The nitro-compounds were sepa¬ 
rated from unaltered hydrocarbons l)y conversion to their sodium derivatives, 
'riiesc were extracted with water, decomposed by carbon dioxide, and the nitro- 
coiniKumd extracted with ether. Worstall separated the mononitro- from the di- 
nitro-conipnunds by distillation with .steam. Nitrononane was a pale yellow oil, 
boiling at 2I5°-2I8° C. with considerable decomposition. The specific gravities of 
fiitroiiomnic, nitrodccanc and nitrohcmiccane were 0.9227 (17° C.), 0,9105 (15° 
C\), and 0.900] (15° C.), respectively. 

A number of branched chain higher paraffins have also been nitrated.”'** Thus 
2,6-dhncihyllicptauc is conveniently nitrated-at 120° C. with nitric acid of specific 
gravity 1.0/5, the chief product being the 2-mononitro-compound. This tertiary 
nitro-compound is a liquid, boiling point 113°-115° C. at 25 mm., and d° 0.9281. 
It is readily reduced to the corresponding amine by tin and hydrochloric acid. 
I'urthcr nitration ( with acid of specific gravity 1.11) of the mononitro-compound 
gives the 2,6-dinitro- (Or di-tertiary dinitro-) compound, a crystalline .solid of 
melting point 74°-74.5° C. The nitration of this branched chain nonane may be 
summarized as follows: 


CIl, CH, 

I I 

CILCIKCHObCIICH, 


CH, CH, 
CH:,(:(cn,),CHcn, 
NO, 


CH. CH, 
CH,C(C1!.).(!:' 

I I 

NO. NO, 


CII. 


The nitration of an analogous hydrocarbon, 2,7-dhnctliyloctane, has been stud¬ 
ied also by Konowalow. Hy nitrating with concentrated nitric acid the primary 

3-’ j Kuss. Snc.. l‘>()6, 38. 109. 124; Chrm. Soc. Ahx.. 1907. 92 Cl), I. 

Jiry., 1S99, 32, 1441; Clu'in. Soc. .4/nv., 1«‘H). 76 CO. 552. 

Chcuu J.. )S99, 21, 210. 2I«; Ch^m. Soc. .-Ihs.. 1S99, 76 (1). 399. 

»» KonowaU.w. J. Nuss. rhys.-Chem. Soc., 1906, 38. 109, 124; Chem. Soc. .4bs.. 1907, 92 (1), 
1; fVjriw. 1906, 2. 312 . 
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nitro-compound is obtained in an almost pure condition.*® Nitration by dilute 
nitric acid (specific gravity 1.075) produces a secondary (3- or 4-nitro) and a 
tertiary (2>nitro) mononitro-compound, and the tertiary dinitro-compound (i.e., 
2,7-dinitro-2^-dimethyloctane), a crystalline solid of melting point 101.5®-102® C 
Konowalow noticed that the nitration of this hydrocarbon was greatly facilitated 
by the removal of the nitro-compounds as formed and also by using nitric acid 
recovered from previous nitrations. Aluminum and bismuth nitrates, when heated 
in an open vessel with these hydrocarbons, nitrate them mainly to primary and 
secondary (1- and 3-) mononitro-compounds. In the nitratioa of 2,7-dimethyl- 
octane (diisoamyl) by dilute nitric acid in a sealed tube, the tertiary nitro-com¬ 
pound is always formed. Concentrated and fuming nitric acid produce oxidation 
as well as nitration. 

It is interesting to note that the aliphatic side chains in aromatic hydrocar¬ 
bons may be preferentially nitrated, i.e., without nitration of the aromatic nucleus, 
by the use of dilute nitric acid. Thus when o-xylene is heated at 110° C. with 
nitric acid of specific gravity 1.075, nitration of a side chain takes place with the 
formation of o-tolylnitromethane,^° a primary nitro-compound readily soluble in 
alkaline solutions, and possessing the formula 

Ach. 


k^CHiNO, 

Dilution of the nitrating acid with acetic acid instead of water has the same 
effect,*^ and, in general, the use of dilute nitric acid and higher temperatures 
directs the nitration process to the side chains in the benzene homologues. A 
number of other examples of this phenomenon have been recorded. For example, 
nitration of durene (1,2,4j5-tetramethylbemene) with benzoyl nitrate leads to 
nitration of one of the methyl groups.** Nitration of 1 ^-diphenylpropane gives 
the primary nitro-compound of the formula QH 5 CH 2 CH(C 8 H 5 )CH 2 N 02 , rather 
than a nuclear substitution. Similarly, mesitylene gives 1-nitro-l,3,5-trimethyl- 
benzene.** 


Nitration of Cyclopentani^ and Cyclohexane Hydrocarbons 

Like the paraffins, the five- and six-membered saturated hydrocarbon systems 
react with nitric acid. Dilute nitric acid at higher temperatures favors the for¬ 
mation of rtitro-compounds and more concentrated acid exerts an oxidizing action. 
Many of the cycloparaffins appear to be nitrated more readily than the correspond¬ 
ing paraffin hydrocarbons. For example, Heusler *® removed these cyclic hydro¬ 
carbons from a crude nonane fraction by dropping the latter into four times its 
volume of fuming nitric acid. The same method of removing cycloparaffins from 
paraffin hydrocarbons has been recommended by Ubbelohde,** but its general ap- 

** This appears to confirm the work of Worstall Hoc. cit.) on the nitration of the normal parafHns 
by strong actds in an open vessel. 

^Konowalow, /. Rusi. Phys.'Chem. Soc^ t90^ 37, 530; Chem. Soe. Abs., 1905, 88 (1), 762. 

« Konowalow and Gurwitsch, 7. Russ. Phys.-Chem. Soc., 1905, 37, 537; Chem. Soc. Abs., 1905, 
88 (1). 76.3. 

"Willstatter and Kubli, Ber., 1909, 42, 4152. 

“Konowalow and Dobrowolsky, /. Rusi. Pt^s.-Chem. Soe., 1905, 37, 551; Chem. Soc. Abs., 
1905, 88 (1). 764. See also, Konowalow and Dobrowolsky, J. Russ. Phys.-Chem. Soe., 1905. 37, 
547; Konowalow and Jatxewitsch, J. Russ. Phys.-Chem. Soe., 1905, 37, 542; Chem. Soc. Abs., 1905, 
88 (1). 763. 

“Konowalow, Ber., 1895, 28,. 1862; J. Russ. Phys.-Chem. Soc., 1899, 31, 256; Chem. Zentr., 
1899. 1, 1238. 

1897, 30, 2747. 

“Unpublished thesis, l^rlsruhe, 1910, 1912. See Engler-Hofer, “Das Erdol,** S. Hirael, Leipzig, 
1913, 1, 285. 
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plication is doubtful. Of the naphthenes, the cyclopentane homologues seem to 
be more readily nitrated than the corresponding cyclohexanes. Fuming nitric 
acid reacts violently with some cycloparaffins at temperatures above 0® C. to 
form oxidation products.^^ Good yields of dicarboxylic acids may be obtained 
by the oxidation of cycloparaffins with concentrated nitric acid. 

In the nitration of the cycloparaffin hydrocarbons, primary, secondary, and 
tertiary nitro-compounds are formed, though the latter usually constitute the main 
product, whenever possible. 

The nitration of a cyclopentane fraction of Caucasian petroleum, boiling point 
50°-51® C., is reported by Markownikow to yield a secondary hitro-compound 
as well as a large proportion of glutaric acid.* No details of the conditions of 
nitration were supplied by. Markownikow but, in all probability, fairly strong 
nitric acid was employed. The nitrocyclopentane was readily reduced to an amine. 

The nitration of methylcyclopentane has been investigated. Fuming nitric 
acid of specific gravity 1.55 acts only slowly on this hydrocarbon if the tempera¬ 
ture is kept low, but at temperatures above 0® C. a violent reaction takes place 
with the production of acetic acid, carbon dioxide, and other oxidation products. 
Nitrosulphuric acid is without action on this hydrocarbon in the cold.*® Methyl- 
cyclopentane can be nitrated at 115® to 120° C. by nitric acid of specific gravity 
1.075 to yield,®® as the main product, the tertiary nitro-compound, l-nitro-l-methyU 
cyclopentane. An isomeric secondary nitro-compound, 2-nitro-l-methylcyclopen~ 
tone, is simultaneously formed,*®' ®^ and may be separated from the tertiary 
compound by means of its solubility in aqueous alkali. Both nitro-compounds are 
readily reduced to the corresponding amines by tin and hydrochloric acid. Suc¬ 
cinic and a-methylglutaric acids are also formed during the nitration of the 
hydrocarbon. The nitration of methylcyclopentane may be summarized as follows: 


CH. 


CH. 
i—NO. 

ch.\:h. 

I I 

CH.—CH, 


J:h 

CH. CH, 
<!:Hr-^H. 

\ 


CH, 


:h 


cil.\HNO. 

(!:h.-(!:h. 


tertiary nitro-compound, secondary nitro-compound, 
b.p. 92® C. at 40 mm. b.p. 99® C. at 40 mm. 


From the products of the action of nitric acid (of sp. gr. 1.38) upon a 
fraction of Caucasian petroleum, boiling between 95® and 100® C., Beilstein and 
Kurbatow®- isolated a compound, CeHnNO^, boiling at 210® to 215® C. This 


« Markownikow, Ann,, 1899, 302, 15; Chem. Soc. Abs., 1899, 76 (1), 22; Ann., 1899, 307. 335; 
Chem. Soc. Ahs.. 1899. 76 d). 799. 

1897. 30. 974; Chem. Soc. Ahs.. 1897. 72 (1). .129. 

•Markownikow, Ann., 1899, 307, 335; Chem. Soc. Abs., 1899. 76 (1), 799; Ber., 1895, 28, 1236. 
J. Russ. Phys.-Chem. Soc., 1899, 31, 214; Chem. Zentr., 1899, 1, 1211. 

•The nitration of methylcyclopentane can also be effected by dilute nitric acid at 100* C. according 
to Kishner, /. prt. Chem., 1897, 56 (2), 369. 

"See Nametkin, /. Russ. Phys.-Chem. Soc., 1911, 43, 1603; Chem. Soc. Abs., 1912, 102 (1), 
175. 


•Ber.. 1880, IS, 1818; Chem. Soc. Abs., 1881, 40, 159. 
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compound is identical with nitrocyclohexane, later' investigated and described by 
Markownikow.®* 

Cyclohexane is practically unaffected by the usual nitrating mixture of nitric 
and sulphuric acids (nitrosulphuric acid) in the cold, while it is okidized by con¬ 
centrated nitric acid with the production of adipic acid. The hydrocarbon may 
be successfully nitrated by Konowalow’s method, using dilute nitric acid at 
temperatures above 100® C. The product is nitrocyclohexane, a colorless liquid 
of boiling point 109.5° C. at 40 mni., and d^ 1.0853.®® According to Nametkin,®® 
this nitro-compound is not an intermediate compound in the oxidation of cyclo¬ 
hexane by nitric acid to adipic acid since the latter is formed from cyclohexane 
more readily than from the nitro-derivatives. Nametkin considers that the inter¬ 
mediate compound in the oxidation reaction is an »unstable isonitrocyclohexane 
which is immediately converted partly into the stable nitrocyclohexane, and partly 
into an aldehyde (or ketone, according to the nature of the hydrocarbon). The 
latter product then undergoes further oxidation to the corresponding acid. The 
application of Nametkin’s mechanism to the case of cyclohexane may be repre¬ 
sented as follows: 


CHa 

H.C 


UNO:, 


CHa 

/\ 

HaC C=NOaH 

I I 

HaC CHa 


CHa 

/\ 

HaC CHNOa 
HaC CHa 


HaC 


\ / 

\ / 

CH, 

CH, 

1 

nitrocyclohexane 

Y 

CH, 


/\ 


: c-=o 

1 1 _; 

^ oxidation 

: CH, 

products 


\h. 


Nametkin has shown that the nitration of cyclohexane can be carried out by 
using, instead of nitric acid, fused aluminum nitrate, Al( N 03 ) 3 . 9 HoO, as the 
nitrating agent. At temperatures above its melting point, this salt supplies an 
equilibrium concentration of nitric acid which is maintained constant at any 
particular temperature as long as any unhydrolyzed nitrate remains in the system. 
By heating cyclohexane at 115° to 120° C. with about 3 parts by weight of 
aluminum nitrate a considerably greater yield (i.e., 56 per cent) of mononitro¬ 
compound was obtained than when dilute nitric acid was used as the nitrating 
medium. Cyclohexanone, possibly a nitrocyclohexanone, and a dinitrodicyclohexyl 
(melting point 216.5°-217° C.) were produced, in addition to mononitrocyclohex- 
ane, by this method of nitration. 

Methylcyclohcxane is vigorously oxidized by fuming nitric acid and acid of 
lower concentration both nitrates and oxidizes it. The hydrocarbon is scarcely 
affected by nitrosulphuric acid at 70° C. in sealed tubes or at 80° C. in open 
vessels.®^ Nitration of this hydrocarbon by acid of specific gravity 1.2, produces 

1898, 302, 15; Chem. Soc. Abs., 1899, 76 (1), 22. 

M.irkownikow. Ann.. 1H98, 302, IS; Chvm. Soc. Abs., 1899, 76 (1), 22. 

kuss. Fhys.’Chem. Soc., 1908, 40, 1570; Chem. Soc. Abs., 1909, 96 (1), 93; Ber., 1909, 
42. 137J. 

Russ. Phys.-Chem. Soc., 1910, 42, 581; Chem. Soc. Abs., 1910, 98 (1), 829. 

Markownikow, /. Russ. Phys.-Chem. Soc., 1903, 35, 1033; Chem. Zentr., 1904, I, 1345; Ann., 
1905, 341. 130. • 
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three isomeric mononitro-compounds, including a primary, secondary, and a ter¬ 
tiary product, with about a 58 per cent yield. Nametkin ®” found that the yield 
of nitration products may be increased to 72 per cent by the use of fused aluminum 
nitrate as a nitrating agent. The constitution and physical constants of the three 
mononitro-compounds are as follows: 


CH, 

i-NO, 

H.C^ \h. 


H.C CH. 


tertiary nitro-compound 
(b.p, 109“-110“ C 
at 40 mm.) 


CH, 


CH 

/\ 

H,C CH, 
H,C CHNb, 


secondary nitro-compound 
(b.p. n9MiO"C. 
at 40 mm.) 


CH,NO, 

I 

CH 

/\ 

H,C CH, 


H,C CH, 


primary nitro-compound 
(b.p. 98" C. at 10 mm.) 


The tertiary nitro-compound, which may be separated from the isomeric pri¬ 
mary and secondary products by the solubility of the two latter in aqueous alkalies, 
may be readily reduced to an amine by tin and hydrochloric acid. 

Little is known of the nitration products of the homologues of Cyclohexane. 
Nitration products boiling between 123® and 126® C. were obtained by Putochin 
by the action of nitric acid on an i.sooctanaphthene, of unknown configura¬ 

tion from a fraction of Caucasian petroleum boiling between 122° and 125° C. 
1,2,4-Trimethylcyclohexane can be nitrated 1^ heating with five times its volume of 
dilute nitric acid (sp. gr. 1.075) in a sealed tube at 120°-130° C. The products 
consist of a mixture of secondary and tertiary nitro-compounds, readily separated 
by the usual means.®® The tertiary nitro-compound, described as a colorless liquid 
boiling at 128°-130° C. at 40 mm., is reduced by zinc and acetic acid to yield 
an amine and a ketone. 

When p-menthane is nitrated by dilute nitric acid (sp. gr. 1.075) at 110° C., 
a mixture of mononitro-compounds is formed consisting of about 71 per cent of 
tertiary compound and 29 per cent of primary and secondary products. A ter¬ 
tiary dinitro-compound is also produced.®^ The nitration of p-nienthane may be’ 
repre.sented as follows: • 


CH, 

H,C'^ \h. 

I I 

H.C CH, 

L 

\ 

CH, 


71 % 


H,< 


/ 


CH, 

I 

CH 

/\ 

H,C CH, 

I I 

H,C CH, 

I 

c-Na 

/\ 

H,C CH, 
tertiary mononitro¬ 
compound 


and 


CH, 

I 

C—NO, 

H,C‘^ \h, 

I ! 

H,C CH, 

\ / 

CH 

I 

C-NO, 

/\ 

H,C CH, 
tertiary dinitro- 
compound 


«/. Russ. Phys. Chetn. Soc., 1910, 42. 691; Ckem. Sac. /tbs.. 1910. 98 H), 830. 

"See Markownikow, /. Russ. Phys.-Chem. Soc., 1884, 16, 296; Bcr., 1885. 18. Ref. 186. 

" Konowalow. J. Huss. Phys.-Chem. Soc., 1893, 2$, 390; Bet., 1893, 26, Ref, 878; Chem. Soc. Abs., 
1894. 66 (1). 159. 

Konowalow and Jebenko, J. Russ. Phys.-Chem. Soc., 1899, 31. 1027; Chem. Soc. Abs., 1900, 
78 (I), 324; /. Russ. Phys.-Chem. Soc., 1906, 38, 449; Chem. Soc. Abs.. 1907, 92 (1), 203. 
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Both the tertiary mono- and di-nitro-derivatives may be readily reduced to 
the corresponding amines. 

The nitration of a dintcthylethylcyclohcxane by dilute nitric acid (sp. gr. 
1.075) at 120° to 125° C. was investigated by Markownikow and Rudewitsch.**^ 
The product is a mixture of tertiary and secondary nitro-compounds, both of 
which are readily reduced to the corresponding amines by tin and hydrochloric 
acid. Nitration of this decanaphthene at water-bath temperature by nitric acid 
of specific gravity 1.41 also resulted in the production of mono- and di-nitro- 
compounds. 

Engler and Halmai nitrated a nonanaphthene fraction boiling at 132° to 
137° C. from a cylinder oil from Baku. They obtained a mononitrononanaphthene 
boiling with decomposition at 220° to 226° C. and having a specific gravity at 
18° C. of about 1.02. The configuration of this compound was not determined. 
They also nitrated a decanaphthene fraction from the same source having a boil¬ 
ing range of 158° to 165° C. The mononitrodecanaphthene, CioHjgNO^, formed 
had a specific gravity of 1.0354 at 18° C. and boiled at 112°-120° C. at 12 mm. 
This compound was identical with the tertiary nitro-compound obtained earlier 
by Engler and Routala on nitrating a decanaphthene found in the products of 
polymerization of amylene with aluminum chloride. Steinkopf and Freund also 
isolated what appeared to be this same compound on nitrating a fraction (b.p. 
165°-172° C.) of turpentine cracked with aluminum chloride. 

Properties of Nitro-Compounds of Paraffin and Cycloparaffin Hydro¬ 
carbons 

Three main types of nitro-compounds exist, namely, primary, secondary, 
and tertiary compounds having the following characteristic groupings: 


—CH,NO, 
primary 


>CHNa 

secondary 



The first two are soluble in aqueous (or alcoholic) alkali solutions, in which 
the tertiary compou^s are insoluble. This solubility is associated with the con¬ 
version of primary and secondary nitro-compounds into the tautomeric acidic 
form, the alkali salts of which probably possess the structures,®® 


O 

// 

—CH=N 

^ONa 
primary pseudo- 
acid form 


and 

^ '^ONa 
secondary pseudo¬ 
acid form 


From a practical standpoint, the primary and secondary nitro-compounds are 
readily differentiated by their behavior towards nitrous acid. When a primary 
nitro-compound is treated with an alkaline solution of sodium nitrite, and the 


«/. Russ, Phys.-Ckem, Soc., 1893, 25, 385; 1898, 38, 586; Ckem. Soc. Abs,, 1899, 76 (1), 581. 
1910, 43. 397; Chsm, Abs„ 1910, 4, 1167. 

1909, 42, 4613; Chsm, Soc. Abs., 1910, 98 (1), 2. 

•»Ber., 1914, 47, 411; Chem. Soc. Abs., 1914, 106 (1), 304. 

••Nef, Ann., 1892. 270. 331; 1894. 280. 263; Chem. Soc. Abs., 1895. 68 (1), 3. Some of the 
primary nitro-compounds of the higher paraffins are only slowly soluble in aqueous potassium 
hydroMde (Worstall, Amsr. Chsm. J., 1899, 21, 210, 218; Chem, Soc. Abs., 1899, 76 (1), 399). 
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resulting solution just acidified, a nitrolic acid is formed, the alkali salts of which 
are red in solution. Under similar circumstances secondary nitro>compounds fur¬ 
nish pseudonitroles, which are blue in solution. These reactions are represented 
as follows: 


RCH,NO. 

I (+ HONO) 

NO, 

/ 

RC 

\oH 

nitrolic acid 


R. 

\;hno. 


(+ HONO) 


R. NO. 

V 

R,'^ \o 

pseudonitrole 


The mononitro-compounds of paraffins and cydoparaffins are usually color¬ 
less liquids of fairly high boiling point. Some of the dinitro- and a few trinitro¬ 
compounds are crystalline solids. While tertiary mono- and di-nitro-compounds 
are very readily reduced by tin and hydrochloric acid, for example, to the corre¬ 
sponding mono- and di-amines, the primary and secondary nitro-compounds are 
reduced to the oxime of the corresponding ketone or aldehyde, evidently by reduc¬ 
tion of the pseudo-acidic form of the nitro-compound. The relative proportions 
of the products (i.e., amine or ketone) depend to some extent upon the conditions 
of reduction. Thus, Markownikow noted that the secondary nitro-compound 
of trimethylethylmethane, having the formula 


CHr 


CH, NO, 


:hch. 


CH, 


is readily reduced to the corresponding secondary amine by tin and hydrochloric 
acid. Reduction by alkaline stannous chloride, on the other hand, yields an oxime 
which can be hydrolyzed to a ketone. According to Konowalow,®* reduction of 
the secondary nitro-compounds of n-hexane by zinc and acetic acid yields a mix¬ 
ture of /8-hexylamine and methyl butyl ketone. These reactions may be repre¬ 
sented in the following manner: 

reduction 

CH,CH(NO.)CH,CH,C3I,CH. —CH,CH(NH,)CH.CH.CH,CH, 

\ 

CH,CCH,CH,CH.CH, —>■ CH.COCH.CH.CH.CH. 

i[o.H 


The primary nitro-compounds derived from n-hexane and octane, described by 
Worstall,®® appear to be quite readily reduced to the corresponding primary 
amines. On the other hand, the primary nitro-compound of 2,7-dimethyloctane 
(i.e., l-nitro-2,7-dimethyloctane) prepared by Konowalow,^® was reduced by tin 
and hydrochloric acid to a mixture of the corresponding primary amine and the 


”Ber., 1899, 32, 1445; Chem. Soe. Abs., 1899, 76 (1), 554. 

**/. Russ. Phys.-Chem, Soe., 1894, 2S, 472; Chem. Soc. Abs., 1894, 66 (1), 265. 
^Amer. Chem. 1898, 20, 202; Chem. Soc. Abs., 1898, 74 (1). 346. 

»•/. Russ. Phys.-Chem. Soc., 1906. 38, 109, 124; Chem. Soc. Abs., 1907, 92 (1), 1. 
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aldehyde, CH 3 CH(CH 8 )CH 2 CH 2 CH 2 CH 2 CH(CH 3 )CHO. The secondary nitro¬ 
compound of the same hydrocarbon (3- or 4-nitro-2,7-diniethyloctane) is reduced 
under similar circumstances to the corresponding secondary amine together with 
a small amount of a ketone, boiling point 190°-192° C. 

The tertiary nitro-derivatives of cyclopentane and cyclohexane honiologues 
are also easily reduced to the corresponding amines, though some of the secondary 
compounds yield only derivatives of the corresponding ketone. Thus, nitrocyclo- 
hexane, on reduction with tin and hydrochloric acid, gives cyclohexanone and its 
condensation products. On the other hand, both the tertiary and secondary nitro- 
methylcyclopentanes are converted largely to the corresponding amines on reduc¬ 
tion with tin and hydrochloric acid.^^ 

Nitro-Compounds of Petroleum and Their Applications 

Frasch produced a brown powdered dyestuff by nitrating crude petroleum, 
its distillates, or residues. The petroleum is subjected to the action of a mixture 
of 3 parts of sulphuric and 1 part of nitric acids until all the aromatic hydrocar¬ 
bons, olefins, naphthenes, and unsaturated hydrocarbons in the oil are taken up in 
the acid mixtiTre. The acid layer, which contains the aromatic hydrocarbons and 
tarry substances, is allowed to separate and is withdrawn. This acid mixture is 
then heated at 60° to 80° C. to effect conversion of the hydrocarbons to nitro- 
and oxidized products. The free acid is removed by washing with cold water. 
The soluble nitro-compounds are extracted with water and neutralized with cal¬ 
cium carbonate or oxide, which converts the nitro-compounds into soluble i^nd 
insoluble calcium salts. The insoluble calcium salts are separated by filtration 
and may be converted to soluble salts by reaction with sodium, potassium, or am¬ 
monium carbonate. The soluble dye.stuff thus formed is precipitated from the 
solution by the addition of hydrochloric acid or sodium chloride. This is a brnwii 
resinous material which can be pulverized. It is only slightly soluble in cold 
water but readily soluble in hot water, acetone, and glycerol. The solution of 
tlie soluble calcium salt, obtained in the above procedure, may be treated with 
hydrochloric acid or sodium chloride to precipitate a soluble yellow or reddish- 
brown dye which can be applied to silk or wool. Nitro-compounds of “petro- 
cenes”, the high-boiling hydrocarbons found in the redistillation of petroleum 
residues (see Chapter 6), have been described by Zaloziecki and Gans.^* 

Petroleum distillates, boiling between 270° and 380° C. and of specific gravity 
0.87 to 0.96, were nitrated by Edeleanu and Filiti with a mixture of concen¬ 
trated nitric and sulphuric acids. The products were precipitated from the acid 
by the addition of water. The distillates, before nitration, can be freed from 
resinous materials by treatment with small quantities of sulphuric acid. These 
nitro-compounds, they stated, could be used as substitutes for camphor in the 
manufacture of celluloid and in the preparation of lacquers, varnishes, and brown 
to black substantive dyes. Freund treated various Borislaw petroleum fractions 
in this way. He nitrated 1 part of the distillates with 3 parts of a mixture of 
concentrated nitric and sulphuric acids. Yellow or reddish-brown powders con- 

Nametkin, J. Russ. Phys.-Chem. Soc., 1911, 43, 1603; Chem. Soc. /lbs., 1912, 102 (1), 175. 

U. S. Patent 519,036, May 1, 1894; assigned to Grasselli Chemical Co.; Chem. Ztg., 1895, 831. 
German Patent 84,626, 1893; Chem. Zentr., 1896, 1, 1040. 

LJ. S. Patent 518,989, May 1, 1894; assigned to Grasselli Chemical Co.; German Patent 84,626, 
1893; Z. angew. Chem., 1896. 9, 89; Chem. Ztg., 1896, 94. 

'*Chem. Ztg., 1900, 24. 553; Chem. Soc. Abs., 1900. 78 (1). 593. 

” British Patent 9,416, 1902: J.S.C.I., 1903, 22, 621. German Patent 154,054, 1902; Chem. 
Zentr.. 1904, 2, 1177. French Patent 320,618; Austrian Patent 23,571. Bull. soc. chim., 1900, 23 
(3). 382. See also U.*S. Patent 745.802, Dec. 1, 1903, and Edeleanu, Compt, rend, du II congres 
de parole & Lidge, 1905; Naphtha, 1905, 13, 299. 

^*Z. angevf. Chem.. 1912, 2S, 1058; Chem. Abs., 1912, 6. 2520. 
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taining: from 6.8 to 8.5 per cent of nitrogen were obtained. A brown powder 
containing 6.80 per cent nitrogen and corresponding to the formula CnHiTNOg 
was one of these products. Brown substantive dyes could be made by heating 
these with alkalies.” Freund also prepared brown to violet-brown sulphur dyes 
by heating these nitro-compounds with sulphur and alkalies. 

The nitration of high-boiling American and Russian petroleum fractions dis¬ 
solved in an equal volume of benzine was carried out by Marcusson.^® By treat¬ 
ing vsuch solutions with three volumes of nitric acid (specific gravity '1.52) 
characteristic yellow dinitro-compounds, containing from 6.5 to 7.5 per cent 
of nitrogen, were obtained. These were slightly soluble in petroleum ether, 
partially soluble in alcohol, and dissolved completely in acetone or benzene. 
Their potassium salts, made by warming the nitro-compounds with alcoholic 
potassium hydroxide solution and evaporating the alcohol, were dark-brown in 
color and soluble in water; the original nitro-compounds were insoluble in water. 

Although the nitration of aromatic fractions of petroleum is outside the scope 
of this book, nevertheless the importance of these compounds deserves at least 
cursory mention. The production of TNT from toluene-containing fractions 
has already been stressed in Chapter 1. Mizuta/^’ prepared mono- and di-nttro- 
toluenes in good yield from aromatic fractions of Japanese gasolines. The 
relative yields of secondary and tertiary nitro-derivatives obtained on nitration 
led Nametkin and Nifontova®‘* to believe that paraffin wax contains about 25 to 
30 per cent of isoparaffins. From a Grozny and an American paraffin wax they 
obtained a tertiary nitrate (C 24 H 49 NO 2 ) melting at 29*^ C., a secondary nitrate 
('C. 4 H 40 NO.,) melting at 45° to 48° C., and an oil consisting of a dinitrate 
{c:,H4h(n6,),). 

Forrest and Meigs obtained resins by treating a distillate from the destruc¬ 
tive distillation of asphalt, asphaltic petroleum or materials such as gilsonite with 
nitric acid of specific gravity 1.42. Because of the great reactivity of the 
unsaturated bodies formed in the destructive distillation of these carbonaceous 
materials the addition of nitric acid must be made with caution. Forrest and 
Meigs recommended that the volume of acid added to the oil at any one time never 
be more than 1 part to 2500 parts of oil. In carrying out the preparation, the 
oil is heated to about 93° C, and the temperature during the re.action is main¬ 
tained below 104° C. The reaction is stopped when 1 part by volume of acid has 
been added to 2 parts by weight of the oil. Light yellow semi-solids are ob¬ 
tained, the hardness of which depends upon the hydrocarbon fraction used. With 
a fraction boiling between 204° and 316° C., for example, a resin of medium 
hardness was formed. A lower-boiling fraction from the decomposition of 
gilsonite gave a viscous oil similar in properties to nitrated castor oil. These 
nitro-resins have been suggested as additions to pyroxylin compounds, for ex¬ 
ample. in the preparation of lacquers, leather dressings, and artificial leather. 

.Similar resinous products have also been obtained by treating related materials 
with nitric acid.'*^ In this manner Day,®"* lor example, used powdered gilsonite, 

” See Kdeleanu and Filiti, German Patent J59,428, 1902; Chem. Zenir., 1905, I, 1199. 

” C/icm. Zig., 1911, 35, 742. 

Soc. them. Jnd., Japan, 1932, 35, Suppl. binding 519; ibid., 1933, 36, Suppl. binding Il7-n8; 
Chem, Abs., 1933. 27, 1492, 2792. The mechanism of nitration of benzene has been discussed by 
Tronov and Laduigtna, Ukrain. Khcm. Zhur., 1932, 7 (1), 55; Chem, Abs., 1933, 27, 1620. ATanufac- 
ture of aromatic nitro-compounds from petroleum is described by Ihrig, U. S. Patent 1,838.311, Dec. 
29, 1931; Brit. Chem. Abs. B, 1932, 1072. 

•“y. Appl. Chem., Russia, 19.U, 6. 248; Brit. Chem. Abs. B. 19.t.3. 692. 

U. S. Patent 1,305,790, June 3, 1919; assigned to Barber Asphalt Paving Co.; Chem. Abs., 
1919, 13, 2140. 

** For a more complete and detailed discussion of these nitro-resins sec Ellis, “Synthetic Resins 
and Their Pla.stics,” Chemical Catalog Co., Inc., New Vork, 1923, 320. 

“U. S. Patent 967,337, Aug. 16. 1910; Chem. Abs., 1910, 4, 3015. 
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grahamite, and albertite. Tar mixtures also were used by Flexer ** in making 
a material resembling asphalt. 

Charbonneaux nitrated various hydrocarbon oils, particularly California 
crude oils, with 5 to 10 per cent of concentrated nitric acid. Several layers were 
formed on cooling, one of which consisted of a heavy tarry substance insoluble in 
nitric acid and alcohol, while another was a brown sticky material also insoluble 
in nitric acid but soluble in alcohol. These substances, which are both nitrated 
and oxidized products, can be incorporated in liquid fuels. For example, 1 to 3 
parts of the resin are added to 100 parts of alcohol and 20 parts of ether. 

The preparation of a motor fuel containing amino-compounds and of high 
anti-detonating properties has been‘described by Ellis.®® The distillates obtained 
by cracking the higher-boiling petroleum fractions under pressure are subjected 
to the action of concentrated nitric acid and the nitro-compounds thus formed 
are subsequently reduced by the action of iron and dilute sulphuric acid. Nitra¬ 
tion and purification of the distillate may be simultaneously effected by employing 
a mixture of nitric and sulphuric acids. In addition to acid reduction with 
metals such as iron, alkaline reduction by zinc or aluminum and a solution of 
sodium hydroxide is also effective. 

The nitration of an octane fraction of petroleum to furnish a crude niononitro- 
compound capable of being used as a solvent for cellulose derivatives and resins, 
has been described by Hopkins.®^ Fourteen hundred parts of an octane fraction 
of petroleum, boiling range 125° to 130° C., are mixed with 1000 parts of 94 per 
cent aluminum nitrate ®* and 600 parts of 68 per cent nitric acid and the mixture 
heated to 130° to 140° C. in an oil bath. Hydrocarbon, nitric acid, and water distil 
off and the hydrocarbon is condensed and returned to the mixture. The resulting 
950 parts of reaction mixture are steam-distilled, yielding 370 parts of crude 
mononitro-compound, and 580 parts of unchanged hydrocarbon. 

The nitration pf non-benzenoid substances, such as petroleum fractions which 
contain hydrocarbons having from six to twelve carbon atoms, yield materials 
which can be mixed with alcohols and benzene to form solvents for nitrocellu¬ 
lose.®®* Nitrated products lower the ignition and flash points of petroleum dis¬ 
tillates. The compounds used for this purpose are obtained by the nitration of 
aromatic hydrocarbons such as benzene or toluene, or by the nitration and distil¬ 
lation of kerosene distillates.*®’’ 

Action of Nitrosyl Chloride and Chromyl Chloride on Saturated 

Hydrocarbons 

The photochemical reaction of nitrosyl chloride with n-heptane (from Pinus 
jeffrcyi) has been investigated by Lynn and Hilton*® with the following results: 
Ppre heptane was saturated with nitrosyl chloride and the resultant reddish-brown 
solution, though unchanged in the dark for weeks, gradually became blue under 
the influence of sunlight. Simultaneously with the appearance of the blue color, 

^Austrian Patent 74,127; Kunststoffg, 1921, 2, 12; German Patent 332,634. 1918; J.S.CJ,, 
1921, 40. 349A. . » , 

•»U. S. Patent 1,480,372, Jan. 8, 1924; Ckem. Abs.. 1924, 18, 895. 

**U. S. Patent 1,867,814. July 19, 1932; asaiKned to Ellis-Foster Company. 

”\J. S. Patent 1,588,027, June 8, 1926; assigned to Standard Oil Development Co.; Brit. Chem. 
Abs. B, 1926, 721. 

**Tlie use of aluminum nitrate in the nitration of saturated hydrocarbons (e.g., cyclohexane) has 
been described by Knnowalow (/or. ctV., 1906), and Nametkin (J. Russ. Phys.-Chetn. Soc.. 1910. 42. 
581: Chetn. Soc. Abs., 1910. 98 (1). 829), 

*** Hopkins and Buc, U. S. Patent 1,694,097, Dec. 4, 1928; assigned to Standard Oil Development 
Co.: Brit. Chem. Abs. B« 1929, 366. 

“teWingett, U. S. Patent 1,185,747, June 6, 1916; J.S.C.L, 1916, 35, 828. 

^^^J.A.C.S., 1919, 41, 368; 1922, 44, 645; see also, Kremers, J. Amer. Pharm. Assoc., 1920, 9, 
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which was probably caused by the production of a nitroso*compound, ammonium 
chloride was deposited. The blue color quickly disappeared spontaneously and 
the resulting turbid liquid gradually deposited a yellow oil which sank to the 
bottom of the container and evolved a yellow gas containing 75 per cent hydrogen 
chloride and 2.5 per cent nitric oxide. Fifty grams of this oil were steam- 
distilled, yielding much hydrogen chloride together with 30 grams of an oil having 
a fragrant odor, and some hydroxylamine. From the boiling points and refractive 
indices of the fractions obtained by distilling this oil, it was concluded that it 
contained a mixture of three ketones—methyl amyl ketone, dipropyl ketone, 
and ethyl butyl ketone, derived from the heptane, with a preponderating propor¬ 
tion of the dipropyl ketone. The production ot this latter ketone and its oxime 
was subsequently substantiated. The following reactions were believed to take 
place: 

CtHi. + NOCl —CtHuNO (blue) + HCl 
C,H«NO (blue) —^ GHi4=-NOH (oil) 

C,Hi/=»NOH + H,0 —^ GHuO + NHtOH 

The reaction therefore proceeds through the intermediate production of a 
blue nitroso-compound which then isomerizes to the oxime of a ketone. Hydrolysis 
of this oxime yields the free ketone. Lynn and Hilton found, by experiments 
with ultraviolet radiation and working at different temperatures, that the forma¬ 
tion of the blue nitroso-compound takes place both in sunlight and in ultraviolet 
light at temperatures up to 80® C. For some reason, however, the less refrangible 
rays are necessary to effect the conversion of the nitroso-compound into the 
oxime. 

Recent work by Kester, Looker, and Hass on the action of nitrosyl chloride 
with butane both in the liquid and gaseous phases and under the influence of sun¬ 
light, artificial light, heat, and catalysts has demonstrated that at least three types 
of reactions take place: (1) Chlorination, which is the predominating reaction. 
Polychlorides prevail over the monochlorides among the products. (2) Oxidation. 
Notable proportions of fatty acids are formed in this reaction, the principal one 
being butyric, though propionic and acetic in measurable quantities were also 
obtained and the presence of formic was indicated. (3) Nitrosation. No oxime 
of either butyraldehyde or methyl ethyl ketone was isolated and identified but 
methyl ethyl ketone itself was found in both the upper and lower layers of the 
reaction product. The amounts of it, however, were at all times small. 

The lower layer of the reaction product consisted in the main of strong 
aqueous hydrochloric acid saturated with ammonium chloride in addition to such 
water-soluble ingredients as methyl ethyl ketone, fatty acids, and doubtless other 
unidentified products in small amounts. Ammonium chloride precipitated during 
the course of the reaction, together with small amounts of hydroxylamine hydro¬ 
chloride, which was isolated. The upper layer contained unreacted butane, 
chlorobutanes, methyl ethyl ketone, and fatty acids in addition to small propor¬ 
tions of by-products not identified. The presence of lacrimatory substances was 
very noticeable. They may have been, and probably were, chlorinated ketones. 

The action of chromyl chloride, CrOgClg, on alkylbenzenes has been studied. 
The reaction, investigated by Etard®^ and by Miller and Rohde,®* yields oxy¬ 
genated derivatives. In general, the methylbenzenes produce the corresponding 
aldehydes, while hydrocarbons with longer side chains usually yield ketones and, 

** Private communication from E. B. Kester. 

*^Ann, ckim, pkys., 1881, 22 (5), 218; Ckem, Soc. Abs., 1881, 40. 581. 

1890, 23, 1070; Ckem, Soc, Abs., 1890, SO. 978. 
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in some cases, the corresponding aldehyde. Thus ethylbenzene and chromyl 
chloride yield acetophenone and an oil which combines with sodium hydrogen 
sulphite and probably consists of phenylacetaldehyde and benzaldchyde. Similarly 
p-cymene is oxidized by chromyl chloride to an aldehyde and a ketone, p-tolyl 
ethyl ketone. 

Little work has been reported on the action of chromyl chloride on non^ 
benzenoid hydrocarbons, but, here again, oxidation to ketones also appear to take 
place. Etard obtained a chloroketonc by the action of this reagent on hexane, 
and Schulz subjected a number of light Boryslaw petroleum fractions to the 
action of chromyl chloride and obtained a mixture of ketones, which were not 
identified. 


Application of Friedf.l-Crafts Reactions to Paraffin and Cycloparaffin 

Hydrocarbons 


One of the most interesting and important developments in the chemistry 
of the saturated non-benzenoid hydrocarbons is the application of the Fricdel- 
Crafts reaction not only to cycloparaffins, such as cyclopentane and cyclohexane, 
but also to straight chain paraffins. Formerly such reactions were considered to 
appl^ solely to aromatic substances. The investigation of the catalytic effects of 
metallic halides on the saturated non-benzenoid hydrocarbons is still in the initial 
stages. The evidence available definitely indicates, however, that changes are 
effected with non-benzenoid hydrocarbons by these reagents bui not nearly as 
readily as with aromatic compounds. The importance of these reactions lies 
in the possibility of converting saturated hydrocarbons directly into ketones by 
reaction with acid chlorides, or with carbon monoxide under pressure, in the 
presence of aluminum chloride. 

The fact that some naphthenes are capable of undergoing certain types of 
Friedel-Crafts condensations appears to have been noticed as early as i899 by 
Zelinski.^® He reported the production of various ketones by treatment of frac¬ 
tions of Baku gasoline (rich in cycloparaffin hydrocarbons) with acetyl chloride 
in the presence of aluminum chloride. For example, two isomeric ketones of the 
formula QHiiCOCHg (presumably derivatives of cyclohexane ami mcthylcyclo- 
pentane, respectively) were obtained in this way from the fraction of Baku gaso¬ 
line of boiling point 80'’-82® C, Similarly, ketones of the formulas C-H,,.,COCH3 
and QH15COCH3 were prepared from the fractions boiling at 100®-102® C. and 
119°-120® C, respectively. Marcusson and Vielitzproposed a method of 
removing naphthenes from paraffins by treating the mixture with benzoyl chloride 
in the presence of anhydrous aluminum chloride. According to Marcusson, the 
naphthenes were attacked but not the paraffins. In view of later work, however, 
sharp separation of cycloparaffin and paraffin hydrocarbons is not attained by this 
procedure. 

An example of the reaction of hydrogen atoms not attached to an aromatic 
nucleus under the influence of Friedel-Crafts condensing agents has been de¬ 
scribed by von Braun and his associates."" When 5-phenyl-l-chloropentane is 
treated, in light petroleum or carbon disulphide solution, with anhydrous alumi¬ 
num chloride, elimination of hydrogen chloride takes place and there is a con- 


** Bcr., 1877, 10, 236; Ann. chim. phys., 1881, 22 (5), 282; Chem. Soc. Ahs., 1881. 40 581 
** Petroleum, 1910, 6 , 189; Chem. Abs., 1911, S, 587. ' ' 

Russ. Pkys.-Ckem. Soc., 1899, 31, 402; Bull. soc. chim., 1899, 22 (3). 870. See also J Rujs 
Phys.-Chem. Soc., 1905, 37. 632; Bull. soc. chim.. 1907. 2 (4). 1122. ’ * 

Chem. Zta., 1913. 37. 552; Chem. Soc. Ahs., 191.1. 104 (1). .581. 

von Braun and Deutsch, Ber., 1912, 45, 1267. von Braun and Kuhn, Bcr., 1927 60B 2557 
Braun, Bcr., 1931, 64B, 2869. ’ * 


von 
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siderable formation of phenylcyclopentane. The reaction may be represented 
as follows: 

CH,-CH, 

C.H.CH.CH,CH.CH,CH.C1 —>• GH.o/ + HCl 

\ 

CH,-CH, 

In the same way S-p-tolyl-l-chloropentane condenses to yield some p-tolylcyclo- 
pentane. 

Perhaps the most striking work on the preparation of ketones from paraffin 
and cycloparaffin hydrocarbons by the Friedel-Crafts reaction is that of Hopff,^** 
a review of which is to be found in Chapter 18. It is sufficient to state here 
that both paraffin and cycloparaffin hydrocarbons were condensed with acid 
chlorides (acetyl chloride) and also with carbon monoxide under high pressure 
in the presence of anhydrous aluminum chloride to yield ketones and other sub¬ 
stances. From n-pentane and acetyl chloride, the minn product was 2-acetyl- 
pentane, while cyclohexane yielded a cycloalkyl ketone. In the presence of alumi¬ 
num chloride, carbon monoxide under high pressure could be made to react with 
saturated hydrocarbons at temperatures of about 100°C. to give ketones. Although 
the yields of pure ketones obtained by Hopff in these reactions were rather poor 
and considerable quantities of other substances were formed, the work of this 
investigator is of importance to those interested in the chemical transformation 
of saturated hydrocarbons. 

Acetyl chloride reacts slowly with cyclohexane in the presence of aluminum 
chloride.^** On standing, the reaction products separate into two layers; the upper 
consisting of the hydrocarbons, and Ci 8 H 22 > and the lower, on decomposi¬ 

tion with water, yielding a ketone of the formula C 8 HJ 4 O. This ketone was not 
methyl cyclohexyl ketone, but was identified as 1-methyl-2-acetyl~cyclopentane. 
In a similar manner butyryl and benzoyl chlorides formed, in addition to hydro¬ 
carbons, the corresponding l-methyU2-butyryl- and l-nvcthyl-2-bensoyl-cyclo- 
pentanes, respectively. In the latter case the lower, or ketone, layer contained a 
large proportion of behzaldehyde from the reduction of the benzoyl chloride. The 
above results can be explained on the bases of the following reactions: 

(a) Condensation of cyclohexane to higher hydrocarbons (CjoH^jo) containing 
a lower hydrogen content with simultaneous reduction of the acid chloride 
to aldehyde; and 

(b) Direct combination of the acid chloride with cyclohexane, accompanied by 
the elimination of hydrogen chloride and simultaneous rearrangement of the 
cyclohexane ring, under the influence of aluminum chloride, to give the 
2-derivativc of l-methylcyclopentane.^‘’^ The latter process may be repre¬ 
sented as follows: 



CH, 

I 

-I- CHsCOCl CH 

^ H.C^ 'CHCOCH, + Ha 

Hii—(!: h, 


1931, 64, 2739; 1932, 65, 482. See also, U. S. Patent 1,801,350, April 21, 1931; assigned 
to I. G. Farhenindustrie A.-G.; Chem. Abs., 1931, 25, 3358. 

•• Nenitzescu, Isace.scu and lonescu, Ann., 1931, 491, 189, 210; Brit. Chem. Abs, A, 1932, 49. Sub¬ 
stantiation of the work of Nenitzescu and lonescu on the condensation of cyclohexane with acetyl 
chloride is provided by Unger (Ber., 1932, 65B, 467) and by Hopff {Ber., 1932, 65B, 482). 

The rearrangement of cyclohexane to methylcyclopentane takes place under the influence of 
aluminum chloride. See Aschan, /fnn., 1902, 324, 1; Chem. Soe. Abs., 1902, 82 (1), 749. 
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The yields of ketones reported by Nenitzescu and lonescu were usually rather 
small. By agitating 2000 cc. of cyclohexane and 300 grams of acetyl chloride 
with 600 grams of anhydrous aluminum chloride for 36 hours, a relatively small 
quantity of 1-methyl-2-acetyl-cyclopentane, of boiling point 167®-168® C. at 
759 mm. and d *4 0.8976, was obtained. 

Nenitzescu and lonescu also investigated the reaction of cyclohexane with 
chlorocyclohexane and other chloro-conipounds. In the presence of anhydrous 
aluminum chloride a vigorous reaction took place, to yield a reaction product 
consisting of saturated hydrocarbons (not containing six-membered rings) as 
well as a sludge of aluminum chloride and unsaturated polymers of cyclohexane. 
It was believed that the saturated hydrocarbons of the formulas CjoHje and 
CisH 82 were produced by reactions of the type 

2C.Htt —CiHuGHu + 2H 
3C.Hti —GHuGHioCeHn + 4H, 

the hydrogen, thus formed, reducing the chlorocyclohexane (or other chlorohydro- 
carbon present) which acts as a hydrogen acceptor. 

The direct production of ketones from saturated hydrocarbons has been the 
subject of a number of industrial developments. Procedures are described by the 

I. G. Farbenindustrie for the synthesis of various ketones by treatment 

of paraffin or cycloparaffin hydrocarbons with acid chlorides, or with carbon 
monoxide under pressure, in the presence of a Friedel-Crafts condensing agent. 
The following examples are given of this process: 

1. An autoclave is charged with 86 parts of a petroleum fraction, boiling between 
60* and 70* C., together with 98 parts of i^osgene and about 133 parts of aluminum 
chloride and heated to 100* C. A quantitative ccmversion into ketones of the poly¬ 
methylene and paraffin series is said to take place. 

2. Into a cool autoclave are charged 58 parts of n-butane and 85 parts of the double 
compound of phosgene and aluminum chloride, obtained by incorporating 5 parts of 
liquid phosgene with 2 parts of anhydrous aluminum chloride. The autoclave is then 
heated to 90“ C. and ke^ at this temperature for 6 hours. After cooling, the pressure 
is released and the reaction products are separated in the usu&l manner. A yellow oil 
with an aromatic odor and which boils mainly between 120“ and 150“ C. at 15 mm. is 
obtained. 

3. Seventy-eight parts of acetyl chloride and 100 parts of hexane (a slight excess 
above the quantity stoichiometrically required) are fed into an autoclave containing 
about 150 parts of anhydrous aluminum chloride. The mixture is heated for 2 hours 
at 100“ C. The product obtained consists principally of ketones of the polymethylene 
scries including octanone, for example. 

4. One hundred parts of hexane are heated in an autoclave for 2 hours at 100 “ C. 
with 70 parts of benzoyl chloride and 66 parts of anhydrous aluminum chloride. The 
product of this reaction consists largely of ketones which boil between from 120 “ to 
250* C. at 12 mm. 

5. One hundred parts of cyclohexane are heated in an autoclave for 2 hours at about 
100“ C. with 66 parts of aluminum chloride and 39 parts of acetyl chloride. Ketones 
which boil between from 150* to 250“ C. at atmospheric pressure are formed. 

The manufacture of keto-acids by the reaction of petroleum fractions with 
dibasic organic acid anhydrides has been described by Bruson.^”- As an example 

British Patent 327,411, 1928; BHt, Chem, Abs. B, 1930, 602. Hopff, German Patent 517,718, 
1927; Chem, Abs., 1931. 25. 1258. German Patent 520,154, 1927; Chem. Abs., 1931, 25, 3664; ef. 
Schaarschmidt, French ratent 735,786, 1931; Chem. Abs., 1933, 27, 991. Holloway and Krase (7nd. 
Eng. Chem., 1933, 25, 497) studied the reaction of benzene and carbon monoxide under pressure in 
the oresence of aluminum raloride to yield henzaldehyde. 

U. S. Patent 1,882,762, Oct. 18. 1932; U. S. Patent 1,894,460, Jan. 17, 1933; Chem. Abs., 
1933, 27. 2458; U. S. Patent 1,896,608, Feb. 7, 1933; Chem. Abs., 1933. 27. 2692; French Patent 
703,490. 1930; Chem. Abs., 1931, 25, 4282; British Patent 365,038, 1930; Brit. Chem. Abs. B, 1932, 
494; all patents assigned to Resinous Products and Chemical Co. 
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of his procedure, 30 parts of phthalic anhydride and 100 parts of gasoline arc 
made to react at 70° to 90° C. in the presence of 60 parts of aluminum chloride. 
After the evolution of hydrogen chloride ceases the hot product is treated with a 
solution of sodium carbonate, the unaffected gasoline is removed by distillation, 
and the precipitated aluminum hydroxide filtered out. An aqueous solution of the 
sodium salt of the keto-acid is thus obtained, from which the free acid may be 
precipitated by the addition of dilute sulphuric acid. The reaction between the 
petroleum hydrocarbons and phthalic anhydride may be represented by 

k^-COOH 

The heavy-metal salts of such acids are insoluble in water but soluble in 
organic solvents such as toluene, turpentine, .ind linseed oil. The cobalt, man¬ 
ganese, and lead salts are stated to be effective driers tor drying oils. The esters 
of these acids, particularly the ethyl, butyl and bornyl esters, are high-boiling 
viscous oils which may be used as either solvents or plasticizers for nitrocellulose. 

According to the I. G. Farbenindustrie A.-G.,^®® alkylene oxides, such as 
ethylene oxide, may be condensed with paraffin, cycloparaffin, and bcnzenoid 
hydrocarbons in the presence of a Friedel-Crafts condensing agent (anhydrous 
aluminum chloride) to yield primary alcohols. Besides ethylene oxide, other 
alkylene oxides, such as 1,2- and 1,3-propylene oxides, isobutylene oxide and 
trimethylethylene oxide, may be used. Substances capable of forming such oxides 
during the reaction, as for example glycol chlorohydrins, may also be employed. 
Hydrocarbons, including pentane, hexane, heptane, dodecane, octadecane, cyclo¬ 
hexane, hexahydrotoluene, benzene, and aromatic hydrocarbons in general, and 
other condensing agents, such as boron fluoride and anhydrous ferric chloride, 
can be used. The process is exemplified by the direct condensation of n-pentane 
with ethylene oxide yielding n-heptanol according to the equation: 

CH, 

C.Ha + ^ —>- C,H„CH,CH,OH 

CH^ 

This procedure appears to offer a method for the preparation of the higher 
straight chain primary aliphatic alcohols, some of which seem to present com¬ 
mercial possibilities in the manufacture of special soaps. Examples of the applica¬ 
tion of this condensation are the production of phenylethanol from benzene and 
ethylene oxide; n-heptanol, from n-pentane and ethylene oxide; a mixture of 
higher primary alcohols from kerosene and ethylene oxide; and of hydroxyethyl- 
cyclohexane from cyclohexane and ethylene oxide. Thus, condensation of 500 
parts of n-pentane with ethylene oxide at room temperature in the presence of 
250 parts of anhydrous aluminum bromide produced 25 parts of an oil, boiling 
range 160° to 190° C, containing considerable amounts of n-heptanol. Higher 
primary alcohols can be made from kerosene in the following manner: 

One hundred fifty parts of anhydrous aluminum chloride are added to 500 
parts of kerosene in an autoclave. This mixture is treated with ethylene oxide 
at room temperature and at about 1.5 atmospheres until there is no further de¬ 
crease in pressure. The reaction product consists of a brownish colored, very 
viscous lower layer and a colorless upper layer. The latter contains only un- 

British Patent 354,992, 1931; Brit. Chem. Abs. B, 1932, 12; see also Chapter 23. 
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changed petroleum and is withdrawn. The lower layer is-mixed with ice and the 
resulting 32 parts of oily product are separated from the water. The oil boils 
between ISO® and 200® C. at 12 mm. and consists principally of higher alcohols. 

The preparation of hydroxyethylcyclohexane is carried out by adding 50 parts 
of ethylene oxide, with cooling and agitation, to a mixture of 500 parts of cyclo¬ 
hexane and 132 parts of anhydrous aluminum chloride. The aluminum chloride 
is gradually converted into a viscous pasty mass. Unaltered cyclohexane is drawn 
off and the tough residue is decomposed with ice-water and steam-distilled, after 
the addition of 100 parts of concentrated hydrochloric acid. After extraction 
of the aqueous distillate with ether, the extract yields 70 parts of an oil boiling 
mainly between 95® and 105® C. at 13 mm., and consisting largely of hydroxyethyl¬ 
cyclohexane. Its formation may be represented thus: 


CH, 

H.c'^ \:h. 

I I 

H.C CH. 


\ 

CH, 


CHr-CH, 

+ V 


CH, 

H,c'^ \:hch,ch,oh 

H.(!: CH, 

hydroxyethylcyclohexane 


Fohlen described the condensation of paraffin hydrocarbons with phosgene 
to yield ketones or with phosgene and hydrogen to yield aldehydes. Various 
metals, metallic oxides, and salts are used as catalysts. The reactions bcliev'ed 
to occur are exemplified by the following, representing the condensation of 
phosgene with methane and hydrogen: 


2 CH 4 + COCh —>- CHaCOCH, + 2HC1 
CH« + COCl, + H, —CH,CHO + 2HCl 


Trialkyl or triaryl borates have been suggested to replace the halogen de¬ 
rivatives generally used in the Friedel-Crafts reaction.^”* The reaction, for 
example, between tribenzyl borate and benzene to yield diphenyl methane may 
be represented by 


(C.H.CH,)aBO, + 3C.Ha + AIQ, —3C.HaCH,C.Ha + 3HC1 + AIBO, 

Miscellaneous Reactions of Paraffins and Cycloparaffins 

According to Meigs ,sulphur monochloridc reacts vigorously with un¬ 
saturated hydrocarbons, and at a slow rate with saturated hydrocarbons, the 
slow evolution of hydrogen chloride gas continuing with the latter for many 
hours. Subsequently, Lorand examined the effect of sulphur monochloride on 
various saturated hydrocarbons and found that a reaction usually occurred. 
Various lubricating oils reacted violently with evolution of hydrogen chloride, 
higher kerosene fractions were attacked rather less vigorously, and various gaso¬ 
line fractions changed color when mixed with this reagent, depositing a dark 
sediment on standing. A more energetic reaction occurred on heating. Tl.e 
branched chain diisoamyl was found to react energetically with sulphur mono¬ 
chloride at 100® C. After heating for six hours, during which time a slow evolu- 

French Patent 680,586, 1928: Chem. Abs., 1930, 24, 3799. 

Kaufmann. German Patent s55,403, 1930; Chem. Abs., 1932, 26, 5101. 

7iid. Eng. Chem., 1917. 9, 655. 

Jnd. Eng. Chem., 1927, 19. 733. 
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tion of hydrogen chloride took place, the color of the liquid became very dark 
and sulphur was deposited on cooling. Lorand believed that straight chain 
paraffin hydrocarbons are slowly chlorinated by sulphur monochloride. With 
branched chain paraffins this chlorination takes place somewhat more rapidly. 
On prolonged heating the chlorinated products lose hydrogen chloride and the 
resulting unsaturated substances are either chlorinated or polymerized. These 
reactions may be represented as follows: 

(1) >CH-CHr~ + StCU —HCl + S, + >CH~-CHC1- 

(2) >CH—CHCl— - >- >C=-CH—+ HC1 

t 

Antimony chloride (SbClj) reacts with hydrocarbons containing a tertiary 
hydrogen atom (e.g., 2-methyl pentane, methylcyclohexane) after a short period, 
whereas a primary or secondary linking (e.g., in such compounds as n-heptane, 
2,2-dimethyl butane, cyclopentane or hexane) is attacked only at a higher tem¬ 
perature. Hydrogen chloride is liberated and the products are probably addition 
compounds, according to Schaarschniidt and Marder.^®^ This behavior with 
antimony chloride can be used to detect the presence of compounds containing 
tertiary hydrogen linkages, though reaction of hydrocarbons containing primary 
and secondary hydrogen atoms is induced by the presence of the former. 

When many saturated hydrocarbons are heated to temperatures above about 
200° C, with elemental sulphur, a reaction occurs with the production of hydrogen 
sulphide, together with other substances. The action of sulphur on petroleum 
hydrocarbons is more fully discussed in Chapter 19. From the products of the 
action of elemental sulphur on methylcyclohexane at elevated temperatures Fried¬ 
mann isolated thiocresol, and Markownikow similarly obtained xylene from 
an octonaphthene. Though some of the simple saturated hydrocarbons, such as 
cyclohexane, are stable with sulphur at temperatures of about 200° C., many of 
the higher paraffins and heavy petroleum greases are vigorously attacked under 
these conditions. 

Chlorosulphonic Acid, HSO 3 CI, is a sulphonating agent.'^^ Marx and 
Brodersen prepared sulphonic acids by the action of chlorosulphonic acid on 
petroleum hydrocarbons. Products made by sulphonating brown-coal tar oils or 
mixtures of petroleum hydrocarbons with aromatic or hydroaromatic hydrocarbons 
or their derivatives in this manner have been suggested as insecticides and 
fungicides. 

Saturated hydrocarbons are attacked by a number of oxidizing agents. »Bensoyl 
peroxide oxidizes some of the lower paraffins yielding mixtures in which aliphatic 
alcohols have been identified. By heating benzoyl peroxide with a purified 
petroleum fraction, boiling between 95° and 100° C, Bdeseken and Gaster 
observed the production of carbon dioxide, benzene, benzoic acid, heptylbenzene 
and, probably, a tertiary heptanol. n-Octane begins to react witli benzoyl peroxide 
at 100° C., and carbon dioxide, benzene and benzoic acid are formed initially. 
What appeared to be a mixture of secondary octanols was obtained by hydrolysis 
of the neutral products of this reaction. 

angew. Chem., 1933, 46, 151; Chem. Ahs., 1933, 27, 2418. 

Petroleum. 1916. 11. 97R; Chem. Soc. Abs.. 1917, 112 (1). 13. 

“•Markownikow and Spady, Ber., 1887, 20, 1850. 

“‘Prothierc, Pharm. Ztg., 1903. 48, 78; Chem. Zentr., 1903. 1, 492. 

“• For the action of chlorosulphonic acids on diisopropyl and isopentane see Aschan, Bcr., 1898. 
31, 1801. These reactions have already been mentioned in Chapter 46. 

“•German Patent 551,199, 1927; assigned to I. G. Farl)enindustrie A.-G.; Chem. Abs.. 193J. 
26. 4408. 

irav. chim., 19.30. 49. 102; Brit. Chem. Abs. A. 1930, 316. 



Chapter 48 


Occurrence, Properties and Uses of Naphthenic Acid 

The naphthenic acids are carboxylic acids which are. obtained from various 
crude petroleums or their distillates. The name is derived from the circumstance 
that they were first discovered in naphthene- (cycloparaffin-) containing crude 
oils from Russia and Rumania. The name naphthenic acids is also expressive of 
the chemical relationship of these acids with the naphthene hydrocarbons, a simi¬ 
larity which later work has fully substantiated. 

The naphthenic acids probably occur to some extent in most petroleums but 
they are usually associated with those of Rumania, South Russia and the Cau¬ 
casus. Great differences exist, however, between the naphthenic acid contents and 
the chemical characteristics of these acids from various crudes. Whereas, for 
example, Russian petroleums often contain quantities of relatively simple low- 
boiling naphthenic acids having a very persistent and somewhat disagreeable odor, 
the Gulf Coast (U.S.A.) petroleums contain higher-boiling acids which are 
practically odorless and can be salted out of their aqueous solutions readily. 

The actual content ^ of naphthenic acids in various crudes, and distillates de¬ 
rived therefrom, has been very little investigated and little information is avail¬ 
able on it. The crude acids obtained by alkali treatment of oils often contain 
considerable amounts of other substances, including dissolved hydrocarbons, 
phenols, and sulphonated products (if the oil has been previously acid-treated). 
According to some investigators the Rumanian crudes possess the highest content 
of naphthenic acids and the Russian qnd Galician oils rank somewhat lower in 
this respect. Naphthali gave figures for the naphthenic acid content of several 
oils ranging from 0.07 per cent to 2.4 per cent. 

According to Lidow,* the naphthenic acid content of Russian crude and masout 
is 0.83 to 1.3 per cent. Schulz ® obtained naphthenic acids from unrefined Gali¬ 
cian distillates in yields corresponding to 0.05 to 0.84 per cent of the distillate. 
Kramer and Bdttcher* examined a German petroleum from Oelheim and an 
Alsatian petroleum and found naphthenic acids (as well as small amounts of 
phenols) to the extent of 0.081 per cent and 0.136 per cent, respectively. A Rus¬ 
sian crude from Balachani-Sabunchi examined by Goldberg and Gurvich ® con¬ 
tained 1.06 per cent of naphthenic acids (average acid number 202 and average 
molecular weight 277), which were monobasic. The acidity and naphthenic acid 
content of the various distillates of this crude increased with rising boiling point 


' For method for analysis of naphthenic acids see Malyatski, Aserb. Neft. Khos., 1932, No. 10, 
87; Brit. Chem, Abs. B, 1933, 292; Virabyantz and Artemiev, Grotnenskii Neftyanik, 1930-31, 1. 
No. 2-3; Suppl. No. 1. Sci. Sect. 9-31; Chem. Abs., 1931. 25. 3472. 

'*Chemie, Technologie und Analyse der Naphthensauren," Wissenschaftliche Verlagsgesellschaft 
m.b.H.. Stuttgart. 1927. 

*FUhrer durch die Fetiindustrie, 1905, 107; Seifensiederseitung, 1905, 32, 834; Chem. Zentr., 
1905, 2, 1610. ^ , 

• Chem.'Ztg., 1908, 32, 596; Chem. Abs., 1908, 7, 2735. This investigator also reported that the 
acidity of distillates increased on standing due to oxidation. Muishkin (Grozneski Neft., 1930-1931, 
1, 2, 44; Brit. Chem. Abs. B, 1931, 1035) reports values of 0.012 to 1.94 per cent for various crude 
distillates. 

* Ber.. 1888, 20. 596. 

*Azerb. Neft. Khoz., 1928, 5. 46; Chem. Abs., 1928, 22. 3767. 
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and decreased at the upper end, the maximum being the distillate of 0.882. Accord¬ 
ing to Vuistavkina® crude Emba (Russian) petroleum contains 0.43 to 0.74 per 
cent of naphthenic acids, while the distillates contain 0.18 to 1.44 per‘cent of tliese 
acids having molecular weights which vary from 218 to 466. The refining of a 
gas-oil distillate of a Japanese petroleum yielded about 0,14 per cent of crude 
petroleum acids, of which 7.7 per cent consisted of higher fatty acids.^ Holzmann 
and von Pilat established the presence of myristic, palmitic, stearic, and ara- 
chidic acids in a spindle oil extract. 

Malyatskii and Margolis determined the solubility, acid number, molecular 
weight, and dissociation constant of naphthenic acids from naphtha, kerosene, 
and gas-oil fractions of Baku crude. Solubilities in water of the acids from the 
three fractions were 37, 22 and 7 milligrams per liter, respectively. Acid num¬ 
bers were 316.5, 259.9 and-195.2; molecular weights, 176.8, 216, 287; and dis¬ 
sociation constants, 8.84 X 8.21 X ^0' ^ 6-02 X respectively. 

The Russian crudes apparently contain approximately I per cent of naphthenic 
acids but in the majority of crudes from other parts of the world the naphthenic 
acid content is much less, usually not more than O.i per cent. Naphthali gives 
the figures in Table 157 for the naphthenic acid content of some American crudes: 


Table 157 .—Naphthenic Acid Content of American Crude Oils. 


Naphthenic Acid 
Content 

Source Approximate Per Cent 


Winkler County (Texas) . 

Howard County (Texas) . 

Runnels County (Texas) .. 

Hosston (Louisiana) . 

Saginaw (Michigan) . 

Smackover (Arkansas) . 

Midcontinent (Pipe Line) . 

Midcontinent . 

Pennsylvania . 

Gulf Coast Crude . 

Distillate from Gulf Coast Crude . 

(Viscosity, 300 .sec.) 

Distillate from Venezuela Crude. 

(Viscosity, 500 sec.) ^ 

California (Southern California and San Joaquin Valley Crude) 

Gillies Siding (Canada) . 

Rothwell (Canada) . 

Petrolia (Canada) . 


0.30 

0.07 

0.03 

0.70 

0.03 

0.03 

0.04 

0.03 

0.03 

0.60 

1.24 

1.00 


0.1 to 3.0 
0.07 

0.16 to 0.46 
0.11 


As regards the actual mode of formation of naphthenic acids from petroleum 
several theories have been put forward® but a number of facts appear to indicate 
that a large proportion, if not the whole, of the naphthenic acids obtained are 
actually produced by oxidation of certain readily oxidized cycloparaffins during 
the alkali wash of refining operations or during distillation.® As early as 1884, 


• Nefi. Khos.. 1930, 18, 1000; Brit. Chem. Abs. B, 1931, 283. „ . ... * 

TTanakf and Kuwata, 7. Fac. Eng. Tokyo Imp. Univ., 1928, 17, 293; Bnt. Chem. Abs. B., 

1929 117 

Brennstoff-Chem., 1931, 12* 41; Brit. Chem. Abs. B, 1931, 327; Brennstotf-Chem., 1933, 14, 
263; Brit. Chem. Abs. B, 1933, 772; /. Inst. Pet. Tech.. 1?33, 19, 414A. 

'*^Aeerb. Neft. Khos., 193.C No. .1. 7S; Chem. Abs., 1933, 27, 4153. 

Fettchem. Umschan, 1933, 40, 149; Chem, Abs., 1933, 27, 5062. z-l—. -n 

• For a review of these theories see Tiutiunmkov, Neft. Khos., 1926, 10, 797; Bnt. Chem. Abs. B, 
1928, 114. See also Petrov and Ivanov, J. A. C. S., 1932, 54, 239. 

•von Braun, Ann., 1931, 490, 100; Chem. Abs., 1932, 26, 2306. The soluble porUon of sulpn«r 
dioxide extract of California kerosene, treated with alkali in the presence of air, gives naphWemc 
acids (A) which are only poorly soluble in sulphur dioxide. From the inMluhle portion, or yainnate 
of the kerosene, treatment with alkali and air gives naphthenic acids (B) which arc very soluble 
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SchaaP^ proposed oxidation of petrolettm fractions by air in alkaline solu¬ 
tion at high temperatures as a method of producing acid oxidation prod¬ 
ucts. It wa? shown, moreover, by Charitschkoff that oxidation of naphthene 
hydrocarbons, either photochemically or by the method of Schaal, resulted in the 
formation of monocarboxylic naphthenic acids as well as considerable amounts of 
polynaphthenic acids. The latter substances were viscous tribasic pseudo-acids, 
which are probably bicyclic condensation products of the naphthenic acids. The 
view tlfat naphthenic acids are formed by alkaline oxidation of cycloparaiiin hydro¬ 
carbons is fast gaining support, notably as a result of the im^rtant researches 
of von Braun, Petrow and others and opens up a wide field of practical possi¬ 
bilities in the direction of increasing the quantities of acids obtainable from 
petroleum fractions. 

Pyh^a reported that distillates from a Russian petroleum contained 12 
times as much naphthenic acids as the original oil, and a Rumanian oil gave a 
similar result. He believes, however, that the acids exist in the crude as an 
unsaponifiable conjplex. This view was supported by experiments in which the 
acid treatment of the crude was varied, resulting in a change in the content of 
naphthenic acids found in the distillate. 

Extraction of Naphthenic Acids from Petroleum 

Naphthenic acids may be extracted from crude oils or distillates by the use 
of aqueous sodium hydroxide solutions in which the acids dissolve yielding sodium 
naphthenates.^2 In the acid refining of many petroleum distillates, however, the 
oil is first treated with a certain amount (which varies with the distillates to be 
treated) of concentrated sulphuric acid to remove asphaltic materials or sulphur 
compounds. The oil is then subjected to a dilute alkali wash to remove the last 
traces of acids and sulphonated products. The lyes from the latter treatment on 
acidification yield considerable amounts of free naphthenic acids.'* The raw 
acids often contain considerable proportions of impurities such as hydrocarbons. 
The presence of these neutral hydrocarbons in the lye is to be ascribed to the 
difficulty of separating the aqueous lye from the main oil bulk on account of 
the high emulsifying character of the sodium naphthenates. The large-scale 
production of naphthenic acids free from neutral oils is for this reason rendered 
very difficult and the last traces of hydrocarbons can usually only be removed by 
special treatments. 

It has been contended that the concentrated sulphuric acid of the acid wash 
actually condenses with the naphthenic acids to yield sulphonic acids of the type 

R.SO.H 

ioOH 

in sulphur dioxide. The hi^h solubility of the (B) acids obtained from the initially insoluble raffinate 
clearly shows that naphthenic acids have been formed during the alkali treat. (Private communication 
from von Braun.) 

German Patent 32,705, 1884: British Patent 12.806, 1884; J.S.C.L, 1885, 4. 679. 

Djelo, 1912, 10, 14; Chem. Ztg., 1912, 36, 530; Chcm. Abs., 1913, 7, 2465. /. Unss. 

Phys.-Chcm. Soc.^ 1908, 40, 1757; Chtm. Ztntr., 1909, 1, 854; Petroleum, 1909, $, 316; Chem. Zentr., 
1910, 1. 1199. 

Chem. Ztg., 1933, 57. 273, 294; Brit. Chem. Abs. B, 1933, 452; Chem. Abs., 1933, 27, 4912. 

“See, for example, Vuiborova, Aserb. Neft. Khoe., 1932, 7, 79; Chem. Abs., 1932, 26, 5740. 
Novikov Vakulenko, Aserb. Neft. Khqs., 1932, 11. 58; Chem. Abs., 1933, 27, 1492. 

“Lemmon, U. S. Patent 1,823,^4, Sept. 15. 1931; assigned to Standard Oil Co. of Indiana; 
Chem. Abs., 1932, 26, 295. 

“Pyhala, Petroleum, 1908, 3, 1313; J.S.C.L, 1908, 27, 1054. See also, Vuishetravskii, Neft. 
Kkos., 1932, 22. 241; Chem. Abs., 1932, 26, 4450. 
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which are thus extracted with the naphthenic acids during the alkali wash. 
However, Gurwitsch found that the crude naphthenic acids extracted from a 
kerosene fraction by direct alkali treatment did not differ in chemical and physical 
properties from the acids extracted from the same distillate previously subjected 
to an acid refining. It is probable, however, that the acids present in the higher 
fractions of petroleums more readily undergo sulphonation during acid refining. 
Tanaka and Nagai have also shown that the properties of the naphthenic acids 
obtained directly from a Japanese petroleum distillate without previous treatment 
with sulphuric acid were practically identical with those of the naphthenic acids 
from the waste lyes produced in the ordinary alkali refining of the same distillate 
after acid refining. 

The production of naphthenic acids as a by-product of the acid refining of 
distillates was developed on a considerable scale in Russia before the War, notably 
by the firm of Nobel Bros. Many of the American petroleums are probably too 
poor in acid constituents to serve as a commercial source of these materials but 
the crudes of Galicia and Rumania have been utilized. The initial stage in the 
refining of many distillates consists in treatment with concentrated sulphuric 
acid, the quantity of acid used being somewhat variable but usually 0.5 to 1.0 
per cent for benzines, 2 to 4 per cent for kerosenes, and 5 to 10 per cent for 
lubricants. The acid layer is then run into water to yield the well-known ‘‘acid- 
tar,” a fruitful but almost untapped source of sulphonated products. The acid- 
treated oil is then washed with a dilute aqueous solution of sodium hydroxide, 
the whole mass being kept well agitated with a current of air or steam. From a 
technical point of view the separation of this dilute alkaline solution from the 
treated oil often presents considerable difficulties, since, as mentioned previously, 
very stable emulsions of the oil-in-water type are frequently formed. Methods 
of dealing with these emulsions vary with the characteristics of the oil under 
treatment. 

From the dilute caustic solution used in the alkaline treatment of oils, the 
naphthenic acids may be obtained in the free state by acidifying with sulphuric 
acid. If instead of sulphuric acid, sulphur dioxide is used for this purpose the 
resulting sodium sulphite may be causticized with lime and sodium hydroxide is 
recovered.'’' 

If the particular distillate does not need acid refining, or if other refining 
methods are more suitable, the naphthenic acid constituents may be removed by 
an alkali-wash without any preliminary treatment. There is an increasing ten¬ 
dency to displace the acid treatment in favor of refining methods depending upon 
the use of adsorbent earths, which can be easily revivified by roasting and used 
several times. An apparatus for the direct extraction of naphthenic acids from 
oils without preliminary acid treatment has been described by Emmuil.'® This 
consists of a vertical cylinder the middle section of which is provided with a 
steam coil to heat the gas oil or other distillates under treatment, to 70®-75® C. 
The oil enters at the bottom through a perforated pipe and leaves at the top. 
The causic soda solution is introduced at the top of the cylinder counter-current 
to the oil and is discharged at the bottom together with the soap formed. 

Gurwitsch-Moore. “The Scientific Principles of Petroleum Technology," D. Van Nostrand Co., 
New York, 1932, 127. 

»•/. t'ac, Eng. Tokyo Imp. Univ., 1926, 16, 183; Chem. Abs., 1926, 20, 2832. 

Gurwitsch, Brennstoff-Chcm., 1925, 6, 322; Chem. Abs., 1926, 20, 660. 

** Aserb. Neft. Khoz., 1930, No. 11, 90; Chem. Abs., 1931, 25, 1066. See also Atal’yan and Zlatkin, 
Azerb. Neft. Khoz., 1931. No. 2-3, 64; Chem. Abs., 1931, 25, 3815. Cf. Wheeler and Prutzman, 
U. S. Patent 1,784,262, Dec. 9, 1930; Brit. Chem. Abs. B, 1931, 79.S. 
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A typical process for the production of saponifiable products from mineral oils is that 
of Maitland," which is conducted in the following manner; Twenty-three hundred barrels 
of lubricating stock are thoroughly agitated with about 75 barrels of 93.5 per cent sul¬ 
phuric acid and then allowed to settle. Three distinct layers are formed, namely a top 
layer, “A,” consisting of 2175 barrels of lubricating stock with approximately 075 per 
cent sulphuric acid in suspension; a middle layer, "B,” composed of 180 barrels of a 
mixture of sludge and acid; and finally a bottom layer, “C,’" consisting mainly of acid 
with some dissolved sludge. These layers are separate and layer “A” is slowly 
agitated with about 300 barrels of dilute sodium hydroxide solution and permitted to 
settle. Two layers are formed, namely a top layer, “D,” composed chiefly of lubricating 
stock amounting to about 1925 barrels, and 550 barrels of a bottom layer, “E,"’ which is 
a mixture of lubricating oib soap (alkali nai^thenates), and alkaline salt solution. This 
lower jayer is drawn off, agitated with about 150 barrels of 7 per cent sulphuric acid 

at 100® C. and then 150 barrels of hot water are added. On settling the mixture sepa¬ 

rates into two layers, the upper layer, “F,” consisting of approximately 250 barrels of 
saponifiable acids admixed with some mineral oil, while the bottom layer, “G,” is the 
salt water resulting from the decomposition of the soap. After drawing off this bottom 
layer, layer “F” may be saponified with a hot solution of about 51 Be. caustic soda to 
yield a bright soap containing very little water. If sufficient care is taken to allow the 
product “F” to settle properly it will separate into three layers, namely a top layer “H” 
(18 i^r cent of total) containing mainly mineral oil, a middle layer “I" (39 per cent) 
containing the soap, and a bottom layer “J” (43 per cent) of alkali salts and water. 

The soaps obtained in this process are said to be applicable to all purposes for which 

soaps from animal or vegetable oils are adapted. Maitland also suggests that the acid 
sludge layer “B” may be worked up to give a soap which is similar to the product 
obtained by the alkali wash treatment and contains only about 0.4 per cent of sulphur. 
This soap is made by mechanical mastication of the sludge with warm water until the 
acid content has been reduced to below 2 per cent. The residual compounds settling.to 
the bottom of the digester are saponifiable oils containing some dissolved and susi>ended 
matter. 


As the alkali salts of the naphthenic acids are useful materials, the acids are 
usually worked up in this form. Partial concentration of ordinary alkali sludge 
tan be effected and it is generally necessary to salt out the soaps from the con¬ 
centrated solution. A plant for the separation of naphthenic acids from a kero¬ 
sene alkali sludge was described by Shiperovich and Gurwitsch.*® The sludge, 
containing about 10 to 25 per cent of naphthenic acids, is atomized with hot 
gases and concentrated to about 40 per cent naphthenic acids, which are then 
salted out. According to Stock petroleum soaps are obtained by acidifying 
alkali sludge with sufficient sulphuric acid to separate a very small quantity of free 
naphthenic acids, after which the remaining soaps rriay be salted out of solution. 

The direct production of naphthenic acid soaps by redistilling lubricating 
stocks (containing naphthenic acids) in the. presence of caustic soda, or other 
alkalies, was described by Coleman and Hughes.*^ The hot distillation residues 
are discharged into water and the oil which separates from the aqueous metal 
naphthenates is taken off in stages. 

Andrews and Lauer^* extracted the alkaline residue, obtained from the dis¬ 
tillation of naphthenic-base crudes, with 80 to 95 per cent alcohol. Separation 
and distillation of the alcohol yields the sodium soaps from which the naphthenic 
acids are recovered. 


io 9 a assiMfid to Standard Oil Development Co.; Chem. Abs., 

Oil and Refining Co.. British Patent 304,926, 1928; Brit. Chem. Aht. B, 
jy29, 274. Mild oxidation of lubricating distillates in the presence of alkalies is also suggested by 
9 ^ 1^27 1497 **** 1 >886,647, Nov, 8, 1932; assigned to Standard Oil Development Co.; Chem. 

“U. S. Patent 2,804,451, May 12, 1931; assigned to Texas Co.; Brit. Chem. Abs. B, 1932, 92. 
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Rogers ** suggested removing naphthenic acids from hydrocarbon oils by 
vapok-izing the oil and passing the vapors upward through a tower, in the lower 
part of which molten caustic soda is present. A small amount of reflux is main¬ 
tained in the upper part of the tower to prevent entrainment of sodium com¬ 
pounds. The residues may be treated with concentrated sulphuric acid to liberate 
the naphthenic acids and recover the contained oil.^* 

Purification of Crude Naphthenic Acids 

The crude naphthenic acid soaps recovered from alkali sludge yield, on 
acidification, a mixture of naphthenic acids and o*ther substances. The impurities 
present in the acids, or their soaps, are primarily neutral hydrocarbons which, on 
account of the high emulsifying properties of the naphthenic acids and their 
salts, are exceedingly difficult to remove. Btudes hydrocarbons, petroleum resins 
and asphaltic materials are often present. However, from a technical standpoint 
the problem of removing neutral hydrocarbons from naphthenic acids is of 
primary importance. 

Several methods of removing neutral hydrocarbon oils have been proposed. 
Redistillation of the crude naphthenic acids is hardly effective, since it has been 
shown that distillation of oils containing naphthenic acids carry over acids boiling 
up to 50° C. above the range of the respective petroleum cuts, the same effect 
being observed with steam or vacuum distillation.2** According to Bauer,^’^ crude 
naphthenic acids may be freed from neutral oils by stirring them with aniline or 
o-toluidine. After standing for some time the lower layer is separated and the 
solvent is distilled off. Naphthenic acids of 98-99 per cent purity remain in the 
still and a repetition of the process results in the production of acids almost 
completely free from mineral oils. The crude acids can be refined by extracting, 
with petroleum ether, a solution of them in alcohol containing 30 per cent sodium 
hydroxide and then distilling the alcohol. The residue is treated with dilute 
sulphuric acid, dissolved in petroleum ether, washed, dried over anhydrous sodium 
sulphate and phosphorus pentoxide, and distilled under a pressure of 3 mm.^® 

Alleman developed a process for separating the mineral oil and petroleum 
resins in alkali sludge from lubricating distillates. The original alkali sludge, 
or soap emulsion, ,had the following typical composition: 

Soap (sodium salts) 

Petroleum resins .... 

Mineral lubricating oil 

Sodium sulphate. 

Water .. 

If this soap, oil and water emulsion is treated with gasoline, practically no 
separation takes place because of the presence of positively charged particles or 
droplets. Small amounts of certain salts of lithium, sodium, or potassium added 
to the emulsion in gasoline effect an immediate separation. In practice the puri¬ 
fication consists in dissolving the soap emulsion in hot gasoline and then adding 

’^Canadian Patent 309,100, 1931; assigned to Standard Oil Co. of Indiana; Chcm. Abs., 1931, 
25, 1984. 

” Deutsche Gasolin A.-G., British Patent 360,277, 1931; Chcm. Abs., 1933, 27, 594. 

••Gutt, 7oanesyan and Novrushhanov, Azerb. Neft. Khoz., 1930, No. 9, 138; Chem, Abs., 1931; 
25. 586. 

"German Patent 302.210. 1916; J.S.C.L, WB, 37, .330A. 

“Smirnov and Buks, Azerb. Neft. Khoz., 1932, II, 60; Chcm. Abs., 1933, 27, 1492. 

* U. S. Patent 1,694,461, Dec. 11, 1928; assign^ to Sun Oil Company; Chem. Abs., 1929, 23, 696. 
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10 per cent of a concentrated aqueous solution of common salt. On allowing to 
stand, separation takes place and the top gasoline layer (containing the mineral 
lubricating oil originally held by the emulsion) is drawn off. After three such 
extractions with gasoline and salting out with sodium chloride solution, the soap 
solution is substantially free from mineral oils but still contains some petroleum 
resins. On evaporating this purified soap solution, and cooling to 5° C. or below, 
the soaps may be separated leaving the sodium sulphate in solution. On decom- 
posing these soaps with mineral acids, the free organic acids are obtained with an 
acid number of about 103.5, as contrasted with the value of ,30 for the crude 
acids before treatment. 

Another procedure of Alleman®° deals with the purification of alkali sludges, 
similar to those just described. The sludge is introduced into a closed upright 
boiler, water is added until it is approximately 58 per cent of the whole mixture, 
and the mass is then heated to a steam pressure of 60 pounds for 2 hours. 
Cooling is allowed to take place in the presence of compressed air (also at a 
pressure of 60 pounds) to prevent agitation of the liquid which otherwise would 
occur because of boiling as the pressure became less during the cooling step. 
A permanent separation is said to result, the top layer consisting of mineral oil 
and the bottom, a water layer containing soap, resin, and sodium sulphate. Soap 
is obtained by evaporating the lower aqueous layer and cooling the concentrated 
solution. 

Coleman described a process consisting essentially in a vacuum distillation 
of the mixture of oil and acids. Heavy fractions of, for example, Gulf Coast 
petroleum are washed with hot sodium hydroxide solution to remove acids as 
sodium salts. Addition of sulphuric acid to the aqueous alkaline wash precipitates 
the oily acids, which are again converted into their sodium salts. The sodium 
salts are dried, fluxed with 2 volumes of gas oil (boiling range, 250° to 350° C.) 
and the mixture is then heated rapidly to 510° F. and flashed into a vessel main¬ 
tained under a vacuum of 1.5 mm. of mercury. The oil-free residue of naph- 
thenates is run into water and naphthenic, acids are recovered by acidification. 

Bransky** proposed a method of separating naphthenic acids from lubricant 
distillates, e.g., from Louisiana crude, which involves treating the distillate with 
sufficient soda ash solution to neutralize the oil. The neutralized oil is then 
extracted with 10 to 20 per cent of methanol, ethanol, or isopropanol. The 
alcoholic extract is separated and distilled, and the alkali naphthenates remaining 
in the residue are purified by acidification and steam distillation. The viscous 
oily acid product yields a sodium salt which can be used as a detergent and a 
green copper salt applicable in naphtha solution as a wood preservative. 

It will be seen from the foregoing that the purification of naphthenates 
(usually alkali salts), or free naphthenic acids, from dissolved or emulsified 
mineral oils can usually be effected by such processes as alkaline distillation, 
extraction of alkali salts with solvents, or extraction of adherent mineral oils from 
aqueous solutions of naphthenates by means of gasoline in the presence of emul¬ 
sion-precipitating salt solutions. 

The free naphthenic acids of Russian, Galician and Central European origin 
are frequently low-boiling liquids of very offensive odor, and in order to utilize 

*«U. S. PateuU 1,694,462 and 1,694.463, Dec. 11, 1928; assigned to Sun 6i\ Co.; Chem. Abt,, 
1929, 2S, 697. 

»U. S. Patent 1,720,821, July 16, 1929; Chem. Abs., 1929, 23, 4230; British Patent 294,892; 
1928; Chem. Abs,, 1929, 23, 2030. Both patents assigned to Standard Oil Development Co.; ef. 
Becker and Sloan^ U. S. Patent 1,785,242, Dec. 16, 1930; assigned to Standard Oil Development Co.; 
Brit. Chem. Abs. B, 1931, 961. 

»U. S. Patent 1,681,657, Aug. 21, 1928; Chem. Abs., 1928, 22, 3985; Canadian Patent 280,795, 
1928; Chem, Abs., 1928, 22, 3041; both patents assigned to SUndard Oil Co. of Indiana. Also British 
Patent 323,784, 1928; Brii. Chem. Abs. B, 1930. 313. 
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such acids in the manufacture of detergents it becomes necessary to minimiae 
this disagreeable odor. On the other hand, the naphthenic acids derived from 
American crudes, especially those of the lubricant distillates, are higher boiling, 
possess higher molecular weights, and are often without odor. For the de- 
odorization of naphthenic acids of the Russian type, chemical treatment is usually 
necessary. Breda recommended oxidizing agents, such as potassium permanga¬ 
nate, followed by distillation with superheated steam. It is stated that the ob¬ 
jectionable odor of some naphthenic acids may be destroyed by the use of agents 
such as nitrous acid or hypochlorous acid, or their salts.®* Pohl suggested 
treating naphthenic acids, or their soaps, successively with reducing and oxidizing 
agents. Naphthenic acid soaps are also said to be deodorized by treatment 
with about ^ per cent of the alkali salts,of the peracids (percarbonate, persul¬ 
phate or perborate), or with sodium peroxide.*® Heating the soap solutions 
to 200^ C. or higher in ah autoclave has been advocated as a method of 
purification.*^ 

Schmitz** noted that hexa- and hepta-naphthenic acids which had been pre¬ 
pared synthetically had an odor similar to that of petroleum naphthenic acids. 
The odor of the petroleum acids was reduced by treatment with dilute aqueous 
sodium carbonate solution. The oxygen compounds in the acids, which were 
apparently phenols, were insoluble in sodium carbonate but soluble in potassium 
hydroxide solution, and had a dark color and an intense penetrating odor. Hydro¬ 
genation did not affect the odor of the crude acids but treatment with ozonized 
air for to 2 hours at 14° to 17° C. caused a slight reduction in the odor. 

Crude naphthenic acids or their salts frequently possess a deep color which 
is undesirable in many respects. Various adsorbent materials, such as the hydro¬ 
silicate, tonsil, are said to effect decolorization. According to Gurwitsch,*® naph¬ 
thenic acids can be improved in color and odor by treatment with concentrated or 
fuming sulphuric acid. On the addition of a regulated amount of water, the sul¬ 
phuric acid separates as a moderately mobile tar. Schrauth described a method 
of making, from crude naphthenic acids, products of bright yellow color and 
having a better odor and higher acid value than the original acids. The crude 
naphthenic acids are condensed with formaldehyde or substances yielding formal¬ 
dehyde, if necessary at elevated temperatures and pressures with or without the 
addition of condensing agents. Another procedure for the removal of impurities 
consists in the precipitation of naphthenic acids (either in the form of the acids 
themselves or as their salts) from aqueous solutions by,the addition of a volatile 
electrolyte (hydrogen chloride, acetic or nitric acid, or ammonia). The impuri¬ 
ties are said to remain in solution.** Schmitz *- noted that ozone at 50° C. 
bleached the acids slightly, a yellow precipitate being formed at the* same time. 
At 100° C. the ozone caused a polymerization, the color of the acids changing to 
a wine-red. 

Distillation under reduced pressure of Russian-type naphthenic acids minimizes 
both the odor and the dark color,** but it is doubtful if this treatment alone is 
sufficient. 

» British Patent 19,477, 1906; J.S.CJ., 1907, 26, 464. 

** Erdolverwertungsgesellschaft, German Patent 305,771, 1916; J.S.C.L, 1918, 37, 4S7A. 

** German Patent 408,663, 1922; assiraed to Jager G.m.b.H.; J.S.C.L, 1925, 44, 459B. 

•• Vereinigte Chem. Werke, German Patent 200,684, 1906; Chepn. 4^bs., 1908, 2, 3164. 

*^Stiepel, German Patent 305,702, 1916; J.S.C.L, 1918, 37, 476A. 

^Mat. grasses, 1914, 7. 4115; J.S.C.L, 1914, 33, 684; Chem. Abs., 1914, 8, 3360. 

^ Brennstoff‘Chem., 1925, 6, 322; Chem. Abs., 1926. 20, 660. 

M German Patent 390.847. 1920; J.S.C.L, 1924. 43, 460B. 

Bataafsche Petroleum Maatschappij, British Patent 300,264, 1927; Chem. Abs., 1929, 23, 3479. 

^Loe. cit. 

^ Charitschkow, J. Russ. Phys.-Chem. Sac., 1897, 29, 691; Chem. Soc. Abs., 1899, 76 (1), 42.’ 
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Constitution and Chemical Properties of Individual Naphthenic Acids 

The separation of individual chemical substances from the complex mixture 
of acids obtained from petroleum is a problem of great difficulty and it is not 
surprising to find that many of the statements concerning them are often con¬ 
tradictory and the physical constants of the isolated acids, presumably chemical 
individuals, frequently widely divergent. The difficulty of isolating pure naph¬ 
thenic acid individuals increases as the boiling point and molecular complexity 
increases, owing to the possibilities of isomerism and the probable occurrence 
of acids of different series. Heretofore our knowledge of the constitution of 
individual naphthenic acids was in a chaotic condition but the work of von Braun 
has shed much new light on the subject and has revealed a number of funda¬ 
mental errors in the older conceptions. It is both convenient and instructive to 
discuss the gradual progress of fundamental chemical research on the naphthenic 
acids from a purely historical standpoint. 

As mentioned, separation of individual naphthenic acids by straight dis¬ 
tillation of the mixed acids is a matter of great difficulty and the problem has 
usually been attacked by first converting the free acids into derivatives which 
can be subjected to fractional distillation with less possibility of decomposition. 
For this purpose the esters, especially the methyl esters, have been most fre¬ 
quently employed. The esterification of naphthenic acids by an alcohol, such as 
methanol, can be effected by heating the mixture of acids and alcohol in the 
presence of about 3 per cent of dry hydrogen chloride or a small quantity of 
concentrated sulphuric acid.^^ 

Eichler was one of the first workers to employ esterification in the separa¬ 
tion of the oily acids of Sarachany (Caucasian) petroleum, from which he ex¬ 
tracted twelve different acids. Hell and Medinger fractionated the ethyl esters 
of naphthenic acids extracted from a Rumanian crude and obtained what was 
considered to be an individual ethyl ester, boiling at 236® to 240® C. and having 
the formula CuHigOjCoHg. Saponification of this ester yielded a naphthenic 
acid of the formula CjiHgoOg, boiling at 258® to 261° C. 

A great impetus to the chemical investigation of naphthenic acids was supplied 
by the work of Markownikow and Oglobin*^ on the saturated hydrocarbons of 
Russian naphtha. Markownikow *** fractionated the methyl esters of Russian 
naphthenic acids and isolated several individual acids. Aschan also isolated 
the same acids by a similar process of fractionation. It was shown by Markowni¬ 
kow that the fraction of the methyl esters distilling at 160® to 165® C. con¬ 
sisted essentially of the compound QHnOaCHg which on hydrolysis yielded 
the heptanaphthenic acid, C^HjiCOOH, boiling at 213° to 214° C. This acid 
was assumed to be a stereoisomer of l-methylcyclopentane-2-carboxylic acid, 

CHaCHCH, 



^CH,CHCOOH 

« Aschan, Ber., 1890, 23, 867; 1891, 24, 2719; 1892. 25. 886, 3661. 

Bull. soc. nat. de Moscou, 46, 274; see Aschan, “Alicyclische Verbindungen,” 1905, 101; Iludow- 
ski, *‘Uie Naphthensauren," J. Springer, Berlin. 1922. 

**Bfr., 1874, 7, 1216; 1877, 10. 455. 

« Bcr., 1883, 16. 1878. 

"/Itm., 1899, 307, 369. 

Ber., 1899, 32, 1766; Chem. Soc, Abs., 1899, 76, 672; cf. Markownikow, Ann., 1899, 307, 369; 
Chem. Soc, Abs., 1899, 76, 800. 

'«• Bcr./1892, 25. 3361; cf. Aschan, Ber., 1890, 23, 867. 
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as the synthetic acid prepared by Coleman and Perkin®^ boiled at 219.5® to 
220.5® C. The octanaphthenic acid, boiling point 237® to 239° C., of the formula 
C^HjaCOOH, was isolated by both Markownikow and Aschan. The latter 
worker also succeeded in isolating a number of the higher members among which 
may be mentioned a monanaphthenic acid, boiling point 251° to 253° C., and a 
decanaphthenic acid, boiling point 260° to 264° C. The research of these and 
other workers therefore showed that the naphthenic acids present in a number 
of crude petroleums, mostly of Russian or Rumanian origin, could be resolved, 
eg., by fractionation of their methyl esters, into a whole series of monobasic 
carboxylic acids of the general formula CnH 2 n -202 with strong presumptive evi¬ 
dence of the existence therein of a polymethylene ring. The probable absence of 
hexahydrobenzoic acid (cyclohexane carboxylic acid) was indicated by the work 
of Aschan, and this fact, coupled with the results of Markownikow, further indi¬ 
cated that the essential basis of the naphthenic acid molecule is a cyclopentane 
ring. 

Following the work of Aschan and Markownikow a number of investigators 
concentrated on the isolation of individual acids from the naphthenic acids de¬ 
rived from various petroleum oils or their distillates, though their efforts con¬ 
tributed little to our knowledge of the constitution of these substances. Thus, 
Kramer and B 6 ttcher®=* converted the naphthenic acids of Alsatian petroleum 
into their methyl esters and subjected the latter to fractionation. Methyl esters 
corresponding to the two monobasic acids CijHjgOj and riBH 2402 were obtained. 
The former acid had d\® 0.951 and boiled without appreciable decomposition at 
300° to 310° C. under atmospheric pressure. Distillation of the calcium salt with 
an excess of soda-lime resulted in the production of a mixture of hydrocarbons 
boiling between 180° and 230° C., and having the average formula C 14 H 26 . 
These hydrocarbons, however, rapidly absorbed bromine so that the expected 
formation of a saturated cycloparaffin was not realized. 

The. naphthenic acids present in Rumanian kerosene were examined by von 
Frangopol,®® who isolated hepta-, octa-, and nona-naphthenic acids besides smaller 
amounts of deca-, undeca-, and dodeca-naphthenic acids. Somewhat later 
Petrow®^ subjected the mixed methyl esters of naphthenic acids to careful frac¬ 
tionation and obtained the following fractions: 

Fraction 1, boiling point 161® to 163® C. at 748 mm. and yielding on hydrolysis a free 
acid of boiling-point 211® to 213® C. (heptanaphthenic acid?). 

Fraction 2,'boiling point 169® to 17 F C at 748 mm., yielding a free acid of boiling 
point 218® to 220® C. (methylcyclopentane-2-carboxylic acid?). 

Fraction 3, boiling point 177® to 178® C. at 736 mm. (methyl ester of an octanaph¬ 
thenic acid?). 


Similarly a series of napthhenic acids from octanaphthenic acid up to penta- 
decanaphthenic acid (boiling from 236° up to 303° C.) was isolated by von 
Kozicki and von Pilat,®® by distillation of the methyl esters of acids derived 
from Galician petroleum distillates. The crude acids were first purified by the 
method of Ardan,®® which consists in adding low-boiling petroleum ether to an 
alcoholic solution of the mixed alkali naphthenates followed by isolation of the 
alkali naphthenates, free from neutral hydrocarbons, from the alcoholic solution. 


« J.CS., 1888, S3, 185. 

"Ber., 1888. 20. 596. . . « . 

** Zur Kenntnis der Naphtherisauren aus rumantschen Erddls, Diss. Mfinchen, 
M/. Russ. Phys.-Chem. Soc., 1911, 43, 1198; Chem, Zentr., 1912, 1, 1002. 
"Petroleum, 1911, 11, 310; Zn«r.. 1916, 1. 1145. 

**t)ber Na^thene und Naphthenaavren, Dias. Karbruha, 1910. 
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The ethyl esters of naphthenic acids from Potok petroleum*^ yielded two frac¬ 
tions, one boiling at 95® to ^170® C. (3 mm) and the other at 170® to 220® C. 
(3 mm). Reduction of these esters gave the alcohols, CiiHa20 and 
respectively.' Each alcohol was converted to the bromide, and these bromides on 
condensation with malonic ester, followed by treatment with urea and sodium 
ethylate, furnished the corresponding barbituric acid, CigHaeOgNa (m.p. 218®- 
220® C.) and CjaHagOsNa (m.p. 173®-177® C.). Reduction of ethyl naphthenates 
with sodium and ethyl alcohol in benzine resulted in the formation of a large 
proportion of glycols. 

Zelinsky®® made an attempt to settle the vexed question of the nature of 
the cycloparaffin ring present in the naphthenic acids. The acids from Baku 
petroleum were fractionated and converted into their methyl esters. From the 
lower-boiling portion of the esters, two fractions were isolated, having analytical 
compositions in accordance with those required for methyl heptanaphthenecar- 
boxylate (octanaphthenate) and methyl octanaphthene carboxylate (nonanaphthe- 
nate), respectively, but*the wide boiling range showed them to be mixtures of 
isomers. These fractions were reduced by sodium and alcohol to the correspond¬ 
ing primary alcohols, which were converted by iodine and red phosphorus into 
the iodides, and subsequently reduced by zinc dust to the hydrocarbon. The 
latter were saturated hydrocarbons, staWe toward permanganate and concen¬ 
trated sulphuric acid. When passed over platinum black gt 300® C., conditions 
under which cyclohexane derivatives undergo thermal dehydrogenation, these 
hydrocarbons yielded very little hydrogen. It was concluded by Zelinsky that the 
original naphthenic acids cannot contain more than small amounts of cyclohexane 
derivatives. The main ring system is probably a cyclopentane ring. Investiga¬ 
tion of the octa-, nona-, and deca-naphthene carboxylic acids in the same way 
showed that these also cannot contain more than a trace of cyclohexane de¬ 
rivatives.*® 

Von Braun®® examined the naphthenic acids in distillates from Rumanian, 
Californian, Galician and German crudes and found that acids from these different 
sources exhibited the same characteristics, namely: those containing up to 6 or 7 
carbon atoms were aliphatic, those possessing from 7 to 12 carbon atoms were 
monocyclic, while those which had more than 12 carbon atoms per molecule 
were dicyclic. No evidence was obtained for acids of more highly con¬ 
densed systems. It was also observed that acids of approximately the same 
empirical composition occurred in the corresponding fractions from different 
crudes. Galician oils were exceptions in that the acids having more than 11 
carbon atoms were aliphatic or monocyclic The low-molecular weight acids 
found in the distillates from Rumanian crudes were absent in the crude oil, from 
which largely secondary acids were isolated. This suggested that the low- 
molecular acids are the products of pyrogeqic decomposition. 

The work of Tanaka and his associates was carried out on naphthenic acids 
derived from Japanese crudes as well as from a Californian distillate. The 
mixture of. naphthenic acids was converted into methyl esters which were then 


** von Pilat and Heyman, Ann,, 1932. 499, 76\ Brit. Chem. Abi. B, 1932. 1262. 

M Zelinsky, Ber., 1924, 57B, 42. Cf. Komppa, Routala and Kanerva, Ber,, 1929, 62, 1562. 

•• Zelinsky and Wkrowskaia, Ber.. 1924, S7, SI. 

^Ann., 1931, 490, lOOl Brit. Chem. Abs. X, 1931, 1396. Natl Pet. News, 1932, 24 (8), 28; 
Chem. Abs., 1932, 26, 4702. 

Tanaka an4 Nagai, /. Fae. Eng. Imp. Vntv., 1924, 15, 271; Chem. Abs., 1925, 19, 1135. 

Tanaka, Nagai and Ishida, /. Fac. Eng. Tokyo Imp. Univ., 1924, 16, 8; Chem. Abs., 1925, 19, 832. 
Tanaka__* * c-- I?-- r.-* moe «« <<»4. >*1._ ,1-- '.A/..- ’ 

/. Fa 

1923, *w, « 

Chem. Abs., 1926, 20. 985. 


Tanaka, Nagai and Ishida, /. Fae. Eng. Tokyo Imp. Univ., 1924, 16. 8; Chem. Abs., 1925, 19, 832. 
Tanaka and Nagai, J. Fac. Eng. Tokyo Imp. Univ., 1925, 16, 171; Chem. Abs.. 1926, 20, 583; 
/, Fac. Eng. T^yo Imp. Univ., 1926, 16, 183; Chem. Abs., 1926. 20. 2832; J. Chem. Ind. Japan. 
1923, 26, 309; ibtd., 1923. 26, 1115; Chem. Abs., 1924, 18, 2332; /. Chem. Ind. Japan, 1926, 29, 1; 
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fractionated and the purified acids regenerated; or the mixed methyl esters were 
saponified to give the purified free acids which were submitted to fractionation. 
The most interesting result of this work from the structural point of view is that 
definite differences of density were found to exist between pure naphthenic acid 
fractions of the same boiling range but from different petroleums. Naphthenic 
acids from gas oil distillates of California (Long Beach and Santa Fe Springs) 
crudes had specific gravities somewhat lower than those derived from Kurokawa 
petroleum and a Ijttle higher than acids from Nishiyama petroleum. The ex¬ 
planation advanced for such facts is that two series of isomeric naphthenic acids, 
differentiated by specific gravities, exist and that the acids from Californian 
petroleum c^re probably a mixture of the two sei;ics of acids. All the acids ap¬ 
peared to be monocarboxylic acids of the formula CnHan.^Og. From the crude 
naphthenic acids of Echigo-Nishiyama petroleum, Tanaka and Nagai isolated, 
by means of the methyl esters, a homologous series of acids from dodeca- to 
pentadecanaphthenic acids. 

Komppa isolated an undecanaphthenic acid, CioHj^COOH, by fractionation 
of the methyl esters of naphthenic acids from Baku petroleum. The purified 
acid boiled at 271®-272®C. (764 mm.) and yielded ethyl and methyl esters boil¬ 
ing at 247°-248® C. (762 mm.) and 236°-237® *C. (763 mm.), respectively. Re¬ 
duction of the ethyl esters yielded an undecanaphthenol which was converted 
by phosphoryl chloride and phosphorus pentachloride into the corresponding 
chloride, CioHjoCHaCl, boiling at 74® to 78® C. at 7 mm. This chloride, on 
reduction with sodium in alcohol, furnished an undecanaphthene CnHjo, boiling 
point 183.S®-184.5° C. at 765 mm., d^^ 0.81284 and n®i5 1 44834, identical with the 
hydrocarbon found by Markownikow and Oglobin in Baku naphtha. Komppa 
concluded that the undecanaphthenic acid of the naphtha is a carboxylated de¬ 
rivative of the undecanaphthene hydrocarbon present in the same type of 
petroleum. 

Carboxylic acids derived from lubricating fractions of Texas crudes have been 
described by Alleman,*^ who stated that these acids are not naphthenic acids 
proper since they do not conform to the equation C„H2n.202. It is true that 
formerly the term naphthenic acid usually implied carboxylic acids of that general 
formula but later work, especially that of von Braun, has shown the essential 
artificiality of such a classification and has indicated the desirability of extending 
the term naphthenic acid to include not only monocyclic carboxylic acids of the 
formula CnHan-^Oz but also bicyclic and possibly polycyclic monocarboxyl ic acids 
(C„H 2 n -402 and CnH2n-602). In short, the term naphthenic acid is employed to 
designate all carboxylic acids which are. to be found in crude petroleums, but more 
especially monocyclic acids of the formula C„H25_iC00H (or CnH2n_202). The 
acids described by Alleman have 16 to 25 carbon atoms per molecule, molecular 
weights ranging from 250 to about 376, and belong predominantly to the series 
CnH 2 n -402 and CnHgn-eOj. One acid out of the eleven isolated from the mixed 
acids appeared to belong to the series CnH2n-802* These acids are described as 
viscous liquids of high refractive index (1.48563 to 1.49654), distillable between 
160° and 245® C. at 4 mm. but distilling with decomposition at ordinary pres¬ 
sure. Alleman is apparently the first investigator to obtain an indication of 
the existence in petroleum of bicyclic and tricyclic monocarboxyl ic acids, but 
the presence of the former was later firmly established by the work of von Braun. 




Table 158 .—Naphthenic Acids (Monocyclic). 

Formula of Source from Constants of Acid Boiling Point of Derivatives 

Acid which Extracted Boiling Point Density Methyl Ester Acid Chloride Observer 
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Rumanian kerosene 263-266 d^ 0.9876 225-233 223-226 von Frangopol * 

Galician oil 255-258 — 205-210 215-219 von Kozicki aiid 

^ von Pilat * 

Baku naphtha 271-272 d^ 0.9707 236-237 106.5-108 ( 8 mm.) Komppa‘ 
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Naphthali reported that the following acids have been isolated from Ru¬ 
manian and Galician naphthenic acids: 

CH,C.H,(CH,),COOH (CH,).C.H,(CH0tCOOH (CH.),C,H*CH,COOH 
The latter acid consists of a substance of the constitution 


(CH,),C 


CH.CH— 


CHCH.COOH 


and is related to the 3,3,4-trimethylcyclopentanone obtainable from creosote oil. 

The occurrence of aliphatic acids of the paraffin series has been noted by a 
number of workers. Tanaka and Kuwata found that the crude petroleum acids 
derived from Ishikari (Hokkaido) gas-oil distillates contained, in addition to 
true naphthenic acids, a mixture (7.7 per cent of the total acids) of palmitic 
(4.5 parts), stearic (2 parts), myristic (2 parts), and arachidic acids (traces), 
which were separated by means of their lithium salts and subsequently the methyl 
esters. Similar fatty acids are said to occur in other Japanese petroleums, and 
also in those from California and Borneo. Crystals of arachidic acid were ob¬ 
tained by Holzmann and von Pilat,®^ by cooling the acid mixture extracted from 
a spindle oil. The presence of paraffin carboxylic acids in the lower fractions 
of Baku naphthenic acids was observed by Chichibabin.** Von Braun, as pre¬ 
viously noted, has also found saturated acids of the formula CnHanOg in the 
lowest fractions. 

Before proceeding to discuss the results of von Braun it is desirable to tabu¬ 
late the physical properties of the simple monocyclic naphthenic acids of the 
formula Cjfl 2 n- 2^2 which have been isolated by various workers from petroleums. 
It can hardly be doubted that these acids are mainly cyclopentane monocarboxylic 
acids, though many of the acids listed in Table 158 were probably not homo¬ 
geneous chemical individuals and consisted of at least two isomers. 

* The work of von Braun has materially extended our knowledge of the chem¬ 
ical constitution of the naphthenic acids. The results obtained by previous work¬ 
ers seemed to indicate that the typical formula was CnHjn-aOa and that these 
acids were monocarboxylic acids derived from cycloparaffin hydrocarbons in 
which the COOH group was attached directly to the carbon ring. The work of 
Zelinsky and others, moreover, indicated that the ring system present was gener¬ 
ally a cyclopentane ring. Von Braun®® has shown as a result of his extensive 
experiments that these conclusions are erroneous in several particulars. It was 
found that the naphthenic acids are indeed monocarboxylic acids, derivatives 
mainly of cyclopentane and conform in general to the formula CnHgn-aOa; but 
bicyclic saturated naphthenic acids of the empirical formula CnH 2„.402 also 
exist (possibly also polycyclic ones CnH 2 n- 602 ), while in the lowest fractions 
saturated aliphatic acids of the formula CnHanOa occur. Von Braun concen¬ 
trated his attention mainly on the question of the constitution of the monocyclic 


•Z. angeuf. Chem,, 1930, 43, 1051; Chem, Ahs., 1931. 23, 4857. 

••/. Fae. Eng. Tokyo Imp, Univ., 1928, 17, 293; Brit. Chem. Abe. B, 1929, 117. 

” Brennstoff-Chem., 1931. 12. 41; Brit. Chem, Abs. B. 1931. 327. 

»Brennetoff-Chem,. 1933, 14, 263; Chem, Abe,, 1933, 27, 5178. Compt, rend. acad. eci. U.R.S.S., 


Chem. Abs. B. 1933, 135. 

^ Allgem. 01. u. Fettatg., 25, Mineraldle, 1, 13; Chem. Zentr., 1929, 1, 2876; CArm. Abe., 1930, 
24 , 3765; Petroleum Z., 1931, 27, 673; Chem. Abs., 1932, 26. 1102. 
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naphthenic acids of the formula which were shown to consist not 

only of compounds of the type 

H,C-CHCOOH 

ai. 


as was previously believed, but mainly of the types 

H.C-CHCH.COOH H,C-CHCH.CH.COOH 

H,C CH, and * H,(i: Ith, 




in which the carboxyl group is linked it.(Mrectly to the ring system through a 
chain of one, two, three, or even more, CHg groups. Direct evidence was also 
adduced that in the monocyclic naphthenic acids the ring structure involved is 
most frequently a cyclopentane ring. 

The methods employed by von Braun in elucidating the structure of these 
acids are of sufficient interest to warrant a brief description. Three distinct 
methods of attack were employed. 

(1) The Amine-Olefin Method, Treatment of a naphthenic acid with hy- 
drazoic acid by the method of Schmidt leads to the formation of an amine (a 
naphthenamine) according to the reactions: 


RCOOH + HN, 


OH 

RC~N< + N, 


RC 


\< 


RN=O=0 


RNH, 


The naphthenamine, produced in 80 to 90 per cent yield by this method, can 
be readily purified through its oxalate or other salt and contains one carbon atom 
less than the parent naphthenic acid. Exhaustive methylation of this amine foK 
lowed by the Hofmann degradation yields an olefin, which on oxidation with 
ozone furnishes either an acid with two carbon atoms less than the original 
naphthenic acid or a ketone with two carbon atoms less than the parent acid. 
These reactions are illustrated by the two following cases.^° 

1 

RCH,CH,COOH 
+N3II 

RCHaCH,NH, 

I Hofmann 

^reaction 

RCH=CH, 

^oxidation 

RCOOH 

*^The symbol R*>C indicates that the carbon atom forms a part of the cyclopentane structure 
contained in the radical R*. This accounts for the formation of a ketone on oxidation. 


R‘>CHCH,COOH 

1+N.H 

R'>CHCH,NH, 

I Hofmann 
y reaction 

R'>C=CH. 

^oxidation 

R‘>CO 
(cyclic ketone) 
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Obviously, if the parent naphthenic acid consists of a mixture of isomers of 
the two above-mentioned types, the series of reactions will result in the pro¬ 
duction of a mixture of an aci^l and a ketone easily separable by chemical means. 

(2) Progressive Degradation Method, This method produces an acid with 
one carbon atom less than the parent naphthenic acid whereby a progres¬ 
sive degradation of the carboxylated side chain in the naphthenic acid molecule 
could be effected. The method is illustrated by the following case: 

RCHaCOOH 

^esterification 

RCHaCOOCsH. 


RCHaCHaOH 


RCHaCHsBr 
| + (CH.),N 

RCHaCHaN(CH.).Br 

I decomposition of quaternary base 


RCH=CH, + (CH,),N -f HaO 


^oxidatio 


RCOOH 


(3) Lactone Method. In cases where the carboxyl group is linked to the 
ring through three CHg groups the following series of reactions lead to the 
formation of a lactone readily identifiable by oxidation. 

RCHaCH,CH,COOH 

^esterification and bromination 

RCHaCHaCHBrCOOCsH. 

^elimination of HBr 

RCH,CH=CHCOOH 

^rearrangement 

RCH=CHCH,COOH 


RCH-CHr-CHr^CO 


Lactone 


Of the three methods of attack the most valuable are the first and second, 
which lead to a degradation of the side chain with the production of acids or 
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ketones of lower molecular weight. By this process of progressively shortening 
the side chain the constitution of the side chain containing the carboxyl group 
can be definitely determined. 

Von Braun has applied the above methods to the elucidation of the constitu¬ 
tion of naphthenic acids of Rumanian, Galician, German, Californian, and Texan 
origin, with the following results. Investigation of Galician naphthenic acids 
showed that the acids boiling between 125'^ C. (12 mm.) and 210® C. (0.1 mm.) 
belong to the class of monocyclic acids. The fraction of boiling point 145®- 
150® C. (12 mm.) possessed the formula C 9 H 17 COOH and was shown to consist 
of acids of the two types C 7 H 13 CH 2 CH 2 COOH and C 7 H 14 CHCH 2 COOH since 
on treatment by Method 1 a mixture of ketones C 7 Hi 4 CO and an acid CjHigCOOH 
was obtained. From the mixtures of ketones, a small amount of one having the 
following constitution (as shown by later work)^* was obtained: 


H.C CH, 

V 

CHi—\'H. 

H.(i—io 

3,3,4-trimethylcyclopcntanone-l 


The fraction boiling from 190® to 200® C. (12 mm.) of Galician naphthenic 
acids was proved to contain a monocyclic acid of the formula C 13 H 25 CH 2 COOH, 
since on degradation by Method 1 it yielded a monocyclic ketone, C, 2 H 24 >CO. 
The fraction boiling from 195® to 205® C. (0.1 mm.) corresponded with the 
formula C 13 H 34 O 2 and was proved to contain a monocyclic acid of the formula 
G 14 H 27 CH 2 CH 2 CH 2 COOH by the lactone method. 


Examination of Rumanian naphthenic acids by von Braun yielded the following 
results. 

Fraction boiling from 118^ to 127"* C. at 12 mm. contained a mixture of various 
monocyclic acids of 7 and 8 carbon atoms. 

Fraction boiling from 139^ to 140'* C. at 12 mm. contained several isomeric acids of 
the formula GHmCOOH. A small proportion of these acids was of the C7H14CHCOOH 
type, such as the acid 

HaC CH, 


CH, 


-h/ 

H,C- 


\ / 
C 
\ 


CH, 

I 

-CHCOOH 


but a greater proportion contained acids of the type CtHisCHjCOOH. Degradation of 
the latter acid by Method 1 resulted in the production of an acid CeHnCOOH and a 
ketone C6Hu>CO, so that both the molecular tyi)es of CeHnCHaCHjCOOH and 
CaHia>CHCHaCOOH were present. 

Fraction boiling from 150** to 155** C. at 12 mm. (G»HmCOOH) was examined 
exhaustively by all the three methods outlined previously. Method 3—the lactone 
method—showed the presence of acids of the tyi)e CaHuCHaCHiCHaCOOH containing 
isomeric methylcyclopentyl residues. The use of Method 2 resulted in the formation of 
a mixture of isomeric acids of the type CaH»COOH, this demonstrating the absence in 
the original acids of any acids in which the carboxylic group is linked directly with the 
cyclic system. Finally, Method 1 yielded an acid of the formula CiHiaCOOH (derived 


Von Braun, Mannes and Reuter, J3er., 1933, 66, 1499. 
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from an original acid of the type CtHitCHiCHijCOOH} and a mixture of ketones, 
CtHt 4 >CO, in which was identified a compound of the formula 


H,C CH, 

V 

\:h, 

H,(!—(!:o 

This ketone could only, have been derived from a CmHwOi acid of the formula 

H.C CH. 

V 


CH, 


\ 


.H(/ . 

—ii 


CH. 


HCaCOOH 


which is also present in the Cu acids of Galician and Californian naphthenic acids. Sum¬ 
marizing, it can thus be inferred that in this fraction of CwHmOj acids, molecules of the 
type C.Hi.CH.CH,CH.COOH, C,Hi3CH,CHaCOOH, and C.H»CH,CpOH were present, 
but no acids containing a carboxyl group linked directly to the cyclic system. 

Th^ fraction boiling from 180** to 200** C, at 12 mm, of Rumanian acids corre¬ 
sponded to the formula CmHmOi and was evidently bicyclic. Conversion into the amine 
CuHsiNHt and then into olefin CuH», followed by oxidation, yielded ultimately a 
bicyclic ketone CiiHao>CO so that the original acid possessed the constitution 
CmH«o>CHCHjCOOH. The character of the bicyclic system involved has not been 
determined. 

Fraction boiling from 200** to 220** C, at 12 mm. (CmHmO.) contained a bicyclic 
acid which yielded, by a treatment similar to that described above, a bicyclic ketone of 
the formula CiiHm>CO. 

Fraction boiling from 220** to 240** C. at 12 mm, of the formula CuHsaO., furnished 
another bicyclic ketone of the formula CisHm>CO. 

Cadifonuan Naphthenic Acids. The fraction boiling from 145* to 155* C. at 12 mm. 
consisted of monocyclic Cio acids which yielded, by Method 1, a mixture of monocyclic 
ketones, CtHi 4 >CO. In this ketone mixture it was found possible to identify 3,3,4- 
trimethylcyclopentanone so that the original acid mixture undoubtedly contained an acid 
of the structure 

H,C CH, 

V 

CHr-Hd^ \h. 

Hid:—<!: hch,cooh 


as well as other isomeric acids with a ^CH,COOH side chain. 

Fraction boiling from 162** to 172** C. at 12 mm. contained monocyclic Cm acids. 
Conversion into the amine CuHnNH. and olefin CuHm, followed by oxidation, furnished 
a mixture of ketones of the formula C»Hm>CO, from which a single individual ketone, 
CioHuO, was extracted. This ketone is isomeric with menthane and contains a five- 
membered ring. 

Fraction boiling from 180** to 200** C. at 12 mm. possessed the formula CmHmO., 
and degradation by the amine method yielded a bicyclic ketone, CuHmO,. 

Fraction boiling from 200** to 220** C. at 12 mm. consisted of bicyclic monocar- 
boxylic acids of the formula CmHmOi. The usual amine degradation furnished a mixture 
of bicyclic ketones, CuHm>CO, from which a single individual was isolated which proved 
to be identical with the ketone derived from the Ct4HMO. acids of Rumanian naphthenic 
acids. Both the original acids, therefore, possessed the constitution CuHajCH.COOH, 
in which the CuHat— radical represents a bi^clic hydrocarbon residue. 

The fraction boiling from 2^" to 280* C at 12 mm. from Rumanian petroleum 
constituted the highest molecular weight acids isolated by von Braun. This fraction 
consisted of bicyclic acids of the formula CmHmO,. 

. Examination of naphthenic acids in Texas crudes showed that the acid fractions with 
12 carbon atoms were monocyclic while the higher fractions contained only bicyclic acids. 
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The results of von Braun indicate that Rumanian, German, Californian, and Texan 
naphthenic acids consist of Both monocyclic and bicyclic monocarboxylic acids, the 
bicyclic acids preponderating in the higher fractions with 13 and 14 carbon atoms. In 
the case of the Galician acids, however, the monocyclic types appear to persist even in 
fractions as high as Cu fractions, these being the highest monocyclic acids encountered 
by von Braun. Tri- and polycyclic acids have not yet been identified in the fractions so 
far examined, but their existence is indicated by the work of Alleman and Maitland. 


Later, von Braun, Mannes and Reuter^* prepared a pure naphthenic acid, 
3,3,4-trimethylcyclopentylacetic acid. This acid was formed from 3,3,4-trimethyl- 
cyclopentanone-1. The course of the synthesis is indicated by the following: 


(CH.)r=A:0 Zn (CH.);=A/0H 

- CH.-CO,C,II. 






(OH.)- 


(CH.)r=A-CH.CO.H 
CHr 


(CH.)#Tf >-CH.CO.H 
CH:,-— 


Chemical and Physical Properties of Naphthenic Acids 

Crude naphthenic acids from different crude oils and distillates vary greatly 
in physical and chemical characteristics. Acids of low molecular weight such 
as those obtained from Baku petroleum are volatile oils of penetrating odor, 
while high molecular weight acids such as those obtained from lubricating stocks 
are viscous, and in some cases semi-solid, materials. Crude acids frequently con¬ 
tain relatively large amounts of foreign substances including neutral compounds 
and resins and for this reason often exhibit an iodine absorption value. However, 
all purified naphthenic acids appear to be fully saturated substances so that the 
iodine values of crude acids is a sign of their contamination with foreign mate¬ 
rials. In Table 159 will be found Pyhala’s data on the properties of various 
commercial naphthenic acids from Baku petroleum: 


Table 159 .—Properties of Commercial Naphthenic Acids from Baku Petroleum. 


Viscosity 

Source of Acid Acid No. d” Iodine No. at30®C. 

Kerosene . 255 0.9650 0.9 4.23“ Engler 

Same. 230 0.9504 2.62 — 

Light solar oil . 170.0 0.9513 2.42 15.00* E 

Vaseline oil . 152.0 0.9471 — — 

Heavy solar oil . 136.0 0.9418 2.50 18.96* E 

Spindle oil . 108.0 0.9358 6.17 34.76* E 

Machine oil . 87.5 0.9350 7.18 47.71* E 

Cylinder oil . 32.6 0.9294 11.36 97.92* E 


In many instances crude acids are of a very dark color, particularly those 
from the higher fractions of petroleum. Schwarz and Marcusson described 
a crude naphthenic acid from Russian lubricating stock which was a brownish- 

I9.L1. 66. 1499. 

angew. Chew., 1914, 27. 1, 407; Chew. Abs., 1915, 9, 1842; Chew. Rev. Rett- u. Harsindustrie, 
1914, 21, 128; Chew. Abe., 1914, 8. 2800; Petroleum, 1914, 9, 1373; Chew. Abs., 1914, 8. 3361; 
Chem.-Ztg., 1912, 36, 869; Chew. Abs., 1912, 6, 3381; Petroleum. 1914, 9, 1506; Chem. Abs., 1915, 
9, 372; see Budowski, ‘*Die Naphthensauren/* Julius Springer, Berlin, 1922, 30. 

Chem. Rev. Fett.- u. Harxindustrie, 1908, 15, .165; Chem. Zentr,, 1908, 2, 352. 
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black, thick, oily liquid with an acid number of 118.3 and an iodine number 
(Waller) of 5.5, soluble in ^benzine and containing much combined sulphur. 
Acids from Galician and Rumanian lubricating stocks were brownish«black resi¬ 
nous substances, soluble in benzine, and having acid numbers of 87.6 and 157.4, 
respectively. 

The acids obtained from American lubricating stocks by ihe Alleman process 
are dark in color and have an acid number of 103, but the acid numbers of the 
distilled acids is generally higher. For example, distillation of the acids under 
4 mm. pressure yielded the following fractions: 


Boiling Range ®C. (4 mm.) Acid No. 

Up to 180 . 187 

180-190 . 174.4 

190-200 . 160 

Residue (containing resins) . 61 


Other acids, obtained by hydrolyzing the naphthenic soaps with steam under 
pressure followed by acidihcation with hydrochloric acid and distillation under 
reduced pressure, were very dark in color and had an acid number of 85. Acids 
obtained in the same way, but further purified by means of alcohol, had an acid 
number of 124 and were of a light amber color. These are polycyclic mono- 
carboxylic acids containing 16 to 25 carbon atoms, and are low-melting viscous 
oils. 

Purified naphthenic acids from various sources also exhibit a wide varia¬ 
tion in physical properties, but their chemical properties are more uniform and 
differ only in degree. A large number of purified naphthenic acid fractions 
(most of which undoubtedly contained mixtures of isomers and frequently of 
homologues) have been described. All these acids appear to be colorless, or 
faintly colored oily liquids, distillable unchanged at 200° to 3(X)° C. and volatile 
in steam. Their densities are all less than 1 but appear to decrease with increas¬ 
ing molecular weight—^at least in the case of the monocyclic acids of the formula 
CnH2n.,202. They are insoluble or sparingly soluble in water, but are soluble 
in hydrocarbons and in many organic solvents. Their viscosities increase with 
increasing molecular weight, while their surface tensions decrease.^® They exert 
a corrosive action on many metals especially lead, zinc, copper, and tin, but 
aluminum is resistant to their action.^^ Corrosion of refinery equipment due to 
naphthenic acids has been reported by Vuiborova."^® 

Despite statements to the contrary, it seems that the simple monocyclic acids 
dissolve readily in concentrated sulphuric acid but may be precipitated unchanged 
by addition, of water.^® A remarkable case of irreversible adsorption of naph¬ 
thenic acids by fuller's earth has been recorded by Gtirwitsch,®® who found that 
filtration of the acids through this material resulted in the adsorption of about 
6 per cent which could not be extracted from the adsorbent by organic solvents. 

The antiseptic properties of the (monocyclic) naphthenic acids, exhibited also 
by many of their salts, was noted by Charitschkow,®®» who ascribed this property 
to the presence of a cyclopentyl ring since benzoic and hexahydrobenzoic acids 
do not possess antiseptic powers. The subject was further investigated by Spal- 

”U. S. Patents 1,694,462 and 1,694,463, Dec. 11, 1928, assigned to Sun Oil Co.; Chem. Abs., 
1929, 23. 697. 

Goldberg and Gurwitsch, Aserb. Neft. Khos., 1928, No. 5, 46; Chem. Abs., 1928, 22, 3767. 

Budowski, **Die Naphthensauren,*' Julius Springer, Berlin, 1922. 

” Vuiborova, NcfL Khog., 1930, 9, 117; Brit. Chem. Abs, B. 1931, 284. 

» Schulz, Chem. Zig., 1908, 32, 772: Chem. Abs.. 1908, 2, 2954. 

^Z. physik. Chem., 1914, 87, 323; Chem, Abs., 1914, 8, 2090; Petroleum, 1912, 8, 65; Chem. Abs., 
1913. 7. 1602. , . 

“•Z. anaew. Chem., 1899, 7.39; J.S.C.I., 1899, 18. 852. 
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wing,®°^ who found that 1 per cent of free acids, or their salts in a concentration 
of 1:100, exerted as powerful an effect on various pathogenic organisms as 3 
per cent of phenol. The free acids appear to be the most effective, followed by 
their copper, iron, zinc, and aluminum salts in the order of their activities. Ac¬ 
cording to Kupsis,®®® the naphthenic acids exhibit toxic properties particularly 
toward fish. That the toxicity of some crude petroleums and residues is de¬ 
stroyed by washing with alkali indicates that such toxicity is due to their naph¬ 
thenic acid content. 

In chemical properties the naphthenic acids exhibit the characteristic prop¬ 
erties of monocarboxylic saturated aliphatic acids. They are stable and do not 
combine additively with halogens. Under certain conditions, however, they are 
attacked by bromine with the formation of bromine substituted compounds ac¬ 
companied by the evolution, of hydrogen bromide. Their ease of esterification by 
aliphatic alcohols in the presence of a catalyst, such as Concentrated sulphuric 
acid or hydrogen chloride, has already been‘mentioned and a considerable num¬ 
ber of such esters, more especially the methyl esters, have been prepared. It is 
interesting to note that dimethyl sulphate (or other dialkyl sulphates) may be 
used for esterification of these acids.®^ The methyl and ethyl esters of the mono- 
cyclic acids are oily liquids possessing somewhat fruity odors. Esters of naph¬ 
thenic acids with glycerol have also been prepared by heating three molecules 
of the acid with one molecule of glycerol to 250° C. for several hours.®* Reduc¬ 
tion of the methyl or ethyl esters by :the method of Bouveault and Blanc leads to 
the production of a primary alcohol.®® For example, the reduction of the ethyl 
ester of undecanaphthenic acid (from Baku petroleum) by sodium and ethyl alco¬ 
hol resulted in the formation of the corresponding alcohol, undecanaphthenol, 
boiling point 236.5°-237.5° C,®* 


GoHtaCOOGHs + 2Hs 


GoH«CH,OH + GH^OH 


A considerable number of simple derivatives of the monocyclic acids contain¬ 
ing 7 to 14 carbon atoms have been prepared by various workers and their forma¬ 
tion may be summarized in the following scheme: 


RCOOCH, 

I (Na + CaHaOH) 

RCHaOH 

RCHaCI 

I (Na + C»HaOH) 


-f. CHaOH + NH4OH 

— RCOCl —^ RCONH. 


l + 1 

Y -(- dilute T 

:OOH — RCl 

I HaSOa I 

j + I 


•HaO 


RCN 

+ Ha 


RNH, 


RCH.NH* 


RCH. 


Of the derivatives of the monocyclic acids, the amides are white crystalline 
solids and the acid chlorides are liquids which can be distilled without decompo¬ 
sition at 200° to 260° C. The two amines produced according to the above scheme 


^^Farmazeft, 1903, 11, 191; Chem. Ztg.. 1903, 27, Rep. 196. 

^ Pharmaz. Zcntralhalle, 1902, 43, 217; Chcm. Zentr,. 1902. 1, 1171. 

Von Kozicki and von Pilat, Petroleum, 1916, 11, 310; Ckem. Zentr., 1916, 1, 1145; Chem. Abs., 
1916, .10, 2296. 

Budowski, "Die Naphthensauren,** Julius Springer, Berlin, 1922. 

** Pet row, J. Russ. Phys.-Chem. Soc., 1911, 43, 1198; Chem. Zentr., 1912, 1, 1002. 

'^Komppa, Routala and Kanerva, Ber„ 1929, 62, 1562. 
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are strongly basic liquids with an ammoniacal odor. In this connection it is 
interesting to note that the 'Salts of the amine CiaHsaNKj produced from the 
bicyclic acids, C 20 H 30 O 2 , of a higher fraction (boiling from 250® to 270® C. at 
12 mm.) of Rumanian naphthenic acids were found (by von Braun) to possess 
marked emulsifying properties in aqueous solution, just like solutions of the 
alkali salts of the higher fatty acids except that the former react acid in solution. 
Aryl amino derivatives of naphthenic acids have been prepared by reacting the 
acids with aromatic amines.®^® On sulphonation the sulphonic acid group is 
said to enter the aromatic ring of such compounds. 

The work of von Braun has furnished numerous methods of converting these 
acids into other substances such as amines,®^** ketones and lower acids, and will 
no doubt lead to an extension of our knowledge of hydrocarbons possessing a 
cyclopentane ring and possibly also of saturated bicyclic hydrocarbon structures. 

The possibility of converting naphthenic acids into ketones, which may be 
utilized as solvents, has engaged the attention of a number of workers. Stadni- 
kov and Donde made use of the method of Griin,®® which consists in heating 
high-boiling organic acids to a temperature of 200® to 300® C. Caucasian naph¬ 
thenic acids, boiling between 140® and 190® C. at 25 mm., were introduced drop 
by drop into a reaction tube containing a catalyst of ferric oxide on asbestos. 
The acids were unchanged at 360® to 370® C., but at 450® C. underwent a reduc¬ 
tion of acid number from 220 to 47 and the catalyst was soon rendered inactive. 
From 525 grams of naphthenic acid there were finally obtained 340 grams of 
a product with an acid value of 94, consisting of a mixture of unsaturated hydro¬ 
carbons and oxygenated compounds in which ketones were only present in an 
insignificant amount. Greater success was achieved by Zelinsky and Rjachina,®^ 
who passed a mixture of acetic acid and mixed naphthenic acids, from Balachany 
(Caucasus) petroleum, over a catalyst of mixed manganous and zinc oxides at 
410® to 420® C. and obtained as a product a mixture of acetone, ketones derived 
from naphthenic acids and acetic acid, and ketones derived from naphthenic acids 
only. The reactions, in which RCOOH represents a naphthenic acid, may be 
represented as: 

2CH.COOH —^ CH,COCH, + CO, + H,0 
R.COOH + CH,COOH —RCOCH. + CO, 4-H,0 
2RCOOH —^ RCOR + CO, 4-H,0. 

Passage of a mixture of 240 grams of naphthenic acids (boiling from 235® to 
250® C.) and 304 grams of acetic acid quickly over the above catalyst at 410® 
to 420® C. yielded 170 grams of crude ketones and 110 grams of unchanged acids. 
Slower passage of a mixture of 430 grams of naphthenic acids with 500 grams 
of acetic acid over the same catalyst at the same temperature furnished 470 grams 
of ketones and only 29 grams of unchanged acids. 

The ketones regenerated from the bisulphite compounds were mixtures of 
isomers derived from the acids C 5 H 9 COOH, CtHjjCOOH, and CgHj^COOH, 
and acetic acid. The following ketones are described by Zelinsky and Rjachina, 
all of the type CnHjn-iCOCHa: 

Soc. des produittf cbimiques et matiires colorantes de Mulhouse, French Patent 711,952. 1930; 
Chetn. Ahs., 1932, 26. 1943. 

CJ. Schmidt, German Patent 500,435, 1928; Chem, Ahs., 1932, 26, 2198; German Patent 544,890, 
1930; Chem. Abs., 1932, 26, 3515; both patents assigned to Knoll A.-G. Chem. Fab. 

* Traru. Karpov JnsL Chem., 1925, No. 4, 188; Chem. Abs., 1926, 20, 2152. 

••German Patent 295,657. 1914; 1917, 36 . 569. 

” Ber., 1924, 57B, 1932; Chem. Abe., 1925, 13, 647. 
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CtHuO b.p. 177®'-184® C., semicarbazone m.p. 105®~107® C. 

GHuO b.p. 184*-190® C, 0.8836, semicarbazone m.p. 135® C. 

GHuO b.p. 204®-207* C, d^| 0.8921, semicarbazone m.p. 142" C. 

G»HttO b.p. 210*~212* C, d^^ 0.8861, semicarbazone m.p. 140* C. 

The ketones which did not combine with sodium bisulphite were separated 
by distillation into a series of fractions each containing a large number of 
isomers. Ketones boiling from 190° to 207° C. were derived from the naph> 
thenic acids, QHiaCOOH. Those boiling in th*e ranges, 207° to 210° C., 212° 
to 215° C. and 220° to 235° C, corresponded with the acids C^H.^COOH, 
C 9 H 17 COOH, and CjqHiqCOOH, respectively. 

The formation of small amounts of ketones by the oxidation of crude naph¬ 
thenic acids (of acid number 267) in ammoniacal solution with hydrogen perox- 
ide has been noted by Naphthali.®* Beckman described a method of producing 
ketones from naphthenic acids which consists in passing the oil vapors through 
two reaction chambers containing lime. The first chamber is maintained at 
200° C. and the second at 400° C. Ketones of the formula C^HanO are said to 
be formed. 

The cracking of naphthenic acids under pressure in the presence of water 
and alumina has been investigated by Ipatiew and Petrov.®® The products con¬ 
sisted of acetone, acetic and formic acids in the aqueous layer and an oily layer 
containing paraffinic, naphthenic and unsaturated hydrocarbons, ketones, and 
naphthenic and paraffinic acids. The following three reactions were suggested 
to explain the various products: (1) Splitting off of the carboxyl group with the 
formation of a naphthene which may be further degraded; ( 2 ) formation of 
lower molecular weight naphthenes by fission of the side chain containing the 
carboxyl group; and (3) formation of fatty acids from the carboxylated side 
chains so eliminated. 


Applications of Naphthenic Acids 


The most important use of naphthenic acids is in the manufacture of soaps, 
detergent compositions, greases and water-soluble oils, for which purposes the 
sodium salts are most frequently employed.®^ A number of other metallic salts 
have also found important application for various purposes. The free naphthenic 
acids have been proposed as suitable solvents for vulcanized rubber,®® various 
resins and gums such as copal, dammar, sandarac, and mastic,®* and for aniline 
dyes.®* According to Petit,®® the viscosities of concentrated colloidal solutions 
(generally containing at least one organic solvent) can be reduced, without fur¬ 
ther modification of their properties, by the addition of naphthenic acids. It was 
stated that the fluidity of printing inks may be improved by the addition of these 

••Chem. Umschau, 1926, 33. 1; Chem. Abt., 1926, 20, 2151. 

••U. S. Patent 1,753,642, April 8, 1930; Chem. Abs., 1930, 24, 2590. 

^ Brennsto/f-Ckem., 1930, 175; Ber., 1930, 63B. 329. . ^ 

For a review of the use of naphthenic acids in soap making, see Schuck, Mat. Grasses, 1922. 
14. 6249; Chem. Abs., 1923, 17, 220. For the preparation of oil-water emulsions and of greases, see 
Ubbelohde. German Patent 261,070, 1910; Chem. Abs., 1913, 7, 3226; Frizell and Stagner. U. S. 
Patent 1,582,257, Apr. 27, 1926; assigned to Union Oil Co. of California; Chem. Abs., 1926, 20, 2067. 

Chercheffsky, German Patent 218,225, 1908; Chem. Abs., 1910, 4, 1813; Kinney, U. S. Patent 
1,815,778, July 21, 1931; assigned to Standard Oil Co. of Indiana; Chem. Abs., 1931, 25, 5595. 

" Radcliflfe and Pollitt, J. Soe. Dyers and Colourists, 1916, 32, 160; Chem. Abs., 1916, 10, 2301; 
Seifensiedcr-Z., 1916, 43, 884. 

••Cassidy, U. S. Patent 1.860,850. May 31. 1932; Chem. Abs., 1932, 26. 3915. 

•• French Patent 686.880, 1929; Chem. Abs., 1931, 25, 785. 
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acids.®® Their use in clarifying agents for petroleum oils has been suggested by 
Swartz.®®* Evans ®®‘* recomnxended nitrated or sulphonated naphthenic acids for 
breaking petroleum emulsions. Pyhala®®® described the separation of crude-oil 
emulsions with naphthenic acids. The incorporation of 5 to 40 per cent by vol¬ 
ume of naphthenic acids with hydrocarbons to yield motor fuels is described by 
Kleinschmidt.®^ Sulphonation of these acids with chlorosulphonic acid gives ma¬ 
terials which are cleansing, emulsifying and wetting agents.®® Materials with 
similar properties can also be made by condensing sulphonated naphthenic acids 
with amines, amino acids, or ami noalcohols.®®* Naphthenesulphonic acids have 
been recommended as catalysts in the preparation of aerolite resins.®®** Trans¬ 
parent sheets have been made from gelatin, a mineral oil, and sulphonated naph¬ 
thenic acids.®®® Naphthenic glycerides have been recommended as ingredients of 
coating compositions for stencil sheets.®® A mixture prepared by heating at 
240° C. oleic acid (which had been preliminarily heated to 150° C.), seal or 
cod-liver oil, ;naphthenic acids and sufficient glycerol for esterification, has been 
suggested for removing fats from hides.®®* The free acids have been proposed 
as constituents for insecticides.^®® Addition of about 15 per cent of naphthenic 
acids to wood (tung) oil prevents gelatinization during heating and a thick clear 
oil is obtained which dries without cracking or yielding a web-like formation.^®^ 
The free acids can also be incorporated in detergent compositions,^®® and esters 
of the bromo- or chloroacids or cyclohexyl esters ^®®* of naphthenic acids may be 
employed as plasticizers.^®® The penetrating or wetting power of mercerizing 
lyes can be improved by the addition of naphthenic acids,^®* the naphthenic esters 
of the lower monohydric alcohols,'®® or of naphthenic alcohols obtained by the 
reduction of the corresponding acids.'®® Alcohols containing more than three 
hydroxyl groups (e.g., pentaerythritol) are esterified with a mixture of naph¬ 
thenic and resin acids and then blown with* air or vulcanized.'®^ The products 
may be used as coating compositions or in the preparation of lacquers. 

Naphthenic alcohols are obtained by reduction of naphthenic acids with hydro- 

** Hollins and Chapman, British Patent 279.968, 1926: Chem. Abs., 1928, 22, 3055. 

U. S. Patent 1,878,650, Sept. 20, 1932; assigned to Jenkins Petroleum Process Co.; Chem. Abs., 
19.3.3. 27. 408. 

U. S. Patent 1,856,156, May 3, 1932: Brit. Chem. Abs. B, 1933, 259. 

Erdbl M. Teer, 1930, 6. 478; Chem. Abs., 1931. 25, 227^. 

British Patent 185,796, 1921; Chem. Abs., 1923, 17, 335. 

**Chem. Pabrik Milch, A.-G., British Patent 275,267, 1926; Chem. Abs., 1928, 22, 2284. Klein, 
German Patent 566,767, 1928; assigned to I. G. Farbenindustrie A.-G.; Chem. Abs,, 1933, 27, 2570. 

•••Dreyfus, British Patent 390,166, 1931; Brit. Chem. Abs. B, 1933, 617; British Patent 394,657, 
1931: Brit. Chem. Abs. B. 1933, 857 

••“Petrov and Schmidt, Plast. Massi, 1931, 1, 27; Brit. Chem. Abs. B, 1932, 356. 

••• Kratz, U. S. Patent 1,847,656, Mar. 1, 1932; assigned to Marsene Products Co.; Chem. Abs., 
1932,.26. 2561. 

••Horii, U. S. Patent 1,792,095, Feb. 10, 1931; Chem. Abs., 1931, 25, 1958; U. S. Patent 

1/99,793, Apr. 7, 1931; Chem. Abs., 1931, 25; 3139; U. S. Patent 1,829,750, Nov. 3, 1931; Chem. 

Abs., 1932, 26, 816. See also Alvarado and Parrett, Canadian Patent 331,634, 1933; assigned to 
Canadian Indnstries, Ltd.; Chem. Abs., 1933, 27, 3836. 

••• Velikovskii, Russian Patent 24.935, 1932; Chem. Abs., 1932, 26. 3696. 

'••I. G. Farbenindustrie A.-G., German Patent 526,179, 1927; Chem. Abs., 1931, 25, 4352. Also 
Merrill. U. S. Patent 1,695,197, Dec. 11, 1928; assigned to Union Oil Co. of California; Chem. Abs., 
1929, 23. 697. 

lot “Vernisol,” Sop. Anon. Fabrique de Vernis et Produits isolants pour Tlndustrie Electrique in 
Vevey (Schweiz), German Patent 253,845, 1912. A similar use of naphthenic acids with castor oil 
is described by Scheiber; German Patent 555,496, 1929; Chem. Abs., 1932, 26, 5223. 

*•• Zick, u. S. Patent 1,812,507, June 30, 1931; assigned to Standard Oil Development Co.; 
Chem. Abs., 1931. 25, 5054. 

^•••Deutsche Hydrierwerke A.-G., British Patent 390,534, 1931; Brit. Chem. Abs. B, 1933, 662. 

»•• Dreyfus. British Patent 390,541, 1931; Brit. Chem. Abs. B, 1933, 503. 

••• Chemisene Fabrik vorm. Sandoz, French Patent 40,615, 1931; Chem. Abs., 1933, 27, 1523; 
addition to 624,174. 

‘••Pospiech, U. S. Patent 1,917,326, July 11, 1933; assigned to Chemische Fabrik Potts and Co.; 
Chem. Abs., 1933, 27, 4692. 

^ Erba Fabr. Chem. Produkte Spezialitaten f. die TeictiUnd., British Patent 394,499, 1932; Brit. 
Chem. Abs. B, 1933, 864. 

•••I. G. Farbenindustrie A.-G., British Patent 351,945, 1929; Brit. Chem. Abs. B, 1931, 853. 
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gen under pressure in the presence of heavy metal naphthenates.^®* Another 
procedure t:onsists in treating naphthenic esters with metallic sodium and an 
alcohol.^®® Chlorination or sulphonation (with chlorosulphonic acid) of these 
alcohols yields materials which are wetting, emulsifying or dispersing agents; i^® 
or the alcohol may first be converted to the chloride (with hydrochloric acid) and 
afterwards heated (under pressure) to 150® to 180® C. with an aqueous-alcoholic 
solution of sodium sulphite.^^^ 


The Naphthenic Acid Soaps and Their Uses 


Of the salts of the naphthenic acids, the sodium soaps are by far the most 
important. The commercial sodium soaps usually possess the consistency of 
greases but the purified soaps of the lower monocyclic acids are frequently crys¬ 
talline solids. Thus, sodium octanaphthenatc has been described as a non-hygro- 
scopic solid, crystallizable without water of crystallization. The sodium salts of 
the monocyclic acids are soluble in water but their solubility decreases with in¬ 
creasing molecular weight of acid. They may be salted out of solution with 
common salt, but not as readily as the soaps derived from coconut oil and other 
vegetable acids.^^* Furthermore, the naphthenic acid soaps are hydrolyzed in 
aqueous solution only to a very slight extent as compared with the fatty acid 
soaps.^^* The naphthenic soaps combine excellent emulsifying and foam-produc¬ 
ing properties with a low hydrolytic dissociation and therefore are of value as 
mild detergents, for example for use in the textile industries. The power pos¬ 
sessed by naphthenic soap solutions of readily forming emulsions with water- 
insoluble mineral oils has been referred to. Gurwitsch found that the solubility 
of the oil increases as the concentration of the soap in the aqueous solution is 
increased and with increasing molecular weight of naphthenic acid used, but 
decreases with rising temperature. The dissolved oil is removed only with the 
greatest difficulty by shaking with petroleum ether, and is not precipitated by free 
naphthenic acids, but is easily separated by the addition of an equal volume of 
alcohol. The indications are, therefore, that solutions of mineral oils in naph¬ 
thenic acid soap solutions are the result of adsorption of the oil on the micelles 
of the soap. 

The properties of a sodium soap prepared from a mixture of Japanese naph¬ 
thenic acids (dV 0.9708 and acid number 249.2) have been described by Mi- 
kumo,“* more especially with reference to surface and interfacial tensions and 
emulsifying, lathering and detergent properties. The naphthenic acid soap was 
extremely soluble in cold water and was superior to coconut oil soap in lathering 
power. It was, however, soft and far inferior to an oleate soap in detergent 
action, and appeared to occupy a position intermediate between fatty and rosin 
soaps. 

Kawakami examined the properties of the sodium salt of mixed naphthenic 
acids (boiling between 195® and 200° C. at 10 mm., df| 0.9605, mean molecular 
weight 246.5 and acid number 228.0) which was used in the soap industry. The 
detergent action and lathering power of the naphthenic soap were compared with 
those of sodium palmitate and mixed toilet soap, the latter two proving to be a 


to* Deutsche Hydrterwerke A.*G., British Patent 396,311, 1932; Brit. Chem. Abs. B, 1933, 836. 

100 Deutsche Hydrierwerke A.-G., German Patent 552,535, 1930: Chem. Abs., 1932, 26, 5780. 

“♦I. G. Farbenindustrie A.G.. British Patent 394.043. 1932; Brit. Chem. Abs. B, 1933, 823. 
ttt Deutsche Hydrierwerke A.-G., British Patent 369,301, 1931; Brit. Chem. Abs. B, 1932, 671. 
»*Davidsohn, Z. angew. Chem., 1914, 27, 1; Chem. Abs., 1914, 8, 1024. 

^'•Kolloid Z., Spec. No. April 1. 1925, p. 196; Chem. Abs., 1925, 19, 2898. 

“*/. Soe. Chem. Ind. Japan, 1925, 28, 1121: Brft. Chem. Abs. B, 1926, 286. 

«•/. Soc. Chem. Ind. Japan, 1926, 29, 64; them. Abs., 1926, 20, 2422. 
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little superior to the former. The gelation capacity of the sodium naphthenate was 
found to be extraordinarily great. Coaling a 40 per cent aqueous solution of this 
soap to O*’ C. for 30 minutes did not cause complete solidification^ thus demon* 
strating its applicability in neutral soft and liquid soaps. Larger amounts of 
common salt were required to salt the sodium naphthenate out of aqueous solu¬ 
tion than in the case of a coconut oil soap. The sodium naphthenate was hydro¬ 
scopic in moist air. 

White and Knopf described a gear lubricant (having a MacMichael vis¬ 
cosity of 70 to 85 poises at 38® C.) comprising an oxidized light lubricating oil, 
heavy flux and sodium naphthenates substantially free from water. Rudigier ““ 
proposed to compound a heavy residual oil containing sodium naphthenates with 
a mineral lubricating distillate of viscosity 65 to 200 sec. (Saybolt) at 38® to 
yield a product of viscosity above 125 sec. (Saybolt) at 100° C. and a pour test 
not above 3® C. Velikovskii prepared greases by heating small proportions 
of lead oxides with naphthenic acids to about 270® C. under increased pressure 
together with fatty acids, glycerol and castor oil in the presence of iron. To 
eliminate separation of constituents in greases made from naphthenic soaps and 
mineral oils,^^^*^ he proposed converting the naphthenic acid into its glycerol ester, 
which is saponified in the subsequent heating. 

The property of sodium naphthenates * of stabilizing oil-water emulsions may 
be employed in the manufacture of benzene, and other hydrocarbon, emulsions 
in water for use as detergents, defatting agents or spraying compositions,^'® as 
well as emulsions of asphaltic substances which are applicable as paving materials 
or binding agents.^^® In the preparation of some of these products the marked 
disinfectant properties of the naphthenic acid soaps are of considerable value.*-® 
The addition of 6 to 8 per cent sodium naphthenates to an alkaline cold-swelling 
starch produces a dry painters* size which does not deteriorate on storage.*-* 
Graphite mixed with a solution of gum tragacanth, triethanolamine, and a small 
proportion of sodium naphthenates gives a lubricant.*®® 

Other Naphthenic Acid Salts 

A general method of preparation of the calcium and heavy metal salts of the 
naphthenic acids consists in mixing an aqueous solution of an alkali naphthenate 
with a solution of a salt of calcium or heavy metal.*®® Thus, by the addition of 
a solution of calcium chloride to an alkali naphthenate solution, the calcium naph¬ 
thenate is usually precipitated by double decomposition: 

2RCOONa + CaCU —(RCOO).Ca2NaCl 

U. S. Patent 1,789,614, Jan. 20, 1931; assigned to Sinclair Refining Co.; Chem. Abs., 1931, 
25, 1375. 

U. S. Patent 1,750,134, Mar. 3, 1930; assigned to Standard Oil Development Co.; Brit. Chem. 
Abs. B, 1931, 56. 

hussian Patent 23,52 L 1931; Chem. Abs., 1932, 26, 2049. 

Velikovskii, Russian Patent 26,395. 1931; Chem. Abs., 1932. 26, 6119. 

Simon and Durkheim, German Patent 309,574, 1916; 1919, 38, 295A. 

Hack, Australian Patent 21,709, 1929; assigned to Colitho Pavements Pty., Ltd.; Chem. Abs., 
1931, 25. 5539. Free, German Patent 537,792, 1927; Chem. Abs., 1932, 26, 1459. 

**• Uavidsohn, Seifensieder-Z., 1909, 36, 1552; Chem. Abs., 1911, 5, 798. Burstin, German Patent 
319,199, 1918; Chem. Abs., 1921, IS, 605. Saposhnikow and Kopythovski, Neft. Khoz., 1926, 11, 748; 
Chem. Abs., 1928. 22, 3276. 

W. A. Scholten's Chem. Fabrik, British Patent 346,220, 1930; Br%t. Chem. Abs. B. 1931, 737; 
French Patent 696,635, 1930; Chem. Abs., 1931, 25, 2823. Chem. Fabrik Mahler and Supf A.-G., 
German Patent 556,448, 1929: Chem. Abs., 1932, 26, 5777. 

Thomsen and O’LaughUn, U. S. Patent 1,895,014, Jan. 24, 1933; assigned to Joseph Dixon 
Crucible Co.; Chem. Abs., 1933, 27, 2572. 

Cherchewsky, Seifensieder-Z., 1911, 38. 765; Chem. Abs., 1912, 6, 1224. I. G. Farbenindustrie 
A. G., British Patent 335,863, 1929; Chem. Abs., 1931, 23, 1841. 
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The calcium and barium salts of the monocyclic acids are obtained either in 
the form of crystalline solids or as viscous pasty masses. They are soluble to 
a slight extent in water, insoluble in hydrocarbons, but usually somewhat soluble 
in alcohol. The calcium salts have been proposed as constituents of various fats 
and greases and for the manufacture of water-soluble oils or cutting compounds. 
The calcium salt of the polycyclic acid, obtained from American crudes by the 
Alleman process,^^* are light sticky tenacious masses practically insoluble in 
water. They are very soluble in ethyl acetate, carbon tetrachloride, gasoline, ben¬ 
zene, or ether, dissolve to some extent in turpentine and linseed oil, but are only 
slightly soluble in ethyl and methyl alcohols and acetone. The calcium salts 
may be used in waterproofing compositions, adhesives, wood fillers, grafting waxes, 
cements, varnishes, etc. The barium and calcium salts are particularly useful, 
however, in the preparation of color lakes to be used in the manufacture of litho¬ 
graphic and printing inks, colored paints, and varnishes.^ 

A considerable number of metallic naphthenates have been described and some 
of these are of technical importance. In connection with the double decomposi¬ 
tion method of preparation used by practically all workers, it has been pointed 
out that precipitation is best carri^ out at the boiling temperature of the solu¬ 
tion and that the precipitate may be dried at IJO"* Of the salts of the 

monocyclic acids, the copper compounds are remarkable in that they dissolve in 
benzine, yielding a green solution.^*^ This reaction (the so-called Charitschkoff 
test) has been used as a method of identification of naphthenic acids.^®^*^ Most 
of the heavy metal salts are amorphous solids, frequently highly colored, are 
only slightly soluble in water, but dissolve in hydrocarbons. A number of salts 
of trideca-, tetradeca-, and pentadeca-naphthenic acids have been prepared by 
Tanaka, Horiuchi, and Oyama.^^® The lead salts are transparent resinous solids. 
The manganese tridecanaphthenate is a pink powder, soluble in ether but practi¬ 
cally insoluble in hot or cold water. Aluminum naphthenates are transparent col¬ 
orless porous masses, the magnesium and zinc salts being white powders. Chro¬ 
mium salts were obtained in two modifications, namely, a violet powder at 
temperatures below 40° C. transformed into a green viscous mass by warming. 
The solubilities of the salts decrease with increasing molecular weight of acid. 
According to Yamada,^*® the solubilities of metallic oleates and naphthenates are 
on the whole very similar. Exceptions are mercury and lead naphthenates which 
arc easily soluble in alcohol at 5° C. (over 33 per cent and 29 per cent, respec¬ 
tively), while the corresponding oleates are practically insoluble. Again, acetone 
at 5° C. dissolves over 22 per cent of zinc naphthenate but less than 0.4 per cent 
zinc oleate. 

A number of the metallic salts of the (monocyclic) acids have found appli¬ 
cation in industry and arts. Copper naphthenate is a wood preservative as 
well as an insecticide and fungicide.^®^ The copper salt may be prepared by 
decomposing sodium naphthenate with copper sulphate in aqueous solution. It 
is soluble in gasoline and mineral oil distillates and may be applied in the form 


*** U. S. Patents 1,694,462 and 1,694,463, Dec. 11, 1928; assigned to Sun Oil Co.; Chem. Abs., 
1929 23 697. 

“•Alleman, U. S. Patent 1,781,772, Nov. 18, 1930j assigned to Sun Oil Co.; Chem, Abs., 1931, 
2S. 420. The use of calcium naphthenates as drying-oil substitutes is described by Gurvich, Russian 
Patent 26.393, 1928; Chem. Abs., 1932. 26. 6164. 

*“I. G. Farbenindustrie A.-G., British Patent 335,863, 1929; Chem. Abs., 1931, 25, 1841. 
“’Charitschkoff, /. Russ. Phys.-Chem. Soc., 1897, 29, 691; Chem. Zentr., 1898, 1, 1191. 

Luft {Petroleum Z., 1932, 28 (24), 16; Chem. Abs., 1932, 26, 4706; Brit. Chem. Abs. B, 1932. 
760) examined the sensitiveness of this test in the presence of various substances. 

*“/. Chem: Ind. Japan, 1923, 26. 1190; Chem. Abs., 1924, 18. 2688. 

“•/. Chem. Ind. Japan, 1930, 33. 412; Brit. Chem. Abs. B. 1931, 500. 
von Wolneiwic*. Chem. Ztg., 1889, 13, 1089; J.S.C.I., 1889, 8, 874. 

Rogers and McNeil, U. S. Patent 1,679,919, Aug. 7. 1928; assigned to Standard Oil Co.; Chem. 
Abs., 1928. 22. .1728. 



1090 


CHEMISTRY OF PETROLEUM DERIVATIVES 


of these solutions. The zinc and lead salts may also be employed as wood 
preservatives. Solutions of aluminum naphthenates in organic solvents, with or 
without the addition of wetting agents, are said to be insecticides.^** Metallic 
naphthenates, e.g., those of zinc, magnesium and lead, which are difficultly soluble 
in water, have been proposed as insulating materials.^** According to Yamada,^*® 
the addition of 0.1 per cent of tin naphthenate to transformer oils exerts an 
inhibitory effect on sludge formation. Deterioration of lubricating oils in service 
is lessened by the addition of mercury naphthenates.^*^ Lead naphthenates have 
been suggested as dn^ing agents in varnishes,^** as a catalyst ^®.*^ for the reaction 
between unsaturated fatty acids and sulphites in the presence of air, and as sub¬ 
stances for admixture with lubricating oils to produce “chatterless'* oils.^“° Mer¬ 
cury compounds of naphthenic acids or their esters are said to be antiknock 
ingredients.^*® The use of chromium and aluminum naphthenates as siccatives is 
described by Ruth and Asser.^^* An emulsion of ammonium naphthenate and 
solvent naphtha can be employed for spraying plants, and is said to be less harm¬ 
ful than free naphthenic acids or their alkali or alkaline-earth salts.^** Lead, 
zinc or tin naphthenates, together with a small proportion of aluminum naph¬ 
thenate, can be melted with a small amount of ceresin, naphthenic acid glycerides 
and castor or mineral oil to give insecticides.^*® 

An interesting application of the heavy metal salts (particularly the cobalt, 
manganese, and lead salts) in the form of their solutions in the fatty acids of 
drying or non-drying oils *** or in mixtures of fatty acids and drying oils ?*« is 
as paint and varnish driers. The so-called “Soligen" driers consist of such solu¬ 
tions of heavy metal naphthenates (from Russian naphthenic acids), particu¬ 
larly the cobalt salts. According to Stock,^*® linseed oil varnishes containing 
0.14 per cent to 0.29 per cent of cobalt, as naphthenates, dry in 1 to 10 per cent 
less time than those containing a resinate drier. Petrov **®* suggested the addi¬ 
tion of heavy metal salts of naphthenic acids to improve the odor of petroleum 
distillates. 


Charitschkoff, Petroleum, 1909, S, 92; Ckem.’Ztg., 1909, 33, 595. 

G. Farbenindustrie A. G.. British Patent 322,76S, 1928; BriL Chem. Abe. B, 1930, 370. 
««Allenian, U. S. Patent 1,781,772, Nov. 18, 1930; Chem. Abs., 1931, 25, 420; U. S. Patent 
1,818.778, Aug. 11. 1931; Chem. Abs., 1931, 25, 5576. 

^1. G. Farbenindustrie A.-G., British Patent 335.863, 2929; Chem. Abs., 1931, 25, 1841. A volatile 
solvent (e.g., benzene; may be added to the acids before the drying step: British Patent 367,666, 1930; 
Chem. Abs., 1933, 27, 1893. Cf. Meidert, U. S. Patent 1,878,962, Sept. 20, 1932; assigned to 1. G. 
Farbenindustrie A.-G.; Chem. Abs., 1933, 27, 434; British Patent 380,360, 1932; Brit. Chem. Abs. B, 
1932. 1115; British Patent .38.3.172, 1932; Brit. Chem. Abs. B. 1933, 78. 

»»«/. Chem. Ind. Japan, 1930, 30, Suppl. Binding, 318: Chem. Abs., 1930, 24, 5997. 

Ducamp, British Patent 368,025, 1931 ;Brit. Chem. Abs. B, 1932, 459. 

*** 1. G. Farbenindustrie A.-G., German Patent 510,937, 1927; Chem. Abs., 1931, 25, 1108; British 
Patent 353,783, 1929; Chem. Abs., 1932, 26, 3685; British Patent 370,550, 1931; Brit. Chem. Abs. B, 
1932, 614. Cf. Ducamp and Baule, U. S. Patent 1,932,156, Oct. 24. 1933; British Patent 383,856, 
1932; Chem. Abs., 1933, 27, 4427. 

Ott and Schiissler, German Patent 551,424, 1930; assigned to I. G. Farbenindustrie A.-G.; 
Chem. Abs., 1932, 26, 4494. 

Doell and Klemgard, U. S. Patent 1,781,167, Nov. 11, 1930; assigned to Standard Oil Co. of 
California: Chem. Abs., 1931, 25, 20i. Rosenbaum, 17. S. Patent 1,860,622, May 31, 1932; Chem. Abs., 
1932, 26, 3916. Cf. Velikovskii, Russian Patent 23,521, 1931; Chem. Abs., 1932, 26, 2049. 
Rosenbaum, U. S. Patent 1,841,254, Jan. 12, 1932; Chem. Abs., 1932, 26, 1768. 

German Patents 327,374, and 327,375, 1919; J.S.C.I., 1921, 40, 187A. 

*«I. G. Farbenindustrie A.-G., German Patent 433,653, 1922; Brit. Chem. Abs. B, 1927, 233. 

Velikovskii, Russian Patents 21,286, 192^ and 25,224, 1931; Chem. Abs., 1933, 27, 1446. 

'^1. G. Farbenindustrie A.-G., British Patent 339,865, 1929; Chem. Abs., 1931, 25. 2865: 
British Patent .18.1.172. 19.12; Chem. Abs., 4428. 

I. G. Farbenindustrie A.-G., British Patent 339,922, 1929; Chem. Abs., 1931, 25, 2865; British 
Patent 364,836, 1931; Chem. Abs., 1933, 27, 2050; British Patent 397,276, 1932; Chem. Abs., 1933, 
27, 879. Schata, German Patent 546,771, 1930; assigned to I. G. Farbraindustrie A.-G.; Chem. Abs., 
1932, 26. 3686. The use of Soligen drier or of various naphthenates in varnish and i>aint is discussed 


and Varnish Mfg. Assoc., Dec. 1931, CWe. 404, 542; Brit. Chem. Abs. B, 1932, .195. 
Seifensieder-Z., 1931, 58, 144. 

German Patent 570,564, 1933; Chem. Abs., 1933, 27, 4386. 
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The copper, chromium, and nickel salts of the (polycyclic) naphthenic acids, 
obtained from American lubricating stocks by the Alleraan and Maitland proc¬ 
esses,^*^ are green in color and may be used as paints. The cobalt salt, which is 
purple, can be used in a similar manner. The manganese salt is mahogany in 
color and hardens on exposure to air. 

The heavy metal salts have also been suggested as ingredients of rust-proof 
coating compositions for metals,^** particularly those containing benzyl cellulose, 
as preservatives for threads, cordage and textiles,^*® and as agents to reduce or 
suppress the viscosity or sticky nature of asphalts.^®® Rehned petroleum asphalts, 
mixed with natural or synthetic resin and iron naphthenate, can be employed in the 
manufacture of rubberized cloth.^®^ 


*** Loc. cit. See also Potolovskii, Russian Patent 30, 1923; Chtm. Abs., 1929, 23, 5051; Gerlach, 
U. S. Patent 1,875,999, Sept. 6, 1932; Chem. Abs., 1933, 27, 199. 

Schladerbach and Hahle, U. S. Patent 1,844,983, Feb. 16, 1932; German Patent 570,738, 1933; 
Chem. Abs., 1933. 27. 4427; both patents assigned to I. G. Farbenlndustrie A.-G. 

** lUindmark and Nagel. Norwegian Patent 49.855, I'^SI; Chem. Abs., 1933. 27. 1524. 

Bataafsclie Petroleum Maatschappij, British Patent'355.430, 1930; Brit. Chem. Abs. B, 1931, 
1037; French Patent 718.507, 1931; Chem. Abs.. 1932. 26. 3372. 

*®*E. I. duPont de Nemours and Co.. French Patent 41,067, 1931; Chem. Abs., 1933, 27, 1524; 
addition to 693,890, 1930; Chem. Abs., 1931, 2S, 1687. 



Chapter 49 

Analysis of Natural Gas and Cracking Gas 

The methods ordinarily employed for the analysis of the usual industrial 
gaseous fuels, such as coal gas and producer gas, are not generally applicable 
to the precise analysis of natural petroleum gases or of gases obtained during 
the pyrolysis of hydrocarbons, e.g., in commercial cracking operations. This is 
because of the fact that the two types of petroleum gases often contain very 
large proportions of several individual gaseous hydrocarbons which are difficult 
to separate from one another on a laboratory scale. Thus, natural gas usually 
contains large proportions of methane together with ethane, propane, butanes, and 
even higher paraffin hydrocarbons, whereas the analysis of cracking gas is still 
further complicated by the presence of unsaturated hydrocarbons, as well as of 
hydrogen. With the exception of carbon dioxide and hydrogen sulphide, which 
often occur to some extent in natural petroleum gases, none of the constituents 
of natural gas can be estimated by the rapid and accurate absorption methods 
used for other industrial gases. Moreover, the analysis of industrial gases (e.g., 
coal gas) is not beset by the necessity of separating a number of homologous 
hydrqparbons, since methane is their preponderant hydrocarbon constituent. 

The importance of accurate and reliable methods for the analysis of the com¬ 
plex gas mixtures encountered in the petroleum industry cannot be overempha¬ 
sized. Analytical control of the natural-gasoline extraction industry has made 
possible the accurate assessment of plant efficiency, establishing scientific control 
of operations which were formerly governed more or less empirically.^ The 
need of reliable analytical data relating to hydrocarbon gases is also obvious in 
some of the newer applications of such materials in industry, e.g., in the large- 
scale fractionation of hydrocarbon gases for the isolation of one or more con¬ 
stituents in a substantially pure condition. The increasing importance of un¬ 
saturated constituents of cracking gas in chemical synthesis, particularly the 
utilization of gaseous monolefins in the production of alcohols, makes it impera¬ 
tive to use reliable analytical methods. The development of procedures for the 
analysis of complex hydrocarbon mixtures has greatly facilitated the progress of 
research in certain branches of petroleum chemistry, especially the scientific study 
of pyrolytic reactions. 

The following discussion is intended primarily as a brief account of the 
general methods available for the analytical investigation of hydrocarbon gas 
mixtures but it will also be necessary to refer, cursorily, to the estimation of 
certain non-hydrocarbon constituents of petroleum gases, most important of which 
are carbon dioxide, hydrogen sulphide, and, in the gases from cracking opera¬ 
tions, hydrogen and carbon monoxide.^* It will be understood that most of the 
analytical methods discussed in this chapter are subject to a degree of experi- 

> See Burrell, **T1ie Recovery of Gasoline from Natural Gas,’' Chemical Catalog Co., Inc., New 
York, 192S. 

Carbon monoxide may be produced from petroleum gases, for example, in the catalytic high- 
temperature decomposition of hydrocarbons in the presence of steam, as discussed in Chapter 10. 
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nwtal error which is probably never less than ±0.1 per cent and frequently 
much greater. 

In the analysis of coal gas and allied gases, two main methods of procedure 
have been employed, namely, absorption and combustion (or explosion). Later, 
methods for the analysis of hydrocarbon gas mixtures made use of a third mode 
of operation, that of low-temperature fractionation (or in some cases, fractional 
condensation). Besides the above, several special methods, which depend upon 
the accurate determination of various physical constants, are available for the 
estimation of hydrocarbons in mixtures. However, since these latter methods 
are only applicable in general to mixtures of two (or, at most, of three) com¬ 
ponents, their value in the investigation of natural and cracking gases is limifed. 

Analysis by Absorption 

The first methods available for the analysis of gases depended upon the re¬ 
moval of an individual constituent or group of components of the mixture by 
appropriate liquid reagents in a definite order. From the quantity of gas removed 
after each absorption, the composition of the mixture was determined. The 
choice of absorbing liquids is frequently a somewhat difficult one, particularly for 
unsaturated hydrocarbons. Some of the reagents employed in gas analysis are 
capable of absorbing several constituents. However, by adopting a definite order 
of absorption it is possible to eliminate this difficulty to a large extent. 

It is not necessary in a work of this scope to enter into a detailed descrip¬ 
tion of the various types of apparatus employed for gas analysis by absorption. 
In brief, the usual method is to measure the volume of the gas at constant pres¬ 
sure in a eudiometer (gas burette) enclosed in a water-jacket (for temperature 
control) and supplied with a levelling device containing mercury, water, or other 
liquid (for pressure control). The gas is forced into a pipette containing the 
absorbent liquid where it remains for a definite period, after which it is with¬ 
drawn and its volume re-measured. Other constituents are removed and their 
volumes determined in the same manner. The percentage composition can be 
calculated from the losses in volume on absorption. One of the simplest forms 
of apparatus for absorption gas analysis is that of Orsat, of which numerous 
modifications and improvements have been elaborated.^ In other forms of appa¬ 
ratus, somewhat different methods are employed. Bone and Wheeler ^ described 
an apparatus which combined a high degree of accuracy with a number of other 
advantages.* In this apparatus changes in the pressure of the gas at constant 
volume after absorption are observed instead of changes in volume at constant 
pressure, as in other methods. By this procedure, greater accuracy and faster 
manipulation are attainable. In the Orsat apparatus, for example, the absorptions 
are generally carried out in a .number of large pipettes, each containing a par¬ 
ticular reagent which is used again in successive analyses. On the other hand, 
in the Bone and Wheeler apparatus the absorptions are carried out in a vessel 
over mercury, with a comparatively small volume (2 to 5 cc.) of fresh reagent, 
which is discarded after use. By this methbd not only is the reagent fresh each 
time it is used, but the minimum quantity is employed, thus minimizing possible 
errors resulting from solution of other gaseous constituents in a large volume 
of liquid. 

* A precise form of Orsat Apparatus, developed at the U. S. Bureau of Mines, is described in 
U. S. Bur. Mines Bull. 197 (1926); see also Shepherd, Bur. Standards J. Research, 1931, 6, 121; 
Chem. Ahs., 1931, 25, 1455. 

•J.S.C.L, 1908. 27. 10. 

* For a detailed description of the Bone and Wheeler apparatus, see Blair and Wheeler, J.S.C.t., 
1922, 41, 187T; also Grice and Payman, Fuel, 1924, 3, 236; Chem. Abs., 1924, 18, 3296. 
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Reagents for the absorption of tlie constituents of gas mixtures are descritiecl 
below in the order of their use in analysis. The period of contact of gas with 
reagent depends upon the amount to be absorbed and the activity of the reagent^ 
but, in general, 2 to 5 minutes is sufficient. 

Carbon dioxide is absorbed in a concentrated aqueous solution of potassium 
hydroxide, prepared by dissolving 500 grams (one pound) of stick potassium 
hydroxide (not that described as “purified by alcohor*) in 500 cc. of distilled 
water. This reagent also absorbs hydrogen sulphide ^ and other acid constituents. 
Ambler®* used “ascerite” for the absorption of carbon dioxide. 

Acetylene is best estimated by absorption in Lebeau’s reafent,® an alkaline 
solution of potassium mercuric ic^ide, prepared by dissolving 25 grams of mer¬ 
curic iodide and 30 grams of potassium iodide in 100 cc. of water. A small 
quantity of solid potassium hydroxide is added to this solution immediately prior 
to the absorption. 

Several other reagents have been employed for the absorption of acetylene, 
for example, ammoniacal cuprous and silver salt solutions.^ Since they also 
absorb olefins, diolefins, carbon monoxide, and other gases to some extent, they 
can have only a limited application. 

Oxygen is estimated by absorption in an alkaline solution of pyrogallol, pre¬ 
pared immediately before use by adding a concentrated potassium hydroxide 
solution to about one-fourth of its volume of an aqueous solution of pyrogallol 
(28 grams in 100 cc. of water) in the absence of air. 

Unsaturated hydrocarbons are next absorbed either in a dilute solution of 
bromine in fuming sulphuric acid or in concentrated sulphuric acid containing 
1 per cent of silver sulphate. In this way the total unsaturated hydrocarbon con¬ 
tent is obtained. An account of the analytical separation of the individual olefins 
is given later. 

For the determination of the total unsaturated gases with bromine water, a 
saturated solution of bromine in 5 per cent aqueous potassium bromide is usually 
recommended but this solution should be diluted at least twice when mercury is 
used in the apparatus since mercury is attacked by the reagent. Oberseider and 
Boyd* found that bromine water has a tendency to attack paraffin hydrocarbons 
(in cracking gases) on exposure to daylight or artificial light. To overcome this 
a blackened absorption pipette was suggested. After the unsaturated constitu¬ 
ents have been absorbed in bromine water, the gas must be washed with potassium 
hydroxide solution to remove bromine vapor. 

Fuming sulphuric acid is a rapid absorbent for all olefins, but it also slowly 
absorbs paraffin hydrocarbons. 

Carbon monoxide is absorbed in an ammoniacal cuprous chloride solution, 
prepared by passing ammonia gas into a suspension of 75 grams of pure cuprous 
chloride in 200 cc. of distilled water containing 25 grams of ammonium chloride 
in solution until all the cuprous salt has dissolved. The reagent must be freshly 
prepared and kept out of contact with air. For the complete removal of carbon 
monoxide at least two absorptions with fresh reagent are necessary. The gas 
is then washed with 5 per cent sulphuric acid to remove ammonia vapor before 
the gas volume is measured. Even after two or three treatments with ammoniacal 
cuprous chloride, small quantities of carbon monoxide often remain in the gas. 

* Hydrogen sulphide is best estimated in a separate analysis. The determination of hydrogen 
sulphide and organic sulphur is discussed in Chapter 50. 

Analyst, 1931, 56, 635: Brit, Chetn. Ahs. A. 1931, 1391. 

•Lebeau and Damiens, Compt. rend., 1913, 1S6, 5S7; Chem. Abs., 1913, 7, 1468. 

* See, for exgmple, Hague and Wheeler, 1929, 383; Morris, J.A.C.S,, 1929, 51, 1460. 

*Ind. Chem. Ena.. Anal. Bd., 1931, S, 123. 
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These traces may be estimated (as carbon dioxide) in the subsequent combus¬ 
tions'of hydrogen over copper oxide. 

Blacet, MacDonald and Leighton *** described a method for the microanalysis 
of gases by absorption with dry reagents instead of liquids. Yellow phosphorus 
is used for absorbing oxygen, potassium hydroxide for carbon dioxide, fused 
phosphorus pentoxide for water, silver oxide for carbon monoxide, fuming sul¬ 
phuric acid for ethylene, and a mixture of cuprous chloride and potassium hy¬ 
droxide for acetylene. 

As a method for the analysis of air, Pozner and Melikova suggested the 
absorption of unsaturated hydrocarbons in lead acetate, aromatic hydrocarbons 
in sulphuric acid containing silver, and paraffins and naphthenes ^ activated 
charcoal. 

Analysis by Combustion and Explosion 

The gas, after removal of the absorbable constituents, contains paraffin 
hydrocarbons, hydrogen and nitrogen. In the analysis of coal gas and other 
similar gases, in which the preponderating paraffin gas is methane, the determina¬ 
tion of this residual gas is a comparatively simple matter. The hydrogen is 
preferentially oxidized to water either by copper oxide at 280® C. or by palladium 
sponge at 100® C. and the residual methane-nitrogen mixture (containing only 
small amounts of ethane) is then exploded with excess of air as described below. 
When the gas consists principally of methane with smaller proportions of ethane 
and practically no higher homologues, this gives sufficient data for calculating the 
proportions of hydrogen, nitrogen, and paraffin hydrocarbons. However, with 
natural and cracking gases, in which a number of homologous paraffin hydro¬ 
carbons are present, the above method is not directly applicable. It therefore 
becomes necessary to eff^t some fractionation of the constituents, A number 
of procedures for fractionating such mixtures of homologous gaseous paraffins 
on an analytical scale are discussed later. It is sufficient here to note that a 
simple low-temperature condensation procedure is capable of separating the hydro¬ 
gen, nitrogen, and methane (as one fraction) from the residual homologues of 
methane. This mixture of hydrogen, nitrogen, and methane may then be sub¬ 
mitted to treatment as described below. 

Estimation of Hydrogen. In a mixture of hydrogen, nitrogen and paraffins 
(mainly methane), the hydrogen may be quantitatively estimated by taking ad¬ 
vantage of its relatively much greater ease of oxidation. The hydrogen is 
eliminated as water and the reduction in volume (or, in pressure at constant 
volume) of the gas corresponds to the hydrogen content. A method developed 
for this purpose by King® consists in passing the gas mixture very slowly over 
fresh copper oxide maintained at a temperature of 280® C. in a silica tube. This 
treatment effects a complete and rapid oxidation of hydrogen and leaves the 
methane unattacked. The treatment is continued until no further diminution of 
volume occurs, which usually requires about 30 minutes. If any carbon monoxide 
is present in the gas, under these conditions it is oxidized to carbon dioxide, 
which may be estimated in the usual way. This method is satisfactory for gas 

** Booth and Campbell iind. Eng. Chtm., Anal. Ed„ 1932, 4, 131) determined traces of carbon 
monoxide in ethylene by means of the reaction of the former with oxygenated blood. The change* in 
the oxygenated blood is measured colorimetrically after the addition of a lyixture of equal parts of 
pyrogalHc and tannic acids. 

» Jnd. Ena. Ckem.. Anal. Ed.. 1933, S. 266. 272. 

•« J. Applied Chem. Russia, 1931, 4, 932; Ch^. Abs., 1932, 26, 1877. 

•Fuel, 1922, 1, 103; Chem. Abs., 1922, 16, 3600. Sec also King and Edgcombe, Dept. Sci. and 
Jnd. Research, Fuel Research, Tech. Paper 33, 1931; Brit. Chem. Abs. B, 1932, 215; Chem. Abs., 1932, 
26. 4160. 
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mixtures containing methane as the main gaseous paraffin constituent. Ethane 
and its higher homologues, on the other hand, are oxidized slowly in this man¬ 
ner, and therefore, in the presence of large proportions of these constituents, 
the method is unreliable. The oxidation of ethane may be minimized by operating 
at 250® C. but, at this temperature, the hydrogen oxidation proceeds rather 
slowly. 

The other method which has been previously mentioned consists of a prefer¬ 
ential elimination of the hydrogen by oxidation in the presence of '^oxidized” 
palladium sponge at 100® C. On being heated to a dull red heat,*palladiuni sponge 
undergoes superficial oxidation and then has the property, when maintafined at 
100® C,, of- removing hydrogen and leaving the paraffin hydrocarbons untouched. 
Its action is partly oxidation and partly occlusion. The palladium sponge re¬ 
quires fairly frequent re-oxidation by heating in contact with air. The details 
of this method have been described by Grice and Payman.^® 

According to Rischbieth,^^ hydrogen may be completely separated from 
methane by passing the mixture together with air over a palladium wire heated 
almost to glowing. 

Hydrogen may also be quantitatively absorbed by a colloidal solution of pal¬ 
ladium, as described by Paal and Hartmann and by Beet.^^ Hague and 
Wheeler carried out hydrogen estimations by this method at a temperature of 
50® C., employing an absorption time of 30 minutes. 

Detcrmimtion of Paraffin Hydrocarbons by Oxidation, —Several' methods 
are available for the analysis of the nitrogen and paraffin hydrocarbon mix¬ 
ture remaining after removal of the absorbable gases and hydrogen. All of them 
depend upon the complete oxidation of the paraffins to carbon dioxide and water. 
The volume of the carbon dioxide produced from a given volume of the mixture 
is measured by absorption in potassium hydroxide solution. The residual gas 
may then be considered to consist of nitrogen, helium and other inert gases. 

It is important to note that complete combustion methods of analysis of mix¬ 
tures of paraffin hydrocarbons and nitrogen give merely the proportions of 
nitrogen and total paraffin hydrocarbons. The analytical data are sufficient for 
calculation of the average molecular weight of the paraffin hydrocarbons, or in 
other words, of the mean value of in the formula Accordingly, if 

not more than two homologous paraffins are present, the percentage of both indi¬ 
vidual paraffins can be computed. When the mixture contains more than two 
paraffin hydrocarbons, the analytical data obtained by combustion methods are 
inadequate for a complete calculation of the proportion of each individual 
paraffin.*® 

Explosion methods of analysis consist essentially of the ignition of a portion 
of the residual gas with a measured excess of air in a glass explosion chamber 
by a high-tension electric spark passing between two electrodes. The explosion 
is generally effected under reduced pressure and the electrodes are usually of 
platinum, fused into the glass chamber. From the diminution of volume which 
occurs and the amount of carbon dioxide produced, the composition of the initial 
gas mixture can be calculated. After the explosion the volume of gas is re¬ 
measured. The carbon dioxide and excess oxygen are then determined by ab- 
• 

^^Fuel, 1924, 3, 246; Ckem. Abt.» 1924, 18, 3296; MacGtlHvray U-C.S., 1932, 944) recommended 
dilution of the gas with 8 times its volume of oxygen before treatment with palladium at 80**-90* C. 
physik. Chem. linterricht, 1926, 39, 121; Chem, Abj., 1928, 22, 2302. 

^ Bcr.. 1910, 43. 243. 

'^Fuel, J92R, 7. Ckem. Abs., 1928. 22. 2123. 

^*Fuel, 1929. 8. 560; Brit. Ckem. Abe. B. 1930, 90. 

“Three hydrocarbons in a mixture (CmHh. CpHm, and Ci»Hf) can be determined by combustion 
methods provided that ad -H be + cf is not equal to af + be + de; see Kobe, Ind. Eng. Chem., Anal, 
lid.. 1931, 3, 262. 
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sorption in potassium hydroxide and alkaline pyrogallol solutions, respectively. 
The residual gas consists of the nitrogen in the original sample together with 
that of the added air. 

If ^ = volume ” of hydrocarbon and nitrogen mixture 
B =* volume of air added 
C =* contraction in volume after explosion 
D volume of COa produced 
E *= volume of residual oxygen 
F =* volume of residual gas (nitrogen) 

number of carbon atoms in the paraffin hydrocarbon (CnHan^-a) or 
average number in the mixture. 

then 

.-V Carbon dioxide _D_ 2n 

^ ' Contraction . C »4* 3 
and 

Carbon dioxide _ D ^ 

^ ' Oxygen used 0.206B — E 3» -f-1 

From both of these equations the average value of "n” can be calculated. 
Provided the explosion had been carried out satisfactorily and that only paraffin 
hydrocarbons were present, these two values should agree. Values of cal¬ 
culated by equation (1) are usually somewhat more accurate than those obtained 
by equation {2)^“^ 

The actual amount of total paraffin hydrocarbons can be readily deduced, 
since 

(3) Volume of paraffins = ‘ ^9] = 5 

Mean n n 

This calculation may be checked by the following equation: 

(4) Volume of total paraffins = initial volume — residual nitrogen = 
^-F + 0794B 

h>om the proportion of total paraffins in the gas mixture and the mean value 
of “n,” the proportion of each constituent can be readily calculated, provided 
that not more than two homologues were present. 

The practical details of the explosion procedure are described in various 
manuals but a few of the obvious difficulties may be mentioned. The propor¬ 
tion of air necessary for complete combustion of gases of unknown composition 
is often difficult to determine, A too violent explosion must be avoided since 
it tends to promote the formation of oxides of nitrogen and the deposition of 
carbon. Instead of air, mixtures of air and oxygen may be used. If the pro¬ 
portion of oxygen in such mixtures becomes too high, there is a definite risk of 
contamination by the products of combustion of grease on the walls of the explo¬ 
sion vessel and stopcocks.'® In the explosion of honiologues of methane the 
difficulties are somewhat enhanced by the considerably greater quantity of oxygen 
required. For accurate explosion analyses, a sufficient excess of air or oxygen 
should be added to provide for complete combustion and to prevent too violent 


These “volumes” can be expressed in volume units at constant pressure or (as in analysis on 
the Hone and* Wheeler apparatus) in pressure units (mm. of mercury) at constant volume. 

These equations apply only when air (O 3 = 20.6%) is used as the oxidizing agent. When oxygen 
or air-oxygen mixtures are used, the numerical factors in equations (2) and (4) are altered cor¬ 
respondingly. 

See. for example. White. “Technical Gas and Fuel Analysis,” McGraw-Hill Book Go., Inc., 
New York. 1913, 41; Dennis, “Gas Analysis,” Macmillan Co., New York; Gill, in Scott’s “Standard 
Methods of Chemical Analysis,” D. Van Nostrand Co„ Inc., New York, 1917, 703. 

However. MacGillivray U.C.S., 1932, 941) states that pure oxygen may be employed for the 
explosion analysis of methane-ethane mixtures provided appropriate precautions are taken. 
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an explosion. When in doubt, a considerable excess of air or air-oxygen mix¬ 
ture should be employed. Should the mixture prove to be non-explosive bn 
passing a spark, it can easily be made flammable by the addition of a small 
amount of electrolytic gas (a mixture of 2 volumes of hydrogen and 1 volume 
of oxygen). Although the explosion method is quite satisfactory for gas mix¬ 
tures containing methane and ethane, its application to those having a large 
content of higher paraffins is attended with difficulty. 

Another method of conducting the complete oxidation of gas mixtures con¬ 
taining nitrogen and paraffin hydrocarbons consists in repeatedly passing the 
mixture together with a very large excess of air or air-oxygen mixture over a 
heated platinum spiral. This method is particularly applicaWe to the determina¬ 
tion of methane in relatively small concentrations (for example, the air of coal 
mines).*® 

For the complete combustion of gas mixtures containing appreciable propor¬ 
tions of higher paraffins, passing the mixture over hot copper oxide has been 
found satisfactory. However, this method is not quite quantitative but for most 
purposes it furnishes results of sufficient accuracy. The copper oxide appears 
to retain some of the carbon dioxide produced but this may be removed by 
washing out the hot copper oxide with a stream of air or oxygen-containing gas. 
The method is superior to explosion procedures in that it avoids the necessity 
of determining satisfactory proportions of air for complete combustion. The 
activity of copper oxide in oxidizing gaseous hydrocarbons by this method may 
be increased by the addition of lead chromate and cobalt oxide.*^ 

By complete oxidation in the presence of hot copper oxide, the hydrocarbons 
are completely converted into carbon dioxide and water. The resulting gas mix¬ 
ture can be withdrawn from the copper oxide by evacuation. During the evacua¬ 
tion, however, small quantities of oxygen, which result from the thermal dissoci¬ 
ation of copper oxide, are removed with the gases. The carbon dioxide and 
oxygen in the mixture can be determined by absorption, the gas remaining after 
this procedure being nitrogen. 

Krogh *** determined butane in a gas mixture by the rate of flame propaga¬ 
tion. Baxter and Beckham*^” suggested a diffusion method to be used in con¬ 
junction with combustion analysis. The hydrocarbon mixture is allowed to diffuse 
into the air for a definite time, a sample is then withdrawn from the remaining 
mixture and this, as well as a sample of the original gas, is subjected to combus¬ 
tion. From the results of the two combustions the percentage composition of the 
gas can be calculated. 


Analysis by Condensation 

As previously pointed out, the usual absorption and combustion analyses are 
in themselves quite inadequate for a complete analysis of natural gases, gases 
from cracking plants and hydrogenation units and similar complex hydrocarbon 
gas mixtures. To analyze such mixtures completely it becomes necessary to sub¬ 
ject them to some type of physical separation, for example, to low-temperature 
condensation and fractional distillation of the liquefied mixture. The first efforts 

**See Jones. U. S. Bnr. Mines. Rep. 299*B-70, 1922, Ambler {Analyst, 1931, 56, 635; Brit. Ckem. 
Abs. A, 1931, 1391) determines small amounts of methane in a gas mixture by oxiduina the hydrogen 
and carbon monoxide with copper oxide at 300* C. and absorbing the water and carMn dioxide in 
calcium chloride and **a8carite." The methane is then determined by combustion in the presence 
of platinum. 

« Campbell and Gray, J.S.C.I.. 1930, 49, 432T, 447T, 4S0T; Ckem. Abs., 1931, 25, 473. 

•^Petroleum Eng., 1930, I (13), 111; Ckem. Abs., 1930, 24, 5464. 

193J. 9S, 3926. 
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to apply low-temperature technique to the analysis of gaseous hydrocarbon mix¬ 
tures involved a series of fractional condensations at low pressures in a series 
of bulbs maintained at several appropriate low temperatures. Later develop¬ 
ments, however, demonstrated the superiority of methods of fractional distillation 
over those of fractional condensation. 

The analytical separation of any individual hydrocarbon from a mixture of 
homologous hydrocarbons by fractionation becomes more difficult as the series is 
ascended. This fact becomes obvious from a study of the variation in vapor 
pressure of the homologous hydrocarbons with temperature (see Figs. 34 and 
35). As the series is ascended the individual vapor pressures tend to approach 
one another more closely, whereas great differences exist between the vapor pres¬ 
sures of the first few members of the series. The difficulties associated with the 
fundamental analysis of hydrocarbon mixtures are thus quite obvious.** For- 



Fig. 34.—Vapor Pressures of Paraffin Hydrocarbons. 

(Maxwell.) 

tunately, there are only about twenty known gaseous hydrocarbons whose boiling 
points at atmospheric pressure are within a range of 170° C., and only a rare 
mixture would probably contain them all. 

Ramsey and Travers *® separated and analyzed nitrogen, oxygen, helium, argon 
and other rare gases of the atmosphere by condensation and distillation at low 
temperatures. The principles of this method later found application in hydro¬ 
carbon gas analysis. Stoltzenberg and Erdman and Stoltzenberg *® developed 
an apparatus for investigation of gas mixtures such as ethylene and hydrogen, 
ethylene and oxygen, or carbon dioxide and oxygen. The gas was passed through 
baths maintained at such a temperature that one of the constituents was condensed 
while the other was collected in a eudiometer. Lebeau and Damiens*® employed 
Ramsey and Travers' method, that is, they maintained the gas mixture at a tem¬ 
perature at which the vapor pressure of one or more of its components is inappre¬ 
ciable and withdrew the others. They separated the individual gases in pairs and 

These figures were prepared by Maxwell (Ind, Eng. Ckem., 1932, 24, 502) and Davis (i6td., 
Anat. Ed., 1929, 1, 62), respectively. 

»C/. Davis, /ltd. Eng. Ckem.. Anal. Ed., 1929, 1, 61; Podbielniak, ibid., 1933, 5. 135. 

Travers, “The Experimental Study of Gases,** Macmillan and Co., Ltd., London, 1901. 

** Ber.. 1910. 43, 170«. 

1910, 43. 1702. 

^•Compt. rend., 1913, 156, 325: Ckem. Abe., 1913. 7. 1338. 
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made no mention of the necessity of refractionating to obtain pure constituents. 
However, they designated the temperatures at which pairs of paraffin and olefin 
gaseous hydrocarbons could be separated. 

Burrell, Seibert, and Robertson,*’ who described the application of low-tem¬ 
perature methods to the analysis of natural gas, employed a procedure based on 
simple distillation of the liquefied hydrocarbon mixture at low temperatures and 
pressures. The manipulation was tedious and time-consuming and many series 
of simple distillations were necessary to separate the individual hydrocarbons. 
The gas sample was liquefied at the temperature of liquid air and the uncon- 
denscd portion and ^most of the methane were removed by means of a Topler 
pump. The residue was vaporized and again liquefied at liquid-air temperature 
and more methane pumped off. This sequence of operations was repeated until 
no methane was extracted and the system was under high vacuum. At the tem¬ 
perature of liquid air, ethane and higher paraffins possess a negligible vapor 
pressure so that it is possible to separate completely the methane and uncondensible 
gases from other paraffin hydrocarbons.** The separation of homologues of 
methane by this simple distillation process is much more difficult and requires 
many redistillations. Burrell and his collaborators accomplished the separation 
of ethane from propane by a series of low-pressure distillations at —153° C. to 
—140° C. and propane was separated from butanes and higher homologues by 
a similar procedure at —135° C. to —120° C. The residual liquid, consisting of 
butanes and higher hydrocarbons, was then vaporized, pumped away, and its vol¬ 
ume was measured. 

An apparatus, developed by Shepherd and Porter,*® employs the same principle 
as that used by Burrell. It was designed to shorten the number of manipulations 
and the time necessary for analysis. In this apparatus no column is used, the 
fractionation being insufficient to separate butanes from pentanes or to determine 
the individual isomers, isobutane and isopentane. The apparatus and procedure 
are complex, so that it has only been employed for special research purposes. 
The application of this apparatus to the determination of the gasoline content 
of natural gas has been described by Shepherd.*® A modification of the Shep¬ 
herd-Porter apparatus was employed by Frey and Yant®^ for'the analysis of 
gases from low-temperature carbonization of coal. Fractions obtained from a 
sample using the Shepherd apparatus were further analyzed by absorption and 
combustion methods. Frey and Yant ®* introduced an addition to the Shepherd 
apparatus, a fractionating column for the, further separation of the butanes and 
heavier fractions. 

Methods of analysis of mixtures of gaseous hydrocarbons of two or more 
carbon atoms, which do not involve the use of an efficient fractionating column, 
appear to be accurate only when complicated apparatus- and lengthy procedures 
are employed. For the separation of methane and uncondensible gases from 
higher hydrocarbons,, the simple distillation method under high vacuum at the 
temperature of liquid air is reliable since ethane and higher hydrocarbons have 
inappreciable vapor pressures under such conditions. With ethane and. its homo¬ 
logues, however, it becomes increasingly difficult, if not impossible, to effect com- 

” U. S. Bur. Mines Tech. Paper 104, 1915; Chem. Abs., 1916, 1^ 266. Burrell, Seibert, and 
Jones, Sampling and Examination of- Mine Gases and Natural Gas, U. S. Bureau of Mines Bull. 197, 
1926. 

** Since ethylene has a considerably greater vapor pressure than ethane, its complete separation 
from methane by this simple distillation method can hardly he as complete as that of ethane. 

»Ind. Bug. Chem., 1923, 15, 1143. 

Bur. Standards J. Research, 1929, 2, 1145; Chem. Abs., 1929, 23, 4562. 

njfid. Eng. Chem., 1927, 10, 488; ibid., 1927, 19, 21. 

»Ind. Eng. Chem., 1927, 19, 492. 
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Courtesy Walter /. Podbielniah 

Fig. 36. —Podbielniak Standard Precision Apparatus for low-temperaturc 
fractional-distillation analysis. 


plete separation by such simple procedures since the vapor pressures of these 
hydrocarbons at any temperature approach one another, as has been mentioned. 
It is not possible to choose a temperature at which one hydrocarbon has an 
appreciable vapor pressure while that of its immediate lower homologue is neg¬ 
ligible. The separation of methane and uncondensiblc gases from gaseous hydro- 
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carbons of two or more carbon atoms by simple distillation at liquid-air tem¬ 
perature at low pressures has been described by a number of investigators.®* 
For the analysis of complex hydrocarbon mixtures, Tropsch and Dittrich®* 
employed low-temperature fractional condensation to yield a number of fractions, 
each of which contained not more than two paraffin hydrocarbons associated with 
the corresponding olefins. The fractions thus obtained were further analyzed by 
absorption and combustion methods and, since not more than two homologous 
paraffins were present in each fraction, a complete analysis was possible. This 
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are vaporized in a bulb and the gas is passed slowly into a series of three bulbs 
under high vacuum, each receiver being maintained at a temperature lower than 
that of the preceding bulb. The bulbs are maintained successively at temperatures 
of —90® C., —120° C., and at that of liquid air. Tropsch and Dittrich asserted 
that a partial concentration of the hydrocarbon constituents is thus efiFected. The 
bulb maintained at about —90° C. contains paraffins and olefins of four or more 
carbon atoms, that at —120° C. contains only paraffins and olefins of three and 
four carbon atoms (i.e., a mixture of propane, butanes, propylene and butylenes) 
and that cooled to liquid-air temperature contains a mixture oi ethane, propane, 
ethylene and propylene. , The last two fractions are vaporized, pumped off, and 
analyzed separately by absorption and combustion. The liquid volume of the con¬ 
densate in the bulb at —90° C. may be measured directly. 

Undoubtedly some degree of separation may be effected by the procedure of 
Tropsch and Dittrich, but it is rather doubtful whether this is sufficient for 
accurate analyses. Because of the marked difference between their vapor pres¬ 
sures, methane and uncondensible gases may be readily separated from higher 
hydrocarbons by this simple procedure. A great disadvantage of methods of 
analysis such as that advanced by Tropsch and Dittrich is the necessity of sub¬ 
jecting the fractions to further analysis so that considerable time is consumed.®* 


Low-Temperature Fractionation Methods 


The development of efficient fractionating columns and experimental technique 
lias made possible the analysis of complex gaseous hydrocarbon mixtures by 
fractionation of liquefied gases at low temperatures. The success attained in this 
direction is largely due to thfe work of Podbielniak.®® His apparatus, which has 
undergone various improvements,is being widely used in the natural-gas, natural- 
gasoline, and petroleum refining industries, for research purposes as well as 
for routine analysis of both gaseous and volatile liquid hydrocarbon mixtures. 
For this reason the apparatus deserves detailed description. 

Podhiclniak Apparatus, The Podbielniak apparatus consists essentially of 
a vacuum-jacketed fractionating column, designed for high efficiency at reflux 
temperatures below atmospheric, together with an accessory apparatus for intro¬ 
ducing gas or liquid samples into the column and for temperature and volume 
measurement. The main features of the apparatus are represented diagram- 
matically in Figure 37. Figure 38 shows the design of standard precision columns 
for low- and high-temperature fractionations which possess considerably in¬ 
creased fractionating efficiency and greater sensitivity than previous columns. 
Both columns are of separate sleeve-type vacuum-jacket construction supplied 
with a radiant or dry reflux cooling vessel. A variety of distilling tubes and 

» Cf. Frey and Yant, Ind. Ena. Chem., 1927, 19. 492. 

** The original apparatus developed by Podbielniak was described by Oberfell and Alden, Oil and 
Gas 1928, 27 (22), 142; Chem. Abs., 1929, 23, 2282. Various stages of its development and its 
application to industrial and research problems are discussed by Podbielniak in a senes of papers: 
Oil and Gas 1929, 27 (3S), 38; Chem. Abs., 1929, 23, 1745; Oil and Gas J., 1930, 29 (20), 235; 
Chem. Abs., 1930, 24, 5992; Oil and Gas J., 1929, 27 ("52), 30; Petroleum World {Los Angeles), 
1928, 13 (10), 99, 115; Refiner, 1929, 8 (3), 55; Chem. Abs., 1929, 23, 3128. 

«»See Podbielniak, Ind. Eng, Chem., Anal. Ed., 1931, 3, 177. 

«/nrf. Eng. Chem., Anal. Ed., 1931, 3, 177; ibid., 1933, S, 119, 135; ibid., S, 172; U. S. Patent 
1,909,315, May 16, 1932; Chem. Abs., 1933, 27, 3645; U. S. Patent 1,917,272, July 11, 1933; 
Chem. Abs., 1933, 27, 4445; U. S. Patent 1,935,888, Nov. 14, 1933; British Patent 380,220, 1932; 
Chem. Abs., 1933, 27, 3858; French Patent 721,598, 1931; French Patent 740,353, 1933; Chem. Abs.. 
1933, 27, 3858; OtV and Gas J., 1932, 30 (46), 68; Chem. Abs., 1932, 26, -6111. See Uehara 
(/, Chem. Soc. Japan, 1932, 53, 910; Chem. Abs.. 1933, 27, 246) for suggested improvements on 
Podbielniak apparatus for the estimation of lower hydrocarbons. Vandaveer et al. (Am. Gas Assoc. 
Proc., 1931, 13. 1034; Chem. Abs., 1932, 26, 4450) give a brief history of the development, manipu* 
lation and application of the Podbielniak, Phillips, Shepherd-Porter and Burrell, Robertsion and Seibert 
apparatuses. 
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flasks of different diameters can be used interchangeably with either standard 
vacuum jacket. The vacuum jacket includes only smooth seals and the distilling 
tube is completely free from bulking seals or other discontinuities. For the low- 



Fig. 37.—Diagram of Podbielniak High-Temperature Fractional Distillation Apparatus. 

temperature column, the distilling tubes range from 2.6 mm. to 4.5 mm. in 
diameter, and for the high-temperature columns, from 2.6 mm. to 8.0 mm. 
A larger high-temperature column has also been developed, in which tubes of 
8.0 mm. up to 15 mm. are used. Single-wire coils up to 6 mm. in diameter and 
double-wire coils, flat-strip coils or other special continuous type of packing may 
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Courtesy Walter J. Podbielniak 

Fig. 38.--Standard Podbielniak Precision Fractionating Columns. L—MeUl reflector low-temperature assembly. H—Metal 

reflector high-temperature assembly. 
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be used. It is only necessary with this separate vacuum-jacket distilling tube 
combination to change the distilling tubes to carry out a small or large capacity 
determination. The low-temperature column contains a single perforated reflector 
in the vacuum space of the vacuum jacket. The high-temperature column has a 
chamber reflector plus a compensatory miniature resistance wire heater inside 
the jacket inner tube. The low-temperature column depends on initial bowing of 
the Pyrex inner tube to compensate for differential contraction and the high- 
teniperature column contains a quartz inner tube to withstand extreme tempera¬ 
ture ranges. Larger distilling tubes can be used with the high-temperature jacket 
than with the low-temperature. The dry reflux cooling arrangement is said to 
be superior to any type of gasoline or other liquid bath. The low-temperature 
cooling vessel Is provided with a soldered-on cap and packing gland to exclude 
atmospheric moisture which might otherwise condense and freeze in the reflux 
chamber. The high-temperature cooling vessel has no cap and is brazed to 
withstand high temperatures. The low-temperature cooling vessel may be used 
alternatively with refrigerants such as liquid air, liquid carbon dioxide, brine, 
water, compressed air. The vapor temperature at the head of the column is 
measured with an accurately calibrated thermocouple connected to a millivolt- 
meter. The distilling bulb is insulated by a vacuum jacket and to it is supplied 
a regulated heat input by an external resistance wire arranged as shown in the 
diagram. The droplets of refluxed liquid falling down the column may be coimted 
by means of a drip indicator with small perforations, which are necessary to 
avoid flooding of the column. At the bottom of the column is a hairpin precooling 
tulic which may be immersed in a cooling bath when a gaseous or volatile liquid 
sample is being introduced into the column. 

The principle of the operation of the Podbielniak Apparatus is simple, although 
the practical details and experimental technique are only acquired by practice. 
Essentially, the process consists in subjecting the liquefied sample to slow frac¬ 
tionation under standard conditions of reflux ratio and withdrawing the vapors 
continuously at a definite pressure. The vapors pass into a vessel of known 
volume maintained in a thermostat and changes of the absolute pressure in this 
container are observed on a manometer. The analytical results are best expressed 
in the form of a graph in which the pressure readings are plotted against the 
corresponding temperatures recorded by the thermocouple. The operation of the 
apparatus may be varied to permit anal 3 rtical distillation of components of vola¬ 
tility varying from methane to hexanes or heptanes. The distillation of octanes 
and heavier fractions is not usually practicable in this apparatus. The distilla¬ 
tions are generally conducted isobarically at atmospheric pressure, but hydro¬ 
carbons of five or more carbon atoms are usually fractionated under diminished 
pressure. It is important that reflux temperatures never approach atmospheric 
temperature. The recommended distillation pressures are as follows: 


For all compounds of boiling point lower 

than atmospheric temperature. 

Pentanes and pentenes. 

Hexanes and hexenes. 

Heptanes . 


I Atmospheric pressure 

300 mm. (absolute) 
100 mm. 

20 mm. 


As previously indicated, the distillate is usually collected in vapor form in 
evacuated glass bottles maintained at constant temperature. The amount of dis¬ 
tillate is computed from the calibrated volume of the receiver bottle and from 
the temperature and pressure of the contained vapor, using known physical con¬ 
stants and ideal gas laws. Errors introduced by the deviation of the higher 
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hydrocarbons from the ideal gas laws** may be avoided by collecting the hydro¬ 
carbons below standard maximum partial pressures as shown in Table 160: 

Table 160. — Maximum Partial Pressures in Vapor Receiving Bottle. 

Max. Partial 


Hydrocarbon Pressure 

Mm. 

Methane ... 760 

Ethane . 76^ 

Proi>ane . 760 

Butanes . 400 

Pentanes . 80 ^ 

Hexanes... 20 

Heptanes . 5 


The gas to be analyzed is introduced into the evacuated apparatus tli rough 
the precooling tube attached to the bottom of the distilling bulb. The sample, 
which should usually be about 6 liters vapor volume, is preferably subjected to 
total condensation by allowing it to pass slowly into the precooling tube and dis¬ 
tilling bulb, both of which are cooled with liquid air. By this procedure, prac¬ 
tically all the methane and higher hydrocarbons are condensed. Another method 
of introducing the gas sample consists in precooling the sample in a bath of 
gasoline cooled with liquid air. This latter method requires less time, since the 
bulk of the methane in the sample is discharged from the top of the column 
simultaneously with the introduction of the gas, instead of being condensed and 
subsequently distilled off slowly. It is absolutely essential that all water vapor 
and carbon dioxide be removed from the gas sample prior to its introduction into 
the apparatus, since these constituents would freeze in the column and conse¬ 
quently obstruct the distillation. The removal of these constituents is effected 
by passing the gas through a potash trap and a phosphorus pentoxide bulb.*® 

The method of carrying out an analysis is described by Podbielniak as follows: 
Once a sample is entered into the column, the analytical procedure is essentially 
the same, whether the sample is natural gas, coal gas, liquefied petroleum gas, 
natural gasoline, or ordinary motor fuel. The pressure in the column is brought 
to atmospheric by applying heat to the distilling-bulb heating element (regulating 
with the transformer shown), or by cooling the reflux with liquid air, depending 
on whether the column pressure is below or above atmospheric. The vapor 
formed passes up the column and is condensed at the reflux. In order to main¬ 
tain this flow of reflux liquid down the column it is necessary to extract heat 
from the reflux by periodically blowing more liquid air into the reflux cooling 
vessel. The supply of current to the column-heating element and the cooling 
of the reflux should be so balanced that (1) the column pressure is practically 
atmospheric, and (2) the entire wire packing of the column is wet with the 
minimum amount of reflux to form capillary liquid films. 

When the proper conditions have been established in the column, distillation 
may be commenced by cracking stopcock 4 to allow the fractionated overhead 
vapor to pass slowly through the stopcock train into the receiving bottle which 
had been evacuated previously to a fairly low pressure. The barometric manom¬ 
eter connected to the receiving bottle indicates the rise in pressure in this bottle 
as it fills with vapor. This rate of distillation is controlled by changing the 

** Roffers and Brown, Ind. Enff. Chein.. 22. 258. 

^When iinsaturated hydrocarlwns are present, phosphorus pentoxide cannot be used as it ab^rbs 
these Rases. Magnesium perchlorate trihydrate is satisfactory in such cases. 
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setting of stopcock 4 so as to secure the best possible fractionation compatible 
with a maximum permissible total time for the distillation. In practice this is 
equivalent to slowing the distillation rate to a very low value whenever the vapor 
temperature tends to rise at constant pressure, and increasing the distillation rate 
when the temperature tends to stay constant. In this way, one hydrocarbon after 
another is distilled with very sharp temperature rises until the entire sample is 
distilled or until an undistillable residue remains. Frequent simultaneous read¬ 
ings, (1) of the thermocouple e.m.f.*s indicated by the millivoltmeter, (2) of 
column pressure on the open-arm manometer, and (3) of the pressure on the 
receiving-bottle manometer, are taken to enable the operator to construct subse¬ 
quently a plot of vapor temperature (corrected ‘to a standard pressure) against 
the amount of vapor distilled. 

The vapor temperatures at the top of the column are read by the analyst on the 
millivoltmeter, which is graduated to tenths of a millivolt. 

The column-pressure readings on both arms of the open-arm manometer connected 
to the fractionating column are recorded. When the mercury stands at the same level 
in both arms, the pressure in the column is atmospheric. 

The pressure on the closed arm of the closed-arm manometer connected to the vapor¬ 
receiving bottle used in the analysis are recorded as bottle pressure. These readings 
must be taken with care and estimated to tenths of a millimeter. Each scries begins 
with an initial low pressure in an evacuated vapor-receiving bottle and ends with the 
maximum permissible pressure in the bottle. After each final reading the bottle is 
reevacuated and another series of readings taken. This is done as often as required. 

Several times during an analysis, readings (correct to 0.1“ C.) are taken of the 
temi)erature of the water bath in which the vapor-receiving bottles are immersed. These 
readings should be taken preferably at the break iwints on the fractional distillation 
curve, as evidenced by sudden temperature rise. Failure to record these readings may 
lead to considerable error in analysis, especially when the laboratory temperature fluc¬ 
tuates considerably. 

The corrected temperatures are obtained by multiplying the vapor-temperature read¬ 
ings by 10 (the calibration curve of the thermocouple should be used for precise work), 
and converting to temperatures at atmospheric pressure by means of a chart. 

'I'he calculated pressures are obtained from the bottle-pressure readings by the fol¬ 
lowing procedure. The initial reading of the first series in the bottle-pressure column 
(which is not necessarily zero) is subtracted from itself and then successively from 
every other reading of the series to yield the corresponding calculated pressures. To 
convert the second series of bottle-pressure readings, the final calculated pressure of the 
first series is subtracted from the initial reading of the second series (0.0 — 94.0 = 
— 94.0), and from every other reading of the series in succession. The third and fol¬ 
lowing series are converted similarly. The effect of this procedure is to arrange all 
the millimeter intervals in the bottle-pressure columns of the tables into one continuous 
series beginning with zero to be proportional at any point to the total volume (in vapor 
form) of the sample distilled. 

The rcsu1t.s so obtained are plotted in graphical form to yield a fractionation 
curve as shown in Figures 39 and 40. The ideal fractionation curve would 
consist of perfectly horizontal plateaus and rectangular rises in temperature. The 
curves actually obtained approximate this ideal quite closely except for hydro¬ 
carbons having boiling points not far apart. In order to determine the proper 
cut points on the temperature rises in the curve, Podbielniak advises the use of 
a so-called “equal area“ method rather than the mid-point method. Each 
plateau on the curve corresponds to a pure hydrocarbon which can be identified 
by its boiling point, and the amounts of hydrocarbons are proportional to the 
lengths of these plateaus. In the analysis of gaseous products with no liquid 
residue, the gas per cent by volume is readily calculated simply by dividing each 
plateau length (A mm.) by the sum of the lengths of all the plateaus for the 

Podbielniak, Reliner, 1929, 8 (3), 55; Chem, Abs„ 1929, 23, 3128. 
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entire sample and multiplying by 100. Liquid per cent by volume for normally 
liquid hydrocarbons may also be calculated from these curves. 

Other Fractionation Columns, Frey and Yant*® used a column for the frac¬ 
tionation of the four-carbon atom fraction of low-temperature coal carbonization 
gas, which was of Pyrex glass, SO cm. high and 9 mm. in diameter filled with 



Fic. 39.—Fractional-Distillation Curve of Natural Gas Obtained in 
Podbielniak Apparatus. 



Courtesy^ Walter /. Podbielniak 


Fig. 40.---Fractional Distillation Curve of Refinery Cracked Gas Obtained in 
Podbielniak Precision-Type Column. 


5 mm. brass rings. Controlled reflux was obtained by regulated heat withdrawal 
from the uppermost 10 cm. of the column. This was effected by cooling with 
liquid, air through a 1 mm. thick annular interspace filled with hydrogen at a 
regulated pressure. Since the heat transmission through the interspace depends 
mainly upon the pressure of the hydrogen, the rate of cooling can be controlled 
merely by adjusting the hydrogen pressure. The fractionating column proper 
was thermally insulated by means of a vacuum jacket. 


•Lot. €it. 
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A simple fractionating column capable of being used for the estimation of 
various unsaturated hydrocarbons has been described by Davis.*® This column, 
represented in Figure 41, consists of 3 to 5 meters of 5 mm. glass tubing bent 
into a low-pitched spiral of 30 to 40 turns. Thermal insulation and mechanical 
rigidity is secured by surrounding the column with a glass jacket which is highly 



Courtesy Industrial and Engineering Chemistry, Analytical Edition 

Fig. 41.—Davis Apparatus for Fractionating Liquefied Gases. 

evacuated and silvered, unsilvered strips being left on opposite sides for ob¬ 
servation. Reflux cooling is obtained by surrounding the upright column head by 
a glass jacket containing a cooling mixture. Other features of this column, 
which is not satisfactory for the investigation of gases with boiling points lower 
than that of ethane, include an immersion-type electrical heating device and a 
cooled receiver for condensation of distillate vapors. 

^ Ind, Eng. Clie$n., Anal. Ed., 1929, ], 61. Cf. Davis and Daugherty, Ind. Eng. Chem., Anal. Ed., 
1932. 4. 193. 
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Fig. 42.—MacGillivray Fractiunating Column. 
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Schaufelberger described the analysis of hydrocarbon mixtures by frac¬ 
tionation with a column similar to that of Podbielniak. The vacuum-jacketed 
column (silvered completely except for one window at the drip indicator, which 
is placed high in the column) is joined by a cork to a separate reflux chamber, 
which is cooled with a gasoline bath agitated by a turbine-type stirrer. 

For the preparation of pure ethane, methane, and hydrogen, MacGillivray 
used a column similar to that of Podbielniak. The column, which is represented 
in Figure 42, can be employed for the analysis of complex hydrocarbon mixtures, 
particularly for the separation of saturated from unsaturated hydrocarbons. In 
this apparatus the reflux is controlled by a variable-pressure hydrogen buffer. 
MacGillivray recommended that liquid nitrogeji be used as the refrigerating 
liquid instead of liquid air, for in the event of a break or crack occurring in the 
apparatus, with consequent mixing of liquid hydrocarbons and liquid air, a dan¬ 
gerous explosion may result.^* 

A short-cut method of analysis of hydrocarbon mixtures, satisfactory for 



Courtesy Industrial and Engineering Chemistry, Analytical Edition 

Fig. 43. —Rosen and Robertson Fractionating Apparatus. 


routine control analyses, has been described by Rosen and Robertson.®® The 
applicability of this procedure is limited to the analysis of ternary mixtures 
containing ethane, propane, and butanes and to mixtures of these hydrocarbons 
containing methane and fixed gases. The extension of the method to more com¬ 
plex mixtures of hydrocarbons is indicated, however. With a ternary mixture 
such as that mentioned, the analysis is said to be reliable to 0.5 per cent on any 
constituent. The essential principles of the method are as follows: The liquefied 
hydrocarbon mixture is first freed from fixed gas and methane by evacuation 
at the temperature of liquid nitrogen, and the resulting liquid is submitted to 
distillation into a receiver of known volume connected to a mercury manometer. 
The temperature of the liquid hydrocarbon mixture is measured with a tliermo- 
couple junction which passes to the bottom of the condensation bulb and so 
records liquid temperature. Distillations are conducted at 760 mm. pressure and 
at a fairly constant rate of about 15 cc. of gas per minute. During the dis¬ 
tillation, simultaneous readings on the thermocouple potentiometer and on the 
manometer are taken as the voltage changes 0.1 to 0.2 millivolt, or as the 


« Oil and Gas 1930. 29 (16). 46; Chem, Abs., 1930, 24, 5995. 

1932, 941. 

*A fatal explosion of air and light petroleum was experienced at the U. S. Bureau of Standards 
on Sept. 20, 1923 (see Chem. Met. Eng., 1923. 29, 639; Chem. Abs., 1923, 17. 3790). 

M/fid. Eng. Chem., Anal. Ed., 1931, 3, 284; ibid., 1934, 6, 12. 
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pressure rises 5 to 10 mm. Heat input to the still is controlled by lowering a 
Dewar flask placed round a cooled aluminum cylinder (which is fitted snugly 
round the distilling bulb), thus increasing the surface of the aluminum cylinder 
exposed to room temperature. A simple apparatus for conducting this process is 
shown in Figure 43, in which C is the vessel for measuring the gas sample,*^ 



Courtesy Industrial and Engineering Chemistry, Analytical Edition 

Fig. 44.—Master Graph for Mixtures of Ethane, Propane and Butane. 
(Rosen and Robertson.) 



Courtesy Industrial and Engineering Chemistry, Analytical Edition 

Fig. 45.—Enlarged Section of Master Graph, for Mixtures of Ethane, Propane 
and Butane. (Rosen and Robertson.) 

D is the condensation vessel and still, and J is the receiver of known volume, 
connected to the manometer H» The rate of distillation is controlled by stopcock 
X, and the distillation pressure is recorded on manometer £. It will be noticed 
that no fractionating column is employed, the operation being merely one of 
simple distillation. Any methane or condensible gas in the sample is removed by 
a mercury vapor pump K, When the distillation is completed, stopcock is 

The gas aaiiMle mutt be freed from carbon dioxide, hydrogen sulphide and water vapor before 
introduction into C. 
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opened and the total pressure, P,, on the manometer H is noted. From the 
barometric pressure, the volumes of the measuring Hask and expansion bulb, the 
pressure Pi, corresponding to the volume of the sample taken, is calculated by the 
formula: 

p ^_ volume of sample X atmospheric pressure 

^ volume of (distillation bulb + lines + expansion bulb) 

The difference between Pi and P^ represents the pressure due to methane and 
fixed gases pumped away prior to the distillation, and —— = Percentage 

rX 

of fixed gases and methane in the sample analyzed. 

The method of computing the composition of* the mixture of ethane, propane, 
and butanes distilled is as follows: By plotting the temperature recorded on the 
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Fig. 46.~Typical Distillation Curves obtained with Rosen and Robertson Apparatus. 

potentiometer against the receiver pressure in mm., a curve is obtained from 
which the temperature corresponding to any percentage distilled off may be read. 
The results are then compared with a master graph showing all possible composi¬ 
tions of the three hydrocarbons. An outline of the master graph is shown in 
Figure 44 and Figure 45 and gives a section of this in detail. Several typical 
distillation curves are shown in Figure 46. The temperatures at which, for 
example, 10 per cent and 80 per cent of the mixture is distilled off at 760 mm. 
pressure are read from the analytical distillation curve and then, by referring 
these temperatures to a master chart, the composition of the original sample may 
be calculated. 


Other Physical Methods for the Analytical Separation of Hydrocarbon 

Mixtures 


Several methods of analytical rectification of hydrocarbon mixtures, depend¬ 
ing upon adsorption and solution effects, have been advanced. Kuhn** described 


^Z. angew Chem., 1931, 44, 757; Chem. Abs., 1931, 2S, 5875. Cf, Coppens, Bull. soc. chim. Belg., 
1932, 41, 525; Chem. Abs., 1933, 27, 2075; Horstn«na and Scheffer, Rec. trav. chim., 1932, SI, 143, 
153; Chem. Abs., 1932, 26, 1873. 
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a method of analysis of coal gas or natural gas in which the dried gas is first 
cooled under reduced pressure to liquid air temperature to condense carbon 
dioxide and hydrocarbons higher than metliane. The uncondensed gases are 
then subjected to adsorption in silica gel cooled to the temperature of liquid air, 
which removes methane, carbon monoxide, oxygen and nitrogen, leaving a 
residual gas composed almost entirely of hydrogen with a little oxygen. The 
gases condensed in the first liquid air cooler are then separated by fractional 
distillation at 0.1 mm. pressure, ethane and ethylene being removed at —150° C., 
acetylene, propane, propylene, and carbon dioxide at about —120° C., and butane, 
pentane and benzene at —^25° C. 

A method of analytical rectification of hydrocarbon mixtures which depends 
upon the selective solvent action of toluene or toluene-nitrobenzene mixtures 
on various gaseous hydrocarbons has been described by van Dyck.®® This method 
is said to be satisfactory -for the determination of pentane, butane and propane 
in hydrocarbon gas mixtures. With a fractionating apparatus, the various gases 
are removed from the mixture in the order of their solubilities, starting with the 
most soluble. The analysis is effected by scrubbing a known volume^of gas with 
a stream of liquid hydrocarbon, fed into the top of the apparatus (Fig. 47) at a 
definite rate. Solution of some of the gas takes place and the liquid hydrocarbon 
descends into si spiral column which is heated by vapors of a boiling liquid. 
A greater part of the dissolved gas is accordingly expelled in this heated spiral 
so that there is established a gas phase flowing countercurrent to a liquid stream, 
thus effecting fractionation. The efflux rate of the liquid solvent from the spiral 
heater is maintained at a steady value during analyses. A great advantage of this 
type of apparatus is that no liquid air or nitrogen is required, only water cooling 
and electrical heating being used. The results are said to be accurate to within 
0.5 per cent, though the minimum quantity of any component which can be 
identified with certainty is about 2,5 per cent. The absorption is conducted at 
constant temperature in a regulated slow stream of liquid solvent, the amount of 
gas absorbed being measured by volume changes at constant pressure. Analytical 
results are calculated from graphs obtained by plotting the volume of absorption 
liquid passed at definite stages of the analysis against the corresponding volume 
of gas absorbed. 

Inverted fractional-distillation analysis, which permits separation of gases or 
liquids beginning with the components with the highest boiling point has been 
described by Bosschart.®®* The apparatus designed for this purpose has a range 
from -}-200° C. to —170° C. and the fractions can be collected as liquids or gases. 
As in the van Dyck absorption method, the reflux is a gas instead of a liquid 
phase. This type of analysis is especially recommended where the principal 
interest is in the heaviest components rather than in the light fractions. 

Determination of Unsaturated Hydrocarbons in Gas Mixtures 

The quantitative estimation of unsaturated hydrocarbons in mixtures is at¬ 
tended with considerable difficulty and can only be accomplished in one or two 
'■ases without using some method of fractionation, either of the hydrocarbons 
themselves or of their derivatives (e.g., of their dibroniides). Much work has 
been reported on methods of analysis of olefin mixtures by absorption in various 
concentrations of sulphuric acid, with or without the addition of certain metallic 
salts. With sulphuric acid of appropriate concentration it is undoubtedly possible 

ln$t. Pet. Tech., 1932, 18, 145; Bnt, Chem. Abs. B, 1932, 790. 

^ Jud. Enp. Chem., Atial. Ed., 1934, 6. 29. 
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Fig. 47.—Van Dyck Apparatus for Gas Analysis. 
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to effect an analytical separation of ethylene, which is absorbed with the most 
difHculty by sulphuric acid, from its higher homologues. However, the rates of 
absorption of propylene and the two straight-chain butylenes approach one 
another so closely that any analytical separation of them by sulphuric acid is 
apparently out of the question. 

The problem of the estimation of the total unsaturated hydrocarbon content 
of gaseous mixtures is in reality identical with that of the complete absorption 
of the ethylene from the gas. Ethylene is only completely absorbed with difficulty, 
whereas the complete absorption of other unsaturated hydrocarbon gases is a 
relatively simple matter. Bromine water and fuming sulphuric acid are the 
reagents usually employed for this purpose. Of the two, bromine water is the 
better, especially if the absorption is carried out in a darkened pipette. Fuming 
sulphuric acid rapidly absorbs all unsaturated hydrocarbons, including ethylene, 
but unfortunately it also absorbs paraffin hydrocarbons.** 

According to Tropsch and Dittrich,®* the addition of vanadic acid or of uranyl 
sulphate to concentrated sulphuric acid renders it a satisfactory absorbent for 
ethylene (and thus for the total unsaturated content) in gases. Even better is 
a mixture of IS parts of a 0.6 per cent solution of silver sulphate in 87 per cent 
sulphuric acid with 2 parts of a saturated solution of nickelous sulphate in 87 
per cent sulphuric acid. This solution is said to absorb ethylene readily but not 
saturated hydrocarbons.®* 


Absorption of Olefins by Sulphuric Acid of Various Concentrations 


A number of methods have been proposed for the preferential absorption of 
various individual olefins by successive treatments with sulphuric acid of increas¬ 
ing concentrations. Tropsch and von Philippovich developed a method of 
estimating propylene and its homologues in the presence of ethylene by absorp¬ 
tion in 87 per cent sulphuric acid. This concentration of acid exerts but slight 
absorptive effect on ethylene but rapidly absorbs its homologues. However, when 
large concentrations of ethylene are present In the gas, the results are subject to 
greater error, since under these conditions the absorption of the ethylene becomes 
appreciable. The residual ethylene, after absorption of the homologues, can be 
absorbed in bromine water. Tropsch and von Philippovich stated that the rela¬ 
tive rates of absorption of ethylene and propylene in 87 per cent sulphuric acid 
are as 1 to 100. According to Suida and Wesely,** the analytical separation of 
ethylene from its homologues can be successfully accomplished by absorption 
of the latter in 87 per cent sulphuric acid, provided the gas mixture does not 
contain more than 25 per cent of total olefins. The determination of the total 
olefin content is stated by. them to be carried out best by using 0.04 per cent 
bromine water. 

Tropsch and Dittrich ** subjected the complex hydrocarbon gas mixture to a 
fractional condensation under such conditions that each fraction contained only 
two homologous olefins (admixed with the corresponding paraffins). For the ab¬ 
sorption of ethylene homologues, these investigators employed 87 per cent sulphuric 
acid and subsequently absorbed the ethylene in 87 per cent sulphuric acid activated 


(JfMf. Eng, Chem,, Anal. Ed., 1930. 2, 39) showed that during 
tdlphuric add (30% SOi), as much as 3 per cent of n«butane 


^ For example, Davis and 
the absorjrtion of olefins with 
in the mixture was also absorbed. 

w Bfennsioff-Ckem., 1925. 6. 169: Chem. Ahs., 1925. 19. 2793. 

M Cf. Davis afid Quiggle. Ind. Eng, Chem., Anal. Ed., 1930. 2. 39. 
^ Brennstoff-Ckem., 1923, 4. 147: Chem. Abe., 1923, 17, 3598. 

anal. Chem., 1924. 64. 143; Chem. Abe., 1924. 18. 2858. 

^ Brenneiatf’Chem., 1925, 0, 169; Abe,, 1925, 19, 2793. 



ANALYSIS OF NATURAL GAS AND CRACKING GAS 1119 


with silver and nickel sulphates. To estimate the relative proportions of the two 
unsaturated hydrocarbons (higher than ethylene) absorbed from each fraction by 
87 per cent sulphuric acid, the solution of these olefins in that acid was oxidized 
with an excess of potassium iodate. The amount of potassium iodate over that 
required for oxidation was determined by adding potassium iodide and titrating the 
liberated iodine wuth sodium thiosulphate solution. 

From a study of the rates of absorption of ethylene, propylene, and isobutylene 
in various concentrations of sulphuric acid, Dobrjanski developed a method of 
determining the proportions of these gases in mixtures by bringing the gas succes¬ 
sively into contact with (1) 63 to 64 per cent acid, which absorbs only the iso¬ 
butylene; (2) 83 to 84 per cent acid to absorb propylene;®^ and (3) 100 to 200 



Courtesy Industrial and Engineering Chemistry, Analytical Edition 


Fig. 48.—Absorption of Ethylene and Propene (Orsat Pipet) into Pure 87 per cent 
Sulphuric Acid and into same Acid Saturated with Catalysts (Silver and Nickel 
Sulphates). (Davis and Quiggle.) 


per cent acid to absorb ethylene. In a modified procedure for use in the presence 
of butadiene, isobutylene is absorbed in 45 to 46 per cent acid, propylene and buta¬ 
diene in 83 per cent acid, and ethylene in dilute fuming sulphuric acid (2% SOj). 
A separate sample of the gas is then subjected to a bromine addition estimation by 
the bromide-bromate method (described later) in order to determine the butadiene. 

The estimation of unsaturated hydrocarbons by the sulphuric acid absorption 
method has been critically examined by Davis and Quiggle,®® and some of its 
limitations have been exposed. The rates of absorption of propylene and of the 
two straight-chain butylenes (1- and 2-butene) are so close that .separation by 
selective absorption is impossible. On the other hand, separation of ethylene 
from propylene is obtained by absorption of the latter in 87^ per cent sulphuric 
acid. Saturation of this concentration of acid with silver and nickel sulphates, 


^Neft. Khos., 1925, 9. S6S; Chem. Zentr.. 1926. 1, 2220; Brxt. Chem. Abs. B, 1926, 394. 

Sulphuric acid of S3 to S4 wr cent concentration also al>sorns 1* and 2-tmtenes. 

*»Ind. Eng, Chem., Anal, Ed., 1930, 2, 39; cf, Davis and Schuler, J.A.C.S., 1930, 52, 721. 
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as recommended by Tropsch and Dittrich was found by Davis and Quiggle 
to diminish the effectiveness of this acid for separating ethylene from propylene 
in an Orsat pipette more than one hundredfold. The results on the absorption 
of ethylene and propylene in an Orsat pipette in pure 87 per cent acid, and in 
the same acid saturated with silver and nickel sulphates, are shown graphically 
in Figure 48. 

A survey of the published work on the estimation of unsaturated hydrocarbons 
by successive absorptions in graded concentrations of sulphuric acid leads to the 
conclusion that the process is only applicable to the accurate analytical separation 
of ethylene from its homologues. With the possible exception of isobutylene, 
which can be absorbed in about 50 per cent acid, the rates of absorption of 
gaseous homologues of ethylene are too close to one another for effective separa¬ 
tion. Catalysts,'such as a mixture of silver or nickel sulphates, added to the 
sulphuric acid are of value only for the determination of ethylene or total un¬ 
saturated hydrocarbons and diminish the effectiveness of separation of the indi¬ 
vidual members. 

It has been recommended that with 87 per cent sulphuric acid the absorptions 
be timed and repeated and carried out with fresh acid until the rate becomes 
small and constant, indicating that ethylene is being absorbed. The final result 
can then be corrected for this ethylene absorption.®^ Manning, King and Sinnatt 
proposed the following procedure for the analytical separation of ethylene from 
propylene and higher homologues in gas mixtures obtained by decomposing 
dibromides with a zinc-copper couple. A portion of the gas is treated successively 
in the Bone an<f Wheeler apparatus with 2 cc. of 87 per cent sulphuric acid for 
5 minutes at each treatment. The olefins higher than ethylene are absorbed com¬ 
pletely in the first 20 minutes (four treatments) at ordinary temperature. After 
this period the absorption during each 5 minutes treatpient becomes small and 
constant and is due entirely to the ethylene content. A determination of this 
ethylene 'absorption rate enables a correction to be made for the ethylene absorbed 
during the first four treatments (20 minutes). 

Dubois used sulphuric acid in the separation of hydrocarbons in connection 
with a calorimetric determination. The heats of combustion are determined for 
the original mixture, the mixture after unsaturated compounds are removed by 
fuming sulphuric acid, and the mixture from which propylene and higher homo¬ 
logues are removed by 87 per cent sulphuric acid solution. 

Analysis of Gaseous Unsaturated Hydrocarbons by Bromination 

A bromine addition method for the estimation of butadiene in gas mixtures, 
which makes use of the bromide-bromate reagent of Francis,®® has been described 
by Dobrjanski.®^ The gas- Is introduced into an air-tight apparatus containing a 
solution of potassium bromide and sulphuric acid in water. A weighed quantity 
of potassium bromate is allowed to react with the liquid with the result that 
bromine is slowly evolved according to the equation: 

KBrO* + 6KBr + 3 H,S 04 —3KaS04 + 3H,0 + KBr + 3Bra 

^Loc. cit. Sec also Frey and Yant, Ind. Eng. Chem., 1927, 19, 488; and Carneete Steel Co., 
“Methods of Chemists of U. S. Steel Corporation for Sampling and Analysis of Gases,3rd edition, 
o. .1ft. 

See, for example, Hague and Wheeler, Fuel, 1929, 8. S60; Brit. Chem. Abs. B, 1930, 90. 

^ Dept. ScientiAe and Industrial Research, Technical Paper 19, 1928; Chem. Abs., 1928, 22. 1668. 

•^Przemysl Chem., 1931, IS, 390; Chem. Abs., 1932, 26, 2142. 

^Jnd. Ena. Chem.. 1926, 18. 821. 

•^Petroleum Domain, 1925, 9, .574; Chem. Abs., 1926, 20. 1577. 
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The bromine thus produced adds directly to the unsaturated gases, forming dibro¬ 
mides with monolefins and tetrabromides with diolefins. The excess bromine is 
determined by adding a sufficient quantity of potassium iodide to the solution 
and titrating the librated iodine with standard thiosulphate solution. From this, 
the quantity of bromine absorbed by the gas can be calculated. Having de¬ 
termined the total quantity of unsaturated hydrocarbons (by total absorption, 
e.g., wifh bromine water), the amount of olefin and diolefins can be calculated 
from the bromine addition results. 

A critical examination of this bromination method fo,r the examination of 
unsaturated gases and liquid was made by Davis, Crandall, and Higbee.®** The 
presence of oxygen was found to interfere wjth the quantitative titration of 
acetylenes and probably of some diolefins. A standard procedure was developed 
by which ethylene and acetylene and some of their higher homologues can be 
titrated quantitatively by brbmide-bromate solution. A measured volume of the 
gas was introduced into a previously evacuated reaction bottle containing the 
broniide-bromate solution. Dilute sulphuric acid was added to this from a Mohr 
burette. By slow addition of the acid, the bromine is liberated gradually and is 
taken up by the unsaturated compounds as fast as it is formed. In this manner, 
the concentration of the halogen is kept low throughout the process and sub¬ 
stitution reactions are avoided. The exc'ess bromine can be estimated in the 
usual way, with potassium iodide and thiosulphate solution. Under these con¬ 
ditions, monolefins absorb two equivalents of bromine, whereas acetylenes and 
diolefins absorb four equivalents. 

A considerable number of workers have used the bromine addition products 
of unsaturated hydrocarbons for the qualitative or rough quantitative detection 
of individual unsaturated hydrocarbons.®® Manning, King and Sinnatt^® de¬ 
veloped a method of evaluation of unsaturated gases which depends upon bromina¬ 
tion to a mixture of dibromides, followed by refractionation of these dibromides 
and regeneration of the unsaturated products. A large volume of gas is usually 
necessary for the determination, and sufficient should be used to furnish at 
least 100 grams of bromine addition products. The gas is first scrubbed with 
gas oil to remove vapors of higher normally liquid hydrocarbons and then passed 
through two absorption bottles, each containing 25 to 75 cc. of bromine covered 
with 100 cc. of 10 per cent potassium bromide solution. The bottles should be 
cooled with ice and it is desirable to condense any bromides, carried forward 
with the gas stream, in two spiral condensers cooled in a freezing mixture of ice 
and salt. The bromine compounds are subsequently mixed, washed with dilute 
caustic soda and water, respectively, dried, and fractionally distilled under 20 mm. 
pressure. The following fractions are collected: 

(1) Up to 80“ C. at 20 mm., containing all the ethylene and propylene dibromides, 
and most of the butylene dibromides. 

(2) 80“ to 130“ C. at 20 mm., which contains remaining butylene dibromides together 
with bromine derivatives of higher olefins. 

(3) Residue, which consists, in the case of cracking gas, almost entirely of butadiene 
tetrabromide. 

' The procedure recommended involves the liberation of the mixed olefins 
from known weights of fractions (1) and (2) by means of a zinc-copper couple, 
followed by an examination of the gases produced, as follows: 

«7«rf. Eng. Chem.. Anal. Fd.. 193!. .1. lOK. 

•Armstrong and Miller, J.C.S., 1886, 49, 74. Snmatt and Slater, Analyst, 1920, 45, 85; 
Chem. Abs., 1920, 14, 2407. Arnold. Z. angciv, Chem., 1924. 37. 85; Chem. Abs., 1924, 18, 1894. 
Hock, ZAangerv. Chem., 1924, 37, 252; J.S.C.L, 1924, 43, 5468. Schiitz, Buschmann and Wissebach, 
Ber., 1923, 56B, 1091. 

Dept. Scientific and le.dnstrial Research, Technical Paper 19, 1928; Chem. Abs., 1928, 22, 1668. 
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(1) The total olefin content is determined by absorption in fuming sulphuric acid 
or bromine water. 

(2) A second portion of the gas is burned completely over copper oxide at 700** C. 
and the carbon dioxide produced is determined. 

(3) Another portion of the gas is treated successively with 2 cc. of 87 per cent 
sulphuric acid (5 minutes for each treatment). The olefins higher than ethylene 
are absorbed completely in 20 minutes at ordinary temperatures. After this 
period the absorption during 5 minutes becomes small and constant and is due 
to e^ylene only, as before stated. 

From the above data* it is possible to calculate the actual* percentage of the 
individual olefins in a mixture of ethylene, propylene and butylenes. 

The butadiene content of the original gas may also be estimated by extract¬ 
ing the residue (3) with hot alcohol and cooling the filtered solution to 0^ C., 
when the higher melting crystalline butadiene tetrabromide separates out quan¬ 
titatively and can be filtered rapidly and weighed. Under these conditions of 
bromination, a second (lower-melting) butadiene tetrabromide is also produced 
in about equal amount so that to obtain the total butadiene tetrabromide present 
in the residue, the weight of the higher-melting form must be doubled. (See 
Giapter 27.) 

Roginski and Rathmann analyzed a mixture of cyclopropane and propylene 
by taking advantage of the rapidity with which the latter is absorbed by aqueous 
iodine-bromine solution. Under the same conditions cyclopropane is absorbed but 
slowly. 


Special Methods of Analysis of Various Unsaturated Gases 


For the analytical absorption of acetylene, Hague and Wheeler employed 
an ammoniacal solution of silver chloride and conducted the absorption for 2 
minutes in the Bone and Wheeler apparatus. This reagent also tends to absorb 
quantities of olefins and diolefins, however. 

As previously indicated, ethylene is best absorbed either in bromine water 
or by concentrated sulpuhuric acid or fuming acid. Morris,^® however, recom¬ 
mended a 20 to 40 per cent aqueous solution of silver nitrate for absorbing 
ethylene from gas mixtures. The ethylene may be recovered from the concen¬ 
trated silver salt solution by evacuation. Reymans’^* determined ethylene in 
cracked products (after absorption of carbon dioxide by potassium hydroxide 
and higher olefins by 87 per cent sulphuric acid) by absorbing it in a solution of 
mercuric nitrate saturated with sodium nitrate, after which benzene vapors are 
estimated by treatment with bromine water. 

According to Nametkin,^® unsaturated gaseous hydrocarbons are quantitatively 
absorbed from gas mixtures in a concentrated aqueous solution of potassium 
permanganate without the saturated hydrocarbons being affected. This method 
is satisfactory for the determination of the total unsaturated hydrocarbon content 
of gas mixtures but special apparatus must be used since the permanganate 
solution attacks mercury. 

For the estimation and analytical separation of the isomeric butenes no simple 
methods are available. All three unsaturated hydrocarbons are found in frac- 


1933, S5. 2800. 
" /.C.5., 1929, 383. 

^ Loc. cit. 


”J.A.C.S., 1929, 51, 1460. 

IwL Pet. Tech., 1930, 16, 663; Ckem. Abs., 1931, 25. 1066. • 

Russ. Phys.-Chem. Soc., 1913, 45, 1423; Bull. soc. chim., 1914, 16, 126; J.S.C.L, 1914, 55, 
1229; Chem, Abs., 1914, 6, 324. 
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tions of cracking gas boiling at about 0® C. Of these, isobutene is by far the 
more reactive. Dobrjanski^® showed that it can be separated from the other 
two by absorption in 63 per cent sulphuric acid. This separation is complicated, 
however, by the presence of certain other hydrocarbons boiling in the same range, 
especially butadiene. In the presence of butadiene, isobutylene is best estimated 
by absorption in sulphuric acid of concentration lower than 60 per cent (satis¬ 
factorily in 45 to 46 per cent). 

Frey and Yant^^ determined isobutylene in mixtures of the three butenes 
(obtained by fractionation of low-temperature carbonization gas) by absorption 
in a mixture of 2 volumes of sulphuric acid (specific gravity L84) and 1 volume 
of water. « 

Investigations of mixtures of butenes as their dibromides have been made by 
a number of workers. Frey and Yant carried out the bromination of a butene 
mixture by adding bromine, drop by drop with agitation, into the liquid hydro¬ 
carbon mixture previously cooled to —80® to —100® C. until addition was nearly 
complete. The temperature was then allowed to rise to —^20® C. and the addition 
of bromine continued until the color persisted. The dibromides were then dis¬ 
tilled under reduced pressure at temperatures below 60® C. (residue temperature). 
For the determination of 1-butene in this mixture, Frey and Yant employed a 
method in which the dibromide mixture was heated with a 15 per cent solution 
of potassium hydroxide in absolute alcohol at about 100® C. in a sealed tube. 
Under these conditions, only the dibromide of 1-butene is decomposed, whereas 
the dibromides of 2-butene and isobutene are unattached.^® 1-Butene dibromide 
is decomposed to the extent of about 51 per cent (this yield is roughly constant 
for periods of heating varying from 2 to 5 hours) into ethylacetylene according 
to the reaction: 

CH,BrCHBrCH»CH, —^ CHsCCH.CH. + 2HBr 

After cooling the reaction mixture to, —75® C., the contents were slowly distilled 
through a condenser into an excess of 5 per cent alcoholic silver nitrate. Two 
volumes of water were added to decrease the solubility of the precipitated 
C 4 H 5 Ag 2 N 03 , which was filtered off, washed with water and dissolved in dilute 
nitric acid. The silver was then determined by titration with standard potassium 
thiocyanate solution, with ferric nitrate as indicator. 

A qualitative method of examining butene mixtures, which consists in a careful 
fractionation of the dibromides under 50 mm. pressure, has been described by 
Lucas, Dillon and Young.^® Bromination of the butene mixture was effected 
by slowly introducing bromine into the well-agit*ated liquid butene mixture, cooled 
to —15® to —20® C. 

According to Dillon, Young and Lucas,mixtures of the three normal 
butenes can be analyzed by means of the densities of their dibromides and 
the reaction rate of these latter compounds with’potassium iodide. The method 
depends on the fact that each of the three butenes is quantitatively converted to 
the dibromide by treatment with bromine, and each of the dibromides has a 
different second-order reaction rate with potassium iodide in methanol at 75® C. 
A combination of the reaction rate with the density is sufficient for the analysis 
of any mixture of the three dibromides, and from this the content of the three 
butenes can be computed. 

’•X.OC. cit, 

Ind. Eng. Chem., 1927. 19. 488. 

raWialicenus and Schmidt, Ann., 1900, 313, 212; Ckem, Soe. Abs., 1901, 80 (1), 1. 

”J.A.C.S^ 1930, 52, 1949. 

J.A.C.S., 1930, 53, 1953. 



1124 


CHEMISTRY OF PETROLEUM DERIVATIVES 


Davis®® indicated the possibility of developing a method of analysis of mix¬ 
tures of 1- and 2-butene by taking advantage of different rates of bromination 
of these olefins in carbon tetrachloride thoroughly dried over phosphorus pentoxide. 
In a perfectly dry medium, in the absence of strong light, 1-butene and 2-butene 
react at different rates, the former slowly and at approximately the same rate 
as propylene and the latter more rapidly and at about the same rate as isobutene. 

Several methods of estimating butadiene in gas mixtures have already been 
discussed in Chapter 27. Tropsch and Mattox developed a method for the 
determination of butadiene in complex gas mixtures, from wliich the diolefin is 
absorbed in molten maleic anhydride at 100® C. 

••J.A.C.S.. 1928, 50. 2769. 
n Ind. Eng. Ckem., Anal. Ed., 1934, 6. 104. 



Chapter 50 

Methods of Analysis of Gasoline and Other Petroleum 

Distillates 

Petroleum oils consist essentially of complex mixtures of hydrocarbons but 
also contain as minor constituents oxygenated bodies, nitrogen and sulphur com¬ 
pounds and, to a very small extent, minermatter (see Chapter 1). All nonr 
hj'drocarbon materials may consequently be classed as impurities, since all or 
part of them must be removed in refining because' of their injurious character 
in various industrial applications of petroleum fractions. Thus, gasoline for use 
in internal combustion engines is usually made substantially free of sulphur com¬ 
pounds, because of the offensive odor of some of these substances and the corro¬ 
sive nature of some of the products of combustion.^ Ke^-oseiie for use in wick- 
fed lamps for domestic purposes is generally refined to remove ail material which 
is likely to give objectionable odors. It is therefore convenient to consider, first 
of all, the analysis and examination of refined petroleum oils, i.e., those con¬ 
taining but small amounts of the impurities mentioned above. 

Hydrocarbon Analysis 

Petroleum oils generally consist of mixtures of the four principal classes of 
hydrocarbons—namely, olefin, aromatic, naphthene and paraffin hydrocarbons. 
The relative amounts of these types of hydrocarbons in any oil vary with its 
source and, to a lesser extent, with the methods used in refining. For example, 
as has been pointed out in Chapter 1, the distillates from Appalachian petroleums ‘ 
consist almost entirely of paraffins, many Russian petroleums yield distillates 
containing a preponderance of naphthenes, and certain other petroleums give 
volatile fractions containing appreciable proportions of aromatic hydrocarbons. 
Of these classes, the paraffins and naphthenes, with few exceptions, are the pre¬ 
dominating ones. 

Olefin hydrocarbons are not found in crude petroleums, but only in their dis¬ 
tillates. Light oils obtained by cracking heavier oils contain unsaturated aliphatic 
hydrocarbons, the amount depending upon the type of oil being cracked and the 
temperature and pressure employed in the process. Thus gasolines obtained by 
cracking heavy oils in the liquid phase may contain up to 20 per cent of olefin 
hydrocarbons, whereas those resulting from cracking in the vapor phase, i.e., at a 
higher temperature, may contain as much as 60 per cent of these hydrocarbons. 
Cracked distillates also contain appreciable proportions of aromatic hydrocarbons. 

It is desirable from many points of view to be able to determine the propor¬ 
tions of the various hydrocarbons in any petroleum oil or distillate. With higher 
fractions this assumes importance, because of the well-known antiknock effect 

‘ Sec Chapter 19. 

Acknowledgment is made of assistance rendered t>y Dr. D. A. Howes in connection with the 
preparation of parts of this chapter. 
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of aromatics and olefins in gasoline (Chapter 44), the potential gum- and resin¬ 
forming properties of some of the more unstable olefins (Chapter 40), and the 
characteristic of aromatics of imparting a smoky flame to kerosenes.* Develop¬ 
ments in the utilization of petroleum fractions as raw materials in chemical 
synthesis necessitate still more careful study in this direction. 

The problem of devising methods for the determination of aromatic, olefin, 
naphthene and paraffin hydrocarbons in petroleum distillates is complicated by 
the fact that the chemical reactivity of the hydrocarbons of any class generally 
changes comparatively rapidly with rise in molecular weight and boiling point. 
Reactions which' proceed rapidly with the lower members of the series will often 
proceed only with difficulty with higher homologues. Thus, the basis of a well- 
known method for the determination of olefins is the reaction of these hydro¬ 
carbons with halogens—bromine or iodine~-*and although the halogenation occurs 
readily with the lower olefins, e.g., the pentenes and hexenes, it is appreciably 
slower with, for example, the diamylenes and triamylenes. Under conditions 
which convert these latter hydrocarbons quantitatively into halogen derivatives, 
there is a possibility of the halogen attacking hydrocarbons of other classes. 
Another factor adding to the difficulties of such analyses is the fact that as the 
boiling points of the hydrocarbons increase, the members of the four hydrocarbon 
classes gradually approach one another in chemical properties. Thus there is a 
great similarity between the higher a-olefins and the paraffins. Because of this, 
the methods of analysis are only applicable to petroleum distillates boiling up 
to 300® C., unless otherwise stated. With distillates boiling above 300® C., the 
chemical properties of the individual classes are so nearly identical that it is 
difficult to differentiate sharply between them. 

Estimation of Unsaturated Hydrocarbons by Absorption in Sulphuric Acid 

It is usual to class the aliphatic and naphthenic olefins, as well as those 
aromatics which contain an unsaturated aliphatic side-chain, as unsaturates. I'he 
determination of such hydrocarbons may be accomplished by methods which 
depend upon the following: 

(1) Solution in sulphuric acid. 

(2) Absorption of halogens. 

(3) Reaction with mercury salts. 

(4) Other typical reactions of unsaturated hydrocarbons. 

Unsaturated hydrocarbons are attacked by sulphuric acid of lower concentra¬ 
tion than that necessary for aromatic and other hydrocarbons. This fact has 
long been used as a basis for a rapid and convenient, if not accurate, analytical 
method. The reaction of sulphuric acid with unsaturated hydrocarbons is a 
complex process, details of which have been previously discussed in Chapters 12, 
14, 16, 26, 46 and 49. It is sufficient here to repeat that this reaction may yield 
(depending upon the conditions employed, e.g., time of contact, temperature, and 
concentration of acid) polymers of the original hydrocarbons, alkylsulphuric 
esters, alcohols, and oxidation products. The polymers are completely miscible 
with the oil layer unless an acid of such strength is used that they are removed, 
whereas the alkylsulphuric esters are only partly soluble in the acid layer. These 
are the sources of the major errors to which the acid method is subject. 

* The influence of the chemical composition of kerosene and its burning properties was discussed 
by Virobyanta and Sentsov, Neft, Khes., 1932, 22, 331: 23, 91; CAm. Abs„ 1933, 27, 1741; Grote 
and Hundsdorfer, Petroleum 2., 1932, 28 (28), 9; Brit, Chem. Abs. B, 1932, 1016; Uanalla, Petroleum 
2.. 1933, 29 (7), I; Bnt, Chem. Abe. B, 1933, 338. 
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The choice of the strength of acid to employ must of necessity be a compro¬ 
mise. As pointed out in Chapter 26, the polymers of the unsaturated hydrocarbons 
still contain a double bond but are much more resistant to sulphuric acid than the 
parent olefins and consequently a more concentrated acid is required to remove 
them. On the other hand, the strength of the acid must not be high enough to 
attack aromatic hydrocarbons. Opinion on this point is divided. Ormandy and 
Craven® found, by treating gasolines with sulphuric acid of various strengths, 
that the density and refractive index of the residue rose until the *acid strength 
reached 88 per cent. This they ascribed to removal of unsaturates and formation 
of polymers. With higher strengths of acid, extraction of aromatics occurred 
and the density and refractive index fell.. Hencd, they concluded that 88 per cent 
appears to be the critical strength of acid at which extraction of unsaturates 
approaches completion and the extraction of aromatics begins.^ This work has 
been confirmed by Moore and Hobson,® who found that 88 to 90 per cent acid was 
essential for the complete removal of unsaturates. The strength of acid used for 
this estimation should be adjusted, however, to the kind of light oil under exami¬ 
nation. In genera], gasolines obtained by distillation from crude oils, i.e., straight- 
run gasolines—which generally contain only traces of unsaturated hydrocarbonsr— 
need treatment with a stronger acid than gasolines produced by cracking. For 
exahiple, in the method proposed by Riesenfeld and Bandte,® 100 per cent sul¬ 
phuric acid is used for determining the unsaturates in medium and heavy straight- 
run gasolines, 94 per cent acid for the lighter gasolines of this type,^ and 85 per 
cent .sulphuric acid for cracked gasoline. 

Because of the polymerization which always takes place to some extent when 
unsaturated hydrocarbons are treated with sulphuric acid, it is not sufficient to 
measure only the loss in volume of the sample when shaken with acid. A result 
obtained in that manner is low by the amount of polymers remaining dissolved 
in the oil layer. A correction to be applied for this error was introduced by 
Kgloflf and Morrell,® who recommended the redistillation of the acid-treated 
sample, after washing with water and caustic soda, to estimate the amount of 
polymers formed. If a = per cent volume Joss on treating with acid, and 6 = 
amount of polymerized material obtained on redistillation, the content of un¬ 
saturated hydrocarbons is Unfortunately, however, although this method 

gives more accurate results than the simpler method in which loss in volume on 
acid treatment alone is measured, it does not account for the polymerized material 
formed which boils within the original boiling range of the oil treated. For 
instance, trimethylethylene, boiling at 38® C., polymerizes to a mixture of 
diamylenes boiling between 150® and 160® C, whereas gasolines have a final boil¬ 
ing point of 190® to 200® C. Consequently, if a gasoline of this boiling range 
containing trimethylethylene is analyzed according to the method of Egloff and 
Morrell, the polymerization of this hydrocarbon is not measured, and the result 
is low by this amount. The dipolyniers of the hexenes boil between 190® and 
200® C., whereas the dipolymer of ispheptene has a boiling point of 220® to 

•/. Inst, Pet. Tech., 1926, 12. 68; Chem. Abs., 1926, 20, 2581; see also /. 7fw<. Pet. Tech., 1927, 
13, 844; Brit. Chem. Abs. B. 1928, 148; J.S.CJ., 1928, 47, 317T; Chem. Abs., 1929, 23, 2148; /. Inst. 
Pet. Tech., 1931, 17, 185: CA«m. Abs., 1931, 25, 2841. 

^Cf. Brame, J. Inst. Pet. Tech., 1926, 12, 48; Brit, Chem, Abs. B, 1926, 395; I, Inst. Pet, Tech., 
1926. 12, 221; Chem. Abs., 1927. 21. 1703. 

•/. Inst. Pet. Tech., 1925, 11, 587; Chem. Abs., 1926, 20, 1712. 

* Erdol und Teer., 1926, 2, 491; Chem. Abs., 1926, 20» 3346; see also Erdely and Altn&si, Brenn- 
stoff-Chem., 1927, 8. 358; Chem. Abs., 1928, 22. 3039. 

'Winkler iPrzemysl Chem., 1930, 14, 1; Brit. Chem. Abs. B, 1930, 272) recommended 92 to 94 
per cent acid for the absorption of unsaturated constituents from straight-run benzine. However. 
4 per cent of unsaturates are unabsorbed when this concentration of acid is used for a benzine produred 
by cracking. Nametkin and R^inaon (Meft. Khoe., 1929, 14, 775; them. Abs., 1929, 23, 3802) aim 
observed that aromatic hydrocarbons were removed by 98 per cent sulphuric acid at 0* C. 

^Ini. Eng. Chem., 1926, 18, 354. Cf, Egblf, Chem. Met. Eng., 1917, 16, 262. 
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224^ C. and a mixture of 1- and 2-octenes gives a mixture of dipolymers boiling 
between 275^ and 285** C. A more accurate method consists in fractionating the 
gasoline into narrow cuts, treating each separately with acid and measuring the 
natural loss and then redistilling each fraction separately to estimate the extent 
of polymerization. This procedure is tedious and time-consuming, however. 

For the estimation of unsaturated hydrocarbons in kerosenes. Carpenter* 
recommended the use of 4 volumes of 83 per cent sulphuric acid followed by 
redistillation*to estimate the amount of polymers formed. 

The formation of olefin polymers is not, however, the only* difficulty in this 
general method of estimation. It was observed by Kramer and Spilker^* that, 
in the presence of sulphuric acid, styrene and the xylenes condense to form styro- 
xylenes. Later, Brochet^^ found that aliphatic unsaturated hydrocarbons con¬ 
densed with benzene homologues in the same way, e.g., benzene and hexene give 
hexylbenzene. Toluene and xylene also condense similarly and other unsaturates 
probably react like hexene. It is possible for condensations of this type to take 
place in the methods of analysis described above. 

Other reactions also may occur at the same time. Unsaturated hydrocarbons 
containing more than one double bond are more easily polymerized than monole¬ 
fins. Thus, allylene in contact with concentrated sulphuric acid yields trimethyl- 
benzene and crotonylene gives hexamethylbenzene.^* Methylcyclohexene produces 
methylcyclohexane and two isomeric diheptenes, together with some toluene.^® 

These considerations show that the estimation of unsaturated hydrocarbons 
by absorption in sulphuric acid gives but an approximately correct estimation 
even tmder the most favorable conditions, because the chemical reactions involved 
are so numerous and complex and because hydrocarbons of other groups can 
react under the conditions employed. 

Estimation of Unsaturated Hydrocarbons by Halogenation 

The ease with which unsaturated hydrocarbons absorb halogens has led to 
the development of many methods oi estimation based upon this behavior. The 
reaction involved is a simple addition, except in aqueous solution, when part 
of the halogen reacts with water to give a hypo-acid which adds to the olefin, 
producing a halogen derivative of an alcohol. Thus, with hypobromous acid: 

RCH=CHa 4-HBrO —RCHBrCHaOH (see Chapter 20). 

When addition of two halogen atoms takes place a simple titration indicates 
the “double-bond equivalent” of the unsaturates present. From this may be 
obtained an approximate value for the unsaturation or unsaturated hydrocarbon 
content of the sample under examination. It is not possible to estimate accu¬ 
rately the unsaturated hydrocarbon content in this way unless the molecular 
weight or average molecular weight of the constituents is known. Results are 
usually expressed in terms of bromine or iodine numbers which are defined as the 
number of centigrams of the hsilogen absorbed per gram of material. 

Substitution of halogen atoms often proceeds at the same time as the halogen 
addition, as is shown by the evolution of hydrogen bromide. It is probable that 
the ease with which substitution occurs increases with rising molecular weight 

•/. Inst. Pet. Tech., 192S, 14, 446; Brit. Chem. Abs. B, 1928, 736. 

»Ber., 1890, 23, 3169; Chem. Soe. Abs., 1891. 80, 206. 

^Compt. rend., 1893. 117. 11$; Chem. Sac. Abs.. 1893, 64. 635. 

<*Schrohe, Ber., 1875, 8. 18. 367; Chem. Sac. Abs.. 1875, 28. 625; Michael, J. Pr. Chem., 1899, 
(2) 60, 441; Almedingen. 7. Rnss. Phys. Chem. Soe., 1881, 13. 392; see Chapter 28. 

>«Maquenne, Ann. ehim., 1893, (6) 28, 279; BnU. soe. ehim., 1893, <3) 9. 129; Chem. Soe. Abs., 
1893, 64. (1), 635; </. Kiahner, 7. Russ. Phys.-Chem. Soe., 1908, 40, 676, 687. 
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of the hydrocarbons. The presence of moisture and the influence of light-rays 
affect the course of the reaction and the time required for its completion. Thus, 
Davis found that the bromination of ethylene takes hours, and even days, to 
reach completion if moisture and light are excluded. He also observed that tem¬ 
perature has little effect on the dry bromination of trimethyl ethylene or diiso¬ 
butene, and that large amounts of hydrogen bromide are evolved. 

The more common methods of estimating unsaturated hydrocarbons by halogen 
absorption are those developed by Hitbl,'® Wijs and Hanus,'’ but these methods, 
though of considerable use in the examination of animal, fatty and vegetable oils, 
arc not entirely satisfactory for the examination of petroleum ofls. The method 
of Hiibl makes use of a solution of iodine and ijiercuric chloride in alcohol and 
that of Wijs, a decinormal solution of iodine monochloride in glacial acetic acid. 
The Hanus reagent consists of a solution of bromine and iodine in molecular 
proportions in glacial acetic acid. Of these methods, that of Hanus is still used 
to some extent. However, it is being replaced rapidly by newer methods. 

Another halogenation method, that proposed by Mcllhiney,^* which permits 
the separate .determination of halogen addition and substitution, is dependent 
upon the fact that for each atom of hydrogen replaced by bromine, one molecule 
of hydrogen bromide is formed. By estimation of this free acid, therefore, as 
well as the total amount of bromine absorbed, .data are obtained for calculating 
both the bromine taken up by direct addition and that taken up by substitution. 
The estimation of the hydrobromic acid is accomplished by the addition of 
potassium iodate to the solution after the excess bromine has been destroyed by 
potassium iodide and sodium thiosulphate. The reaction (KIO3 -f- SKI -f-flHBr —> 
6KBr4-3H20 + 3 I 2 ) is brought about by the addition of a small amount of 
dilute sulphuric acid. 

Experiences with the Mcllhiney method of determining unsaturation have 
been described by Morrell and Egloff,'® Dean and Hill,®® Waterman, Spijker and 
van Westen and Waterman and van Westen.®® 

The reagent used in a method developed by Francis ®* is a standard solution 
of potassium bromide and bromate, which in acid solution produces bromine: 

KBrO, -h SKBr + 3H,SQ4 —^ 3K,S04 + 3H.0 + 3Br,, 

the rate depending upon the strength of acid employed. By making the solution 
only slightly acid, bromine can be generated slowly. With vigorous shaking 
the bromine can be consumed fast enough to keep it at a low concentration in 
the solution and thus prevent substitution reactions. It is important, for accurate 
results, that the concentration of free bromine be maintained low. Precise 
methods for the determination are as follows: 

A slight excess (usually not more than 1 cc. as estimated by a trial titration) 
of the bromide-bromate solution, containing 14 grams of potassium bromate and 
80 grams of potassium bromide per liter, is measured into a small Erlenmeyer 
flask and a pipetted sample of the oil to be examined is added. The solution is 
quickly acidified with about 5 cc. of 10 per cent sulphuric acid and the flask is 

1928. so, 2769; see also Chapter 49. 

^Dinplers Polytech. 1884, 2S3. 281; 1884, 3, 641. 

^•Ber., 1898, 31, 7S0; I.S.C.I., 1898, 17. 699. 

Nahr.-Genussm., 1901, 4, 913; J.S.C.L, 1901, 20, 1246. Ormandy and Craven (/. Inst. Pet. 
Tech., 1925, 11, 53.1) used the Hanus method for determintnii the unsaturated constituents of various 
tiffht oils but obtained results which were higher than those from absorptions in sulphuric acid. 

« J:A.C.S., 1899, 21, 1084. 

Ind. Eng. Chem., 1925, 17, 1259. 

"U. S, Bur. Mines. Tech. Paper 181, 1917; Chem. Abs., 1918, 12, 1120. 

»Rec. trav. ehim., 1929, 48. 612; BHf. Chem. Abs. JL. 1929, 907. 

*^Rec. trav. chim.^ 1929, 48, 637; Brit. Chem. Abs. A, 1929, 921. 

Ind. Eng. Chem., 1926, 18, 821. 
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stoppered and shaken for one minute as vigorously as may be necessary to keep 
the color of the solution a pale yellow. If the color is dark yellow in spite of 
vigorous shaking, too much bromide-bromate solution has been added, and the 
analysis should be considered only a trial titration. In any case, to complete the 
liberation of bromine, 15 cc. more of acid are added and the shaking is continued 
for another minute. If the solution remains completely colorless, a little more 
bromide-bromate solution is added. The final color should be light yellow. One 
or 2 cc. of saturated potassium iodide solution are then added, and the liberated 
iodine is titrated with thiosulphate in the usual way. Results-may be calculated 
with the equation: 

in which ^ == Bromine number in grams ^r gram of sample 
V = Volume of the sample used in cc. 

D == Density of sample in grams per cc. 

Tj.= Volumes in cc. of the bromide-bromate solution used in titration 
Nx = Normality of the bromide-bromate solution 
Ti = Volume in cc. of the thiosulphate solution used in titration 
Nt = Normality of the thiosulphate solution. 

The content of unsaturated hydrocarbons can be calculated from the bromine 
number with the equation: 

% Unsaturates = 

in which M = Mean molecular weight of the unsaturated hydrocarbons 
N = Bromine number calculated as above. 

If the unsaturated hydrocarbons are evenly distributed throughout the boiling 
range of the light oil examined, which is rarely the case, the mean molecular 
weight is approximately equal to 54 plus half the mean boiling point in degrees 
Centigrade. 

Francis ** checked this method of analysis by examining pure hydrocarbons 
and mixtures of straight-run and cracked gasolines. The results obtained were 
quite satisfactory. The method has also been examined critically by Cortese,** 
who concluded that it can be used for aliphatic olefins and diolefins, whether con¬ 
jugated or otherwise, but that the method does not give accurate results with 
certain compounds with ring structures or with substances of unknown con¬ 
stitution. A modification of the Francis method of bromine number determination 
was used by Bacon for the estimation of the unsaturation of lubricating oils. 
The original method gave difficulty with dark colored oils because it was im¬ 
possible to determine when all the bromine was absorbed and when the last traces 
of iodine had reacted completely with the thiosulphate. The modification adopted 
by Bacon consists of adding to the sample of lubricating oil to be tested 10 cc. 
of pure benzene or gasoline of known unsaturated content. A slight excess of 
bromide-bromate solution is then added, as shown by the color of the water 
layer, with potassium iodide as indicator. The visible end point is then passed 
in titration with thiosulphate, the two layers are allowed to separate and starch 
is added to the lower water layer so that a titration with iodine indicates the 
excess thiosulphate. Vigorous shaking is essential throughout the determination. 

A 4 per cent by volume solution of bromine in carbon tetrachloride has been 

•• Loc. cit. 

»Rec, trav. chitn.. 1929, 48, 564; Brit. Chetn. Abs. A, 1929, 789. 

En0. Chem., 1928, 20, 970. 
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used in diffused light by Morrell and Levine for the determination of olefins. 
Tlie solution is standardized against a sample of which the olefin content is 
known and tlie titration is conducted under identical conditions. For the estima¬ 
tion of unsaturated compounds, Roseninund and Kuhnhenn^s suggested the use 
of pyridine sulphate dibromide, and Galle recommended an alcoholic iodine 
or an aqueous chloramine (sodiuni-p-toluenesulphochloroamide) solution. A 
method, devised by Angeli, Alessandri and Pegna,®° depends upon the color 
change produced by the oil in the presence of nitrosobenzene. 

The bromine absorption method of estimating unsaturation is of special use 
in determining the purity of unsaturated hydrocarbons of which the molecular 
weight is known. Wilkinson employed the* Mcllhiney method of bromine 
number determination as a check on the purity of a series of a-olefins with com¬ 
plete success. 

The possible action of bromine upon members of the other hydrocarbon 
classes must not be neglected. Bacon *2 asserted that benzene is brominated some¬ 
what when exposed to strong light or sunlight, even under the action of only 
small concentrations of bromine. He found that pure benzene had a bromine 
number of 0.027 in moderate light and 18.()0 in sunlight, as determined by the 
Francis method. Giistavson observed that benzene- was attacked by dry bro¬ 
mine, whereas the action with bromine containing moisture and hydrobromic 
acid was even more pronounced. Higher homologues of benzene react .still more 
readily with bromine. Bigot and Fittig^^ stated that, even with efficient cooling, 
bromine acts upon amylbenzene and more rapidly upon amyltoluene and amyl- 
xylene. Bromine also reacts with a few naphthenes. According to Gustavson 
dry bromine reacts slowly upon cyclopropane, the reaction also being accelerated 
by the presence of water and hydrobromic acid. The substituted cyclopropanes 
are attacked more readily,®® but cyclobutane is stable towards bromine in chloro¬ 
form solution,®^ in which respect it resembles the cyclopentanes and cyclohexanes. 

E.STIMAT10N OF Unsaturated Hydrocarbons by Reaction with 
Mercuric Salts 

A well-known reaction of the unsaturated hydrocarbons is that with mercuric 
.salts.®® Depending upon the molecular weight and configuration of the hydro¬ 
carbons, reaction can take place in two different ways: the hydrocarbons are 
either oxidized and destroyed or else they form complex addition compounds. 
Paraffin and naphthene hydrocarbons do not react in this way. Although some 
aromatic hyrlrocarbons also react to a slight extent, the reaction has been used 
as a basis for an analytical estimation of un.saturated hydrocarbons. 

The gaseous olefins readily form complex addition compounds with mercuric 
salts at ordinary temperatures, from which they may be recovered by the action 

Bnff. Chetn.. Anal. Ed., 1932, 4, 319. 

Nakr. Genussm., 1923, 46, 154; Chcm. Abs., 1924, 18, 477; see also Poggi, Cior. chim. ind. 
opplicata, 1928, 10, 601; Chem. Abs., 1929, 23. 3565. 

^ Z. anfffw Chem., 1931, 474. 

Atti. accad. Lincei, 1910, 19 (1), 650; Chem. Abs., 1910, 4, 2457. Cf. Poggi, he. cit. 

“/.C.5., 1931, 3057. 

" Loc. cit. 

^Compt. rend., 1900. 131, 273; Chem. Soc. Abs., 1900. 78 (1). 535; /. pr. Chem., 1900, 62, 273; 
Chem. Soc. Abs., 1901, 80 (1), 3. 

^Ann., 1867, 141, 160. 

•• Loc. cit. 

**Ascban, *'Chefnie der alicyklischen Verbindungen.*' Vieweg und Sohn, Braunsdiweig, 1905, 428. 

wWillstatter and Uruce, Bcr., 1907, 40. 3989; Chem. Abs.. 1908, 2. 259. 

**Ba]biano and Paolini, Chem. Ztg,, 1901, 2S, 932; Chem. Soe. Abs., 1902, 82 (2), 109; Ber,, 
1902, 35. 2994; J.S.C.L, 1902, 21, 1293. 
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of acid.*® Unsaturated hydrocarbons of low molecular weight react easily at 
ordinary temperatures, but those of higher molecular weight, e.g,, octene and 
diamylene, react only slowly on boiling. According to Hugel and Hibou,*® when 
aqueous solutions of mercuric acetate are used, the addition compounds have 
the general formula 

OH 

Olefin—Hg 

CaHiOs 

The higher-boiling olefins can be made to react more rapidly when methanol is 
used as a solvent. In this case the addition compounds have the formula 



Hugel and Hibou prepared the addition compounds of olefins as high as 
hexadecene. Mercuric acetate was used in their experiments, although mercuric 
sulphate, palmitate, and stearate also react. The mercuric salts that are not 
hydrolyzed, e,g., mercuric cyanide, do not react in this manner. The reaction 
with mercuric salts unfortunately is not applicable to all olefins. Ethylene de¬ 
rivatives in which four radicals are attached to the unsaturated carbon atoms 
(e.g., tetramethylethylene) do not react. Hugel and Hibou also found that the 
addition compounds formed have a variable composition, depending upon the 
relative proportions of hydrocarbon and mercuric salt taken. 

A method for the quantitative estimation of unsaturated hydrocarbons based 
on their behavior with mercuric salts has been proposed by Tausz.^^ The sample 
of oil to be analyzed is first shaken with a saturated solution of mercuric acetate 
and then refluxed with the same reagent to attack the more resistant hydro¬ 
carbons. When the reaction is complete the oil is washed with sodium hydroxide 
and sodium bisulphite solutions and the loss in volume is taken as the unsaturated 
hydrocarbon content. A correction is applied for evaporation loss. 

Brame and Hunter ** attempted to use the reaction with mercuric salts for 
the identification and separation of olefins in cracked gasolines. They abandoned* 
the method in favor of one involving bromination because they were unable to 
obtain quantitative yields of the addition compounds. It was also observed that 
when the mercury compounds were decomposed with acid, large quantities of 
hydrocarbons were destroyed and lost. Manning and Shepherd** found that a 
saturated aqueous solution of mercuric acetate only absorbed about 70 per cent 
of the unsaturated hydrocarbons in light oils obtained from the low-temperature 
carbonization of coal. With the lowest-boiling fractions, however, absorption of 
unsaturated hydrocarbons was almost complete. The solution of mercuric acetate 
absorbed and retained about 1 per cent of aromatic hydrocarbons. 

» Hofmann and Sand. Ber., 1900. 33. 1340: Chcm. Soc. Abs., 1900, 78 (1). 384; Bet., 1900. 33. 
1353; Ckem. Soc. Abs., 1900, 78 (1), 385; Ber.,. 1900, 33. 2692; J.S.C.I., 1900, 19, 1034; Sand, 
Ann., 1903, 329. 135; Ckem. Soc. Abs., 1904, 86 (1). 22; Deniges, Compt. rend., 1898, 126, 1145; 
Chem, Soc. Abs., 1898, 74 (1). 546; Compt. rend., 1898, 126. 1868; J.S.C.I., 1898, 17. 790. 

Chimie et industrie. Spec. No. 296, Feb. 1929; Chem. Abs., 1929, 23, 3898. 

“Taus* and Pfeiffer, Froc. Int. Petroleum Commission, Vienna, 1912; Ckem. Abs., 1914, 8, 569: 
Taust, Petroleum Z., 1918, 13, 649; J.S.C.I.. 1919, 38. 4A; Ckem. Abs., 1919, 13, 1146; Tausz .and 
Wolf, Z. angexo. Ckem., 1919, 32. 317; Chvm. Abs., 1920. 14. 621. 

Inst. Pet. Teck., 1927, 13, 794; Brit. Chem. Abs. B, 1928, 178. 

^ Dept. Sci. Ind. Res., Fuel Research, Technical Paper 28, 1930; Brit. Chem. Abs. B, 1931, 284; 
Chem. Abs., 1931, 25, 396. 
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Other Methods for the Estimation of Unsaturated Hydrocarbons 


Numerous other \nethods have been suggested for the determination of un¬ 
saturated hydrocarbons in mixtures containing other hydrocarbons. Faragher, 
Morrell and Levine^* proposed a two-stage procedure in which the combined 
olefin and aromatic content is first determined. The aromatic content is then 
estimated by nitration. The difference between these two values is taken as the 
olefin content. 

The combined olefin and aromatic content is determined by treating first with 
91 per cent sulphuric acid, then distilling" to remove any polymers, and finally 
by treating with 98 per cent acid.** The total loss sustained in these three steps 
is taken as the combined percentage of olefins and aromatics. 

The aromatic content , of the sample is then determined with a new sample 
from which the olefins are removed by treatment with sulphur monochloride.** 
The sample is subsequently distilled, first at atmospheric pressure, and then under 
reduced pressure. The products of the reaction between olefins and sulphur 
monochloride are probably dichlorosulphides or disulphides, which remain as a 
residue in the distillation fiask provided the temperature of distillation is low. 
The distillate thus obtained contains 1 per cent or less of olefins, which can be 
estimated by titration with bromine. After determining the small quantity of 
olefins in the distillate the aromatic content is estimated by treating the sample 
with a nitrating mixture. The nitro-conipounds thus formed are dissolved in 
either 95 or 91 per cent sulphuric acid, leaving a residue of unchanged hydro¬ 
carbons. The corrected loss in volume represents the aromatic content. With 
95 per cent acid, a correction factor of 0.62 per cent is applied for the solution 
of non-aromatic constituents, whereas with 91 per cent acid the factor is 0.22 
per cent. This method was later modified by Morrell and Levine*^ so that the 
olefin concentration could be calculated from the weight of residue remaining 
after distillation of the oil obtained upon treatment with 91 per cent acid by 
means of empirical formulas, as follows: 

If U represents the actual olefin percentage; P, the weight of distillation 
residue; and D, the density of the oil remaining after the 98 per cent acid treat¬ 
ment; the following apply: 

p 

(1) For gasolines with a ^ factor of 10 to 25 (15 to 25 per cent olefins) 

U=1.3^ or t; = ^ + 6 

p 

(2) For gasolines with a ^ factor of 25 to 35 (35 to 50 per cent olefins) 

t/ = 1.4^ or l/ = ^+13 

P 

(3) For gasolines with a ^ factor of 35 to 40 (50 to 60 per cent olefins) 

= or U = ^ + L + IS 


**Ind. Eng. Chem., Anal. Ed., 1930. 2. 18. 

« Cf. method described by Towne, /. Inst. Pet. Tech., 1931, 17, 134; Brit. Chem. Abs. B, 1931, 469. 

^ Under the conditions prescribe by Faraghcr, Morrell and Levine, reactions between sulphur 
monochloride and both aromatics and paraffins are avoided. Lorand (/nd. Eng. Chem., 1927, 19, 733) 
showed that sulphur monochloride reacts with the unsaturated hydrocarbons in petroleum distillates, 
- and that this reaction formed the basis of a method for determinma the comparative unsaturation ot 
distillates. 

«« Ind. Eng. Chem., Anal. Ed., 1932, 4, 321. 
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in which L = loss in volume per cent resulting after treatment with 98 per cent 
sulphuric acid subsequent to distillation. 

Other methods proposed for the estimation of unsaturated hydrocarbons in¬ 
clude the following: (1) Formation of addition compounds with perbenzoic 
acidor camphoric acid peracid;^® (2) reaction with liquid nitric oxide®® at 
—15° to —^20° C.; (3) reaction with ozone ;®^ (4) reactions with hydrogen.®- 


Estimation of Aromatic Hydrocarbons by Absorption in Sulphuric Acid 

, The difficulties attending the use of sulphuric acid as a reagent for the separa¬ 
tion and determination of unsaturated hydrocarbons have already been emphasized. 
With gasolines and light oils containing no unsaturated hydrocarbons, the de¬ 
termination of aromatics by absorption in sulphuric acid is a relatively simple 
matter. The only precaution to be observed is to make sure that the acid used 
does not attack any saturated hydrocarbons. As hydrocarbon analysis is usually 
conducted in such a w'ay that unsaturated hydrocarbons are estimated and removed 
from the oil under test in the first step, it is convenient to limit this discussion to 
oils free from unsaturated hydrocarbons. 

The aromatic hydrocarbons are readily attacked by concentrated sulphuric 
acid to form sulphonic acids, which remain dissolved in the acid. An approxi¬ 
mate value of the aromatic content can be obtained by measuring the loss in 
volume of the gasoline or oil after this treatment. Kraemer and Bottcher 
proposed shaking the gasoline with an equal volume of sulphuric acid containing 
80 per cent by volume of concentrated acid and 20 per cent by volume of fuming 
acid. After allowing to stand for a short time, the decrease in volume of the 
gasoline is measured. 

The quantity and concentration of sulphuric acid necessary to remove aromatic 
hydrocarbons completely and yet be without action on paraffin and naphthene 
hydrocarbons is controversial, although 98 per cent sulphuric acid has been used 
for this purpose by many investigators.®* Sulphuric acid of strength 98 1 per 

cent is used in the standard English procedure,®® but other workers ®® state that 
100 per cent sulphuric acid is necessary for the complete removal of aromatic 
hydrocarbons. Ormandy and Craven,®^ however, found that even 98 per cent 


«Prileschaef, /. Russ, Phys,-Chcm. Soc„ 1910. 42, 1387; Chem. Soc. Abs., 1911, 100 (1), 255; 
/. Russ. Fhys.^Chetn. Soc., 1911, 43, 609; Chem. Soc. Abs., 1911, 100 (1), 604; 7. Russ. Phys.-Chem. 
Soc., 1912. 44. 613; Chem. Soc. Abs., 1912, 102 (I), 633; Bcr., 1909. 42, 4811; Chem. Abs., 1910, 
4, 916;. Nametkin and Hryssova. 7. pr. Chem., 1926. 112. 169; Chem. Abs., -1926, 20. 1397; Nametkin 
and Abakumoviiki, 7. pr. Chem., 1927, 113, 56; Chem. Abs., 1927, 21, 1178; Brit. Chem. Abs. B, 
1927. 179. 

« Milas and Cliff, J.A.C,S., 1933, 55, 352. 

"•Smirnov, Ncft. Khos., 1928, 15, 217; Chem. Abs., 1929, 23, 965. 

Danaila, Andrei and Melinescu, Bui. soc. Romana stiin, 1923, 26 (4-6), 3; Chem. Abs., 1924, 
18, 3710. 

See Ellis, “Hydrogenation of Organic Substances,” I), Van Nostrand Co., Inc., New York, 1930; 
Sk.'trblom, Ted. Ttk., Uppl. C. Kemt, 1932, 62, 57; Chem. Abs., 1932, 26, 5876; Waterman, van’t 
Snijker, and van Wc.sten, Rec. trav. chim.. 1929, 48, 612, 1097, 1103, 1191; Waterman and van 
Westen. Kee. trav. chim., 1929. 48. 637, 1084. 

"•See Holde. “Untersuchung der Kohlenwasser.stoffole und Fette,” J. Springer, Berlin, 1913. 62; 
cf. Ber., 1887, 20, 595; Chem. Soc. Abs., 1887, 52, 648; Engler-Hofer, “Das Erdol,” S. ITirzel, Leipzig, 
1916, 4, 21; cf. Worstall, Amcr. Chem. J., 1898, 20, 664; Brooks and Humphrey, J..i.C.S., 1918, 
40, 822. 

"•Morgan and Soule. Ind. Eng. Chem., 1923, 15, 587; Thole, 7.5.C.L, 1919, 28, 39T; Tizard 
and Marshall, ibid.. 1921. 40, 20T. 

•"“Standard Methods of Te.sting Petroleum and its Products,” Institution of Petroleum Technolo¬ 
gists, London, 1929. 

"•Canienter. 7. httst. Pet. Tech., 1926, 12. 518; Chem. Abs.. 1927, 21, 1702; Hess, Erdiil g- Teer, 

1926. 2. 779; Chem. Abs., 1927, 21, 489; Erdol u. Tecr, 1927, 3, 75; Chem. Abs.. 1927, 21. 1346; 
Miihle and Dietrich, Erdol u. Teer, i926, 2, 572; Chem. Abs., 1926, 20. 3560; Riesenfeld and Bandte, 
Erdol u. Teer, 1926, 2. .587; Chem. .4bs., 1926, 20, 3801; Erdol u. Tecr, 1927, 3. 139; Chem. Abs., 

1927. 2l, 1538: Winkler, Prsemysl Chem., 1930, 14, 1; Brit. Chem. Abs. B, 1930, 272. 

«7. Inst. Pet. Tech.. 1927, 13, 311, 846; Cherh. Abs., 1927, 21, 2554. Cf. Faragher, Morrell 
and Levine, Ind. Eng. Chem., Anal. Ed., 1930, 2, 18. 
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sulphuric acid attacks hydrocarbons other than the aromatics, hence it is unsatis¬ 
factory for this separation. 

To outline this controversy a little further, the results of Manning,*® Manning 
and Shepherd *® and Kattwinkel ®® may be mentioned. Manning and Shepherd 
state that appreciablb errors can arise from the solubility of the saturated hydro¬ 
carbons in the saturated solution of the sulphonated aromatic hydrocarbons. This 
is a point often ignored by other investigators. A mixture of aromatic-free 
petroleum ether and 20.0 per cent of benzene, for example, when shaken for 
Yj hour with 2 volumes of 98 per cent sulphuric acid, lost 17.0 per cent in volume, 
but the residual oil, on analysis, still contained 6.5 per cent of benzene. The acid 
therefore had dissolved 3.5 per cent of the petroleum ether. On shaking the 
same mixture for hour with 3 volumes of 98 per cent acid, the loss in volume 
was 20 per cent but the residual oil still contained between 3 and 4 per cent of 
benzene. To effect complete removal of aromatic hydrocarbons, Manning and 
Shepherd proposed the use of 98 per cent sulphuric acid containing 2 to 3 per cent 
of silver sulphate. They assert that this substance greatly accelerates the sul- 
phonation of benzene and its homologues but does not affect the action of the 
acid on saturated hydrocarbons. Kattwinkel,®^ on the other hand, recommended 
either sulphoacetic acid or the use of sulphuric acid (specific gravity, 1.84) con¬ 
taining 30 grams of phosphoric acid per 100 cc. 

Estimation of Aromatic Hydrocarbons Based on Specific Gravity and 
Refraction Index Measurements 

Because of the difficulties which exist in separating oils and sulphuric acid com¬ 
pletely after acid treatment; numerous methods have been proposed in which the 
change in some physical property of the oil is used as an indication of the propor¬ 
tion of aromatic hydrocarbons absorbed by the acid. Such characteristics include 
the specific gravity, refractive index, and especially the critical solution tempera¬ 
tures of the oils in various solvents. The methods depend upon the fact that the 
aromatic hydrocarbons have higher specific gravities and refractive indices but 
lower critical solution temperatures than hydrocarbons of the other three classes. 

Since aromatic hydrocarbons have higher specific gravities and refractive 
indices than other hydrocarbons, both these values decrease when aromatics are 
removed from a petroleum oil. A relationship exists between the aromatic content 
removed and the change in the physical property. Thus, the specific gravity and 
tomposition are related in the following way: 

_ mD{dx-dt) 

{D-dt)dx 

in which n » Percentage of aromatics by weight 

D = Specific fifravity of aromatics only 
dt = Specific gravity of oil under test 
dt = Specific gravity of oil after extraction of aromatics 

100 (A-d.) 

D-d, 

in which y Percentage of aromatics by volume, the other symbols having the 

same significance as above. 

1929, 1014. 

Dept. Set. Ind. Res., Fuel Research Technical Paper 28, 1930; Brit, Chem. Abs, B, 1931, 284; 
Chem. Abs., 19.31. 25. 396. 

^ Ghent. Ztg., 1925, 49, 57; Chem, Abs,, 1925, 19, 1113; Brennstoif-Chem., 1937, 8, 353; Chem 
Abs^ 1928, 22, 3039. 

“ Loc, eit. 
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The estimation of aromatic hydrocarbons based on specific gravity measure¬ 
ments has been described by Thole.®* In this method the light oil to be examined 
is divided into three fractions boiling at (1) 40° to 95° C., (2) 95° to 122° C, 
and (3) 122° to 150° C., it being assumed that these three fractions contain all 
the benzene, toluene and xylenes, respectively. Each fraction is sulphonated 
separately and the specific gravities of the oils remaining are determined. The 
aromatic content is calculated from this, assuming that the aromatic hydrocarbons 
in each fraction have the same specific gravity as benzene, toluene and xylene, 
respectively. The formulas given above are, however, only approximately cor¬ 
rect, since some contraction in volume takes place when aromatic and non¬ 
aromatic hydrocarbons are mixed. Thole proposed corrections to compensate 
for the errors resulting from this phenomenon, but Tilitsheyev and Dumskaya®® 
pointed out that these were not completely effective, because the errors depend 
to a considerable extent upon the chemical composition of the non-aromatic por¬ 
tion. Thus, when benzene is mixed with cyclohexane a greater reduction in 
volume occurs than when benzene is mixed with hexane. Tilitsheyev and Duni- 
skaya compiled a series of tables showing the relationship between the specific 
gravity of the non-aromatic portion and the so-called aromatic coefficients, i.e., 
the variation in specific gravity produced by 1 per cent of aromatics. When 
corrections are made with these tables, the method is said to give accurate results 
for oils boiling below 150? C. Because the specific gravities of higher-boiling 
aromatics vary widely, the procedure is unreliable for oils boiling above 150° C. 

A similar method in which the change in refractive index is observed has 
been proposed by Hoyte,®® but this has been shown to be subject to the same 
limitations as the specific gravity method.®® Determinations of refractive index 
have also been suggested by Lob ®® to give indications of the nature of the con¬ 
stituents of hydrocarbon mixtures. 


Estimation of Aromatic Hydrocarbons by Measurements of Critical 
Solution Temperatures 


Measurements of the temperature at which an oil and a liquid (solvent) be¬ 
come completely miscible afford a method for the analysis and examination of 
petroleum distillates. Such temperatures are known as critical solution tem¬ 
peratures (C.S.T.) and the methods based on their determination owe their 
significance to the fact that, of the various hydrocarbon classes, the aromatics 
have the lowest, and the paraffins the highest critical solution temperatures. The 
solvents used are chiefly aniline and nitrobenzene, although benzyl alcohol has 
also been suggested. In aniline, the critical solution temperature of normal 
heptane®’^ is 70° C., that of cyclohexane®® is 31° C., and that of trimethylethylene 
is 11*^ C. Benzene is completely miscible in aniline at —10° C. The critical 
solution temperature of a material furnishes, therefore, some information with 
regard to its chemical composition, 

Chavanne and Simon®® observed that the presence of aromatic hydrocarbons 
decreased the critical solution temperature of a hydrocarbon mixture in aniline 
and that the lowering was directly proportional to the weight of aromatics 


^ J S CI 1919 38 39T 

«/! JnsLPet. h'eek., 1929. 15, 465; Bnt. Chem. Ahs. B, 1929, 879; Chem. Abs., 1929, 23, 5566. 
••/. Inst. Pet. Tech., 1925. 11. 76; Chem. Abs., 1925, 19, 1488. 

**Orinandy and Craven, /. Inst. Pet. Tech., 1926, 12, 68; Chem. Abs., 1926, 20, 2581. 

onaew. Chem., 19M. 40, 91; Brit. Chem, Abs. B. 1933, 293. 

** Chavanne and Simon, rend., 1919, 168, 1111; Chem. Abs., 1919, IS, 2125; Compt. rend., 

1919. 168. 1.124; Chem. Abs., 191^ 13. 3182. . ^ 

« Brame and Hunter, /. Inst. Pet. Tech., 1927, 13. 794; Brit. Chem. Abs. B, 1928, 178. 
•Loc. eit. 
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present. They suggested such measurements as a method of hydrocarbon analysis. 
Tizard and Marshall established the proposed method on a sound experimental 
basis. The somewhat elaborate and timcrconsuming critical solution temperature 
measurements were replaced by the determinations of “Aniline Points,” which 
may be defined as temperatures at which equal volumes of the hydrocarbon mix¬ 
ture and aniline become completely miscible. By this modification, the method 
was adapted to rapid manipulation without the loss of any of its accuracy. 
Tizard and Marshall found that benzene, toluene and ortho-xylene, in equal pro¬ 
portions by weight, produced the same depressions of the aniline point, within 
the limits of experimental error, but that meta- and para-xylenes lowered the 
aniline points rather less than the same weig^it of benzene and toluene. As an 
analytical procedure they proposed that the difference in aniline points of a gaso¬ 
line be determined before and after sulphonation with 98 to 100 per cent sulphuric 
acid. The aromatic content corresponding to this difference is then read from a 
standard chart showing the relation between aromatic content and lowering of 
the aniline point. 

The general utility of aniline points in the examination of hydrocarbon oils 
was discussed by Brame and Hunter,by Carpenter,^* Minchin and Nixon, 
and Robinzon.^* Mizuta^® observed that the aniline-point lowering for each 
per cent of aromatic hydrocarbon increases with the content of aromatic hydro¬ 
carbon, and shows a sudden change at 35 per cent. Thiophene had about 60 per 
cent of the aniline-point lowering of benzene.^® Its influence on the determina¬ 
tion of aromatics in straight-run gasoline is negligible. Tilitsheyev and Dum- 
skaya examined the method critically for mixtures of pure hydrocarbons and 
mixtures of pure hydrocarbons with light petroleum distillates. In attempting 
to apply the general equation,^® 

x = Kd 


(in which x represents the percentage of aromatic hydrocarbons by weight, 
d is the difference in the aniline points before ancf after removal of the aro¬ 
matics, and ^ is a coefficient), these investigators showed that the value of K is 
generally dependent upon the following factors: 


(1) The nature of the aromatic hydrocarbons. 

(2) Fractional composition of the gasoline. 

(3) Chemical composition of the non-aromatic portion of the sample under 
investigation. 

(4) Concentration of the aromatic hydrocarbons. 


As a result of this, the aniline point method of analysis is best adapted to the 
examination of narrow fractions of hydrocarbon oils. This is especially true for 
oils boiling between 150® and 200® C., which give inaccurate results by the 
specific gravity and refractive index methods. 

The value to be given to the coefficient K must be carefully ascertained by 
trial experiments \vith the particular aromatic hydrocarbons which are to be 


14 


W/.5.C.J., 1921, 40, 20T. 

Inst. Pet, Tech., 1927, 13, 794; Brit. Chem. Abs. B. 1928, 178. 

Inst. Pet. Tech., 1926, 12, 562; Brit. Chem. Abs. B, 1927, 673. J. Inst. Pet, Tech., 1928, 
, 446; Brit. Chem. Abs. B. 1928, 736. 

Inst. Pet. Tech., 1928, 14. 477; Brit. Chem. Abs. B, 1928, 699. 
f*Ncft. Khos., 1932, 22, 226; Chem. Abs., 1932, 26, 4453. 

w/. Soc. Chem. Ind., Japan, 1931, 34, 407B, 489B: Br»f. Chem. Abs. B, 1932, 168. 297. 

»• Mizuta, J. Soc. Chem. Ind., Japan, 1932, 3^ 43B; Brit. Chem. Abs. B, 1932, 375. 

^ J. Inst, Pet. Tech., 1929, 15, 465; Brit. Chem. Abs. B, 1929, 879; Chem. Abs., 1929, 23, 


**This equation is applicable to other methods, such as those depending upon the difference in 
specific gravity or refractive index of the sample before and after removal of aromatics. The 
numerical value of K, of course, depends upon the particular method employed. 
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estimated. If the nature of these hydrocarbons is unknown, the value of K may 
be assumed to be 1.2, but it must be realized that in some' cases, depending upon 
the nature of the aromatic hydrocarbons and also of the non-aromatic components, 
the true value may be as high as 2.0 or as low as 1.0. 

It is essential, in order to obtain accurate results, that the aniline used be 
absolutely dry and pure, and for this reason it should be freshly distilled. The 
presence of 1 per cent of water raises the aniline point of normal heptane by 
6.2® C. It is best to standardize the aniline against a hydrocarbon of known 
purity—^normal heptane appears to be the most convenient hydcocarbon for this 
purpose, as it may easily be obtained of 99.9 per cent purity from the oil of 
Pinus sabiniana,^^ Table 161, mainly from data collected by Howes,®^ gives the 
aniline points of certain pure hydrocarbons and shows that 

(1) The aniline points of hydrocarbons of a homologous series increase as the boil¬ 
ing points of the hydrocarbons increase. 

(2) The aniline points of isoparaffins and iso-olehns are higher than those of their 
normal homolo^ues. 

(3) The aniline points of the naphthenes are lower than those of the paraffins, 
ranging from 20 to 60'’ C. 

The measurement of aniline points has been proposed by Ormandy and 
Craven ®® and by Tizard and Marshall ®® as the basis of a method for the estima¬ 
tion of naphthene hydrocarbons in naphthene-paraffin mixtures, in which the 
following assumptions are made: 

(1) That all paraffin hydrocarbons have an aniline point of 70* C. 

(2) That all naphthene hydrocarbons boiling up to 95* C, lower the aniline points 
of paraffins by 0.4® C; all naphthenes boiling between 95* and 120* C, by 
0.3*^ C.; and all naphthenes boiling above 120* C., by 0.2* C. for each per cent 
of naphthene. In practice the average figure of 0.3* C. is used. If AT = per cent 
naphthenes, and T = aniline point of the paraffin-naphthene mixture, the value 
of N may be calculated, therefore, as follows: 


This method gives inaccurate results because of the assumptions on which 
it is founded. Garner ®® described a somewhat similar method of estimating 
naphthene hydrocarbons in such mixtures, in which allowance is made for the 
rise of aniline point with increase in boiling point. The Garner method gives 
more accurate results than that of Ormandy and Craven. 

Schaarschmidt, Hofmeier and Leist®* used aniline points for the determina¬ 
tion of the naphthene and paraffin content of mixtures. The naphthene content 
(N) can be calculated from the formula: 

.. A — Am 
iv *=—- 


in which A = aniline point of component having the higher aniline point; 
Afn = aniline point of the mixture; a ^ aniline point of other component. 


^Ormandy and Craven, /. Inst. Pet. Tech., 192^ 12, 89: Chem. Abe,, 1926, 20, 2581. 
••Wenael, Pkarm. March 30, 1872; Thorpe, /.C.5., 1879, 28, 296; Brame and Hunter, J. Inst. 
Pet. Tech., 1927, IS, 794; Brit. Chem. Abe. B, 1928, 178. 

Jnst. Pet. Tech.. 19.10, 16. 54; Brit. Chem. Abe. B. 1930. 802. 

»/. Inst. Pet. Tech., 1924. 10. 101; Chem. Abe., 1924, 18, 1744. 

"J.S.C.I., 1921, 40, 20T. 

•«/. Inst. Pet. Tech.. 1928, 14. 695: Brit. Chem. Abs. B, 1929, 84. 

•*Z. anaew, Chem., 19.30, 42, 954; Chem. Abs.» 1931, 25, 1064. 
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Table 161,-^Amline Points 
Paraffin Hydrocarbons 


Pentanes 
n>Pentane 72® C* 

2-Methylbutane 77® C.** 

Hexanes 

n-Hexane 69® C.® 

2- Methylpentane 73.8® C* 

74.7® C*’ 

3- Mcthylpetitane 69.4* C.** 

Heptanes 

n-Hcptane 68® C.® 

70® 

71® C.® 

2- MethyIhexane 72.8® C.*® 

3- £thylpentane 66.3® C* 

Higher ParafRns 
n-Octane 71.8® C.® 
n-Nonane 7^5® C.® 
n-Decane 77.5® C.® 
n-Undecanc 77.78® C' 

Naphthene Hydrocarbons 

Cyclopentane 18* C.® 
Methylcyclopentane 35® C.® 
Ethylcyclopentane 39* C.* 
Propylcyclopentane 45® C.* 
Butylcyclopentane 50.5® C.* 

1.3- Dimethylcyclopentane 45® C.® 

1.2.3- Trimethylcyclopentane 41® C.‘ 

Bicyclic Hydrocarbons 
Decahydronaphthalene 34* C,® 
Tetrahydronaphthalene 20® C.® 

Olefin Hydrocarbons 

l-Pentene 19.3® C** 

1-Hexene 22.9® C.** 

1-Heptene 26.6® C.** 

1-Octene 32.8® C." 

1-Nonene 38.6® C.** 

Isohexene 24® C.® 

Cyclphexene 20® C.® 


of Pure Hydrocarbons, 


2^-Dimethylbutane 80.75® C.** 
2,3-Dimethylbutane 72.3* C.” 


2,2-Dimethylpentane 77.7® C.* 
2,3>Dimethylpentane 68.1® C.**® 
2,4-Dimethylpentane 78.8* C.® 

3 I^Dimethylpentane 71.0® C.® 
2,2,3-Tritr.elhylbutane 72.4® C.® 


Cyclohexane 31® C.® 

Methylcyclohexane 41® C.® 
li2-Diniethylcyclohexane 42.1* C.® 

1.3- Dimethylcyclohexane 49.7* C.® 

1.4- Dimcthylcyclohexane 48.0® C.® 
1,2,3-Trimethylcyclohexane 53.6® C.® 
l-Methyl-4-isopropylcyclohexane 56.5® C.* 


Cyclohexylcyclohexane 12* C.® 
Methylcyclohexylcyclohexane 15* C.® 


Amylene 14.5® C.* 
Trimethylethyicne 11.0® C.* 
10.0* C.® 

2-Pentene 18* C.® 

Hexene 17® C.® 

Heptene 36* C.® 

Octenc 26.5® C.® 

Cetene 68* C.® 


* Chavanne and Simon, CompL rend., 1919, 168, 1111; Chem. Abs., 1919, 13, 2125; Compt. rend., 
1919, 168. 1324; Chem. Ahs., 1919, 13. 3182. 

bChavanne, Dull. soc. chim. Belg., 1922, 31, 331; Chem. Abs., 1923. 17, 2777. 

« Ormandy and Craven, /. Inst. ret. Tech., 1926, 12, 89; Chem. Abs., 1926, 20, 2581. 

^ Edgar, Calingaert and Marker, J.A.C.S., 1929, 31, 1483. 

* Garner. /. Jnst. Pet. Tech., 1928, 14, 713; Chem. Abs., 1929. 23, 964. 

* Carpenter, J. Jnst. Pet. Tech., 1926, 12, 562; Chem. Abs., 1927, 21, 1702. 

* Chavanne, Bull. set. acad. roy. Belg,, 1926, <5) 12, 105; Chem. Abs., 1926, 20, 2664. 
h Wilkinson, J.C.S., 1931, 3057. 

* Konowalow. Ann. Phys., 1903, 375. 

i Brame and Hunter, /. Inst. Pet, Tech., 1927, 13, 794; Chem. Abs., 1928, 22, 2832. 


Nitrobenzene has also been suggested as a liquid to employ in critical solu¬ 
tion temperature determinations. It is said to have certain advantages over 
aniline when used for this purpose. As with the latter solvent, the presence 
of aromatics lowers the critical solution temperature of mixtures of hydrocar¬ 
bons and nitrobenzene. A sufficiently linear relationship exists between the 
C.S.T. depression and the amount of aromatics added to allow nitrobenzene to 
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be used in this way. Erskine found that the values of K in the general equa¬ 
tion : X = KT are 0.845 for benzene, 0.890 for toluene, and 0.938 for xylene, 
when equal weights of hydrocarbon mixtures and nitrobenzene are employed. 
Compared with those obtained with mixtures of hydrocarbons and aniline, the 
C.S.T.'s of mixtures of hydrocarbons and nitrobenzene are much lower, and the 
C.S.T.^s of mixtures of normal paraffin hydrocarbons and nitrobenzene decrease 
with increasing molecular weight and boiling point. See Table 162. 

Table 162. — Critical Solution Temperature of ParafUns in Nitrobensene. 

♦ • G. 

n-Pentane . 24.5 

Isopentane ... 31.25 

n-Hexane ... 14.8 

Isohexane . 24.05 

n-Heptane ... 11.5 

Isoheptane . 18.05 

The use of the critical solution temperature in nitrobenzene for the estima¬ 
tion of aromatics has been examined by Dobryanskii and Khesin,®^ who found 
that the value of the coefficient K falls off rather rapidly with increase in con¬ 
centration of the aromatics but that it has practically the same value for all 
aromatic hydrocarbons with short side-chains. Tilitsheyev and Dumskaya com¬ 
pared the aniline and nitrobenzene methods and found that the latter has the 
following advantages: 

1. Lower critical solution temperatures and therefore more rapid determination. 

2. Smaller fluctuations of nitrobenzene coefficient as a result of variation of the 
chemical com^sition of the non-aromatic portion. 

3. Greater stability of nitrobenzene. 

The nitrobenzene method is especially adapted to the examination of very light 
and volatile hydrocarbons, because the lower critical solution temperatures mini¬ 
mize the danger of loss by evaporation. 

All methods for estimating aromatic hydrocarbons by C.S.T. measurements 
before and after the removal of aromatics are dependent for their accuracy upon 
the efficiency of the reagent used to extract the aromatics. If the reagent re¬ 
moves these hydrocarbons incompletely, the estimated aromatic content will be 
too low and the estimated naphthene content (if this, too, is determined by C.S.T. 
measurements) will be too high. To overcome this difficulty, Aubert and Aubree 
developed a procedure in which the removal of aromatic hydrocarbons is unnec¬ 
essary. The method is applicable only to ternary mixtures and was suggested 
particularly for the analysis of aviation gasoline. It was tested with mixtures 
of pure hexane, heptane, octane, decane, cyclohexane, methylcyclopentane, ben¬ 
zene and toluene. 

The basis of this method is as follows: 


If r= C.S.T. of original mixture 
Tt =* C.S.T. of mixture after removal of aromatics 
On =* C.S.T. of naphthenes 
C.S.T. of paraffins 
A =® per cent aromatics 
per cent naphthenes 
P = per cent paraffins 


^Ind. Ena. Chem.. 1Q26. 18. S^4. 

•» Agerb. Neft. KHom., 1929, No. 8-9. 80; Chem. Ahs., 1930, 24, 952. 

*»/. Inst. Pet. Tech., 1929, 15, 465; Brit. Chem. Abs. B, 1929, 879; Chem. Abs., 1929, 23, 
^^^»Compt. rend., 1926, 182. 577; Chem. Abs., 1926, 20. 1712. 
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Then A=‘K(Tt — T) 

and Ar = f’‘~ (100-.4) 

Op — on 

and by eliminating T^ between the two equations 

N(Qp-en) _ _ (A . \ 

100 -^ ®’’ / 

a relationship which does not involve Tj. 

It is necessary to use two solvents for both of which the general values of 
Kj and $p are known. The critical solution temperature of the mixture in 
each of these solvents is then determined, and after substituting the appropriate 
values in the above formula, two equations with two unknown quantities (A 
and N) are obtained. From these equations the values of A and N can be deter¬ 
mined. Aniline is used as one Solvent for the C.S.T. determinations and benzyl 
alcohol, because of its high boiling point (206° C.), wa:i suggested as the other 
solvent. 

Aromatics are soluble in all proportions in benzyl alcohol at ordinary tem¬ 
peratures, and the critical solution temperatures of hydrocarbons in benzyl alco¬ 
hol are low'er than in aniline, which is especially favorable for the examination 
of volatile fractions. For the two saturated series of hydrocarbons, namely, 
naphthenes and paraffins, the variation in C.S.T. from one member to another 
of the same series is more accentuated than with aniline.®® This makes the 
use of benzyl alcohol not as well adapted to approximate analyses of gasolines 
and light oils as to the precise analyses of narrow fractions. In view of the 
fact that unsaturated hydrocarbons also have low aniline points, their presence 
will materially affect the accuracy of any results obtained in the determination 
of aromatics. It is therefore necessary to remove unsaturated hydrocarbons 
completely before an estimation of aromatics is conducted in this way. Accord¬ 
ing to Garner,®^ a given weight of unsaturated hydrocarbons depresses the ani¬ 
line point of a hydrocarbon mixture to two-fifths the extent produced by the 
same weight of aromatics. This, however, is to be considered only as an approxi¬ 
mate figure. Dietrich suggested the determination of aromatics by critical. 
solution temperatures of 7 parts of the oil with 3 parts of 96 per cent ethyl 
alcohol. The critical solution temperatures of hydrocarbon mixtures containing 
over 50 per cent aromatics cannot be determined with aniline because of the 
low temperature. Liquid ammonia has been suggested as the solvent for such 
mixtures by Tropsch and Simek.®® 


Estimation of Aromatic Hydrocarbons with Nitric Acid and Nitric-Sul¬ 
phuric Acid Mixtures 


t 

The ease with which aromatic hydrocarbons may be nitrated has led to the 
development of other methods for the estimation of these substances. In a 
procedure of this kind, the aromatics are treated with fuming nitric acid. The 
nitrated products are then dissolved in a known volume of sulphuric acid. From 
the increase in volume of the acid layer,®* the content of aromatic hydrocarbons 
may be calculated. This method, however, is not accurate because a change in 


••Aubrle, Chimie it industrie. Spec. No., Sept. 1926, 336; Chem. Abs., 1927, 21, 644. 
»/. Inst. Pet, Tech., 192S, 14. 695; Brit. Chem. Abs. B, 1929, 84. 

^ AutQtechnik. 1927. 16, 7; Brit. Chem. Abs. B, 1928. 882. _ 

^Miti. Kohlenforsehungsinst. Prag, 1931, 62; Brtt. Chem. Abs. B, 1933, 497. 
“Halphen, Mat. grasses, 1911. 3. 1987; Chem. Abs., 1911, 5. 1676. 
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volume occurs when nitrated products are dissolved in sulphuric acid, and each 
nitrated hydrocarbon not only gives a different volume change but also a differ¬ 
ent volume of nitrated products. For similar reasons, methods based on the 
weight of nitro-compounds produced are also inaccurate. Such methods have 
been proposed by Florentin and Vandenberghe,®® and Heyn and Dunkel.®® A 
more accurate procedure is to measure the volume of unchanged saturated hydro¬ 
carbons after treatment. This is recommended by Hess.®’^ Egloff and Morrell ®® 
proposed a method depending upon the use of a concentration of nitric-sulphuric 
acid (25% nitric acid, 58% sulphuric acid, 17% water) in which nitro-aromatic 
bodies are not soluble, but separate out as a distinct layer Whose volume can 
be measured. The volume of this layer is multiplied by a constant (4.3) to 
convert it directly to percentage aromatics. According to Riesenfeld and Bandte,®® 
the method recommended by Hess gives good results, but those obtained by the 
Egloff and Morrell method are too low for mixtures of low aromatic content 
and too high for mixtures of high aromatic content. The latter observation was 
confirmed by Faragher, Morrell and Levine.^®*^ Garner used fuming nitric 
acid at temperatures of —10° to —15° C. to remove both aromatic and un¬ 
saturated hydrocarlwns. Accordingly, the gasoline is shaken with fuming acid 
at the temperature mentioned and the nitro-bodies which dissolve in the residual 
gasoline are washed out with additional fuming nitric acid. From the difference 
in the aniline points of the gasoline before and after treatment, is obtained the 
“aromatic equivalent”, i.e., the percentage of aromatic hydrocarbons which cor¬ 
respond to such a lowering.'®^ The percentage loss in volume resulting after 
the nitric acid treatment is also determined. From these two values (assuming 
that unsatutfated hydrocarbons depress aniline points to two-fifths the same ex¬ 
tent as aromatic hydrocarbons, as previously mentioned), the percentage of each 
type of hydrocarbon can be calculated in the following manner: 

If == per cent aromatics 

^ s per cent unsaturates 
a = aromatic equivalent 

b = percentage loss in volume after nitric acid treatment 
then A ^ a 

^ + B = b 

or B'=f^i,b — a) and A = b — B, 

Another method for the determination of aromatics has been described by 
Manning.^®® A small sample of the oil is weighed into a small U-tube and 
vaporized by drawing through it a current of nitrogen or carbon dioxide-free 
air. If unsaturated hydrocarbons are absent, the oil vapors are absorbed in 98 
per cent sulphuric acid (also in a U-tube) containing 2 to 3 per cent silver 
sulphate. The gain in weight of the tube represents the aromatic content of 
the sample. 

» Bull. soc. chim., 1920, 27, 204; J.S.CJ., 1920, 39, 32SA. 

^ Brennstoff^Chem., 1926, 7, 245; Chem, Abs.. 1927, 21, 640. 
attffcw. Chem., 1920. 33 (1), 147; J.S.CJ., 1920, 39, 509A. 

. Etiff. Chem., 1926, 18, 354. Cf, Tarassov, Neft. Khog., 1926, 11, 67; Chem. Abs., 1928; 

22 3285 

*^Erdol u. Teer, 1926. 2. 491; Chem. Abs., 1926. 20. 3346. 

Ind. Ena. Chem,, Anal. Ed., 1930, 2, 18. 

Inst. Pet. Tech.. 1928. 14, 695; Brit. Chem. Abs. B. 1929, 84. 

value is actually calculated from the data previously Riven by Tixard and Marshall. 

‘"/.C.5., 1929, 1014. 
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When the sample contains unsaturated hydrocarbons, the oil vapors are ab¬ 
sorbed in a nitrating mixture (10 per cent concentrated nitric acid, or 16 per 
cent potassium nitrate in concentrated sulphuric acid) contained in small potash 
bulbs. The increase in weight of the bulbs corresponds to the aromatic and 
unsaturated content of the oil, after a small correction has been applied for the 
retention of saturated hydrocarbon vapors. The nitration of the aromatics is 
completed by adding a little more nitric acid and heating for 2 to 3 hours on 
a water bath. The unsaturated hydrocarbons are at the same time oxidized to 
carbon dioxide, acids and other compounds soluble in water and aqueous alkali 
solution. The nitration mixture is poured into water, the nitrated products are 
extracted with benzene and, after washing, the benzene is evaporated. From the 
weight of products obtained, the percentage of Aromatics is calculated by multi¬ 
plying by the factor 0.452. 

« 

Determination of Aromatic Hydrocarbons by the Use of Preferential 

Solvents 

As mentioned in Chapter 1, the most widely used solvent for the extraction 
of aromatics from petroleum distillates is liquid sulphur dioxide, which was 
originally suggested by Edeleanu^®* and which is used in the commercial re¬ 
fining of lubricating oils and for the removal of aromatics from kerosene. Lab¬ 
oratory tests on the extraction of aromatics with liquid sulphur dioxide have 
been carried out by Moore, Morrell and Egloff.'®® Anotheir well-known solvent 
for aromatic hydrocarbons is dimethyl sulphate, proposed by Valenta,^®® who 
stated that it has no solvent action on paraffins or naphthenes. This assertion 
has been refuted by others.^®^ 

Various other solvents have been suggested, including aniline,^®* diethyl sul¬ 
phate,^®® levulic acid, phenylhydrazine, glycol monoacetate, and furfuraldehyde,^^® 
and sulphoacetic acid in acetic anhydride. However, none of these give ac¬ 
curate results because the solubility of the different classes of hydrocarbons in 
each other is far greater than the solubility in any solvent. 

Estimation of Paraffin and Naphthene Hydrocarbons 

In the analysis of a light mineral oil, after unsaturated and aromatic hydro¬ 
carbons have been removed, a mixture of paraffins and naphthenes remains. The 
estimation of these two classes ot hydrocarbons in the presence of each other i^ 
a difficult task. The only methods which give even approximately accurate re¬ 
sults are those described by Tizard and Marshall,Ormandy and Craven,''® 
Garner,"^ and Schaarschmidt, Hofmeier, and Leist."® 

Other procedures, however, have been suggested. Danaila, Andrei and Mel- 

*‘”7. Inst. Pet. Tech., 1932, 18, 900; see Kalichevsky and Stagner, “Chemical Refining of 
Petroleum.” Chemical Catalog Co., Inc., New York, 1933, 220. 

Chem. Met. Eng., 1918, 18, 396; Chem. Ahs., 1918, 12, 1923. 

»«/. Inst. Pet. Tech., 1928, 14. 695; Brit. Chem. Ahs. B. 1929, 84. 

Graefe, Rev. Fctt-Hara-lnd., 1907, 14, 112; Chem. Abs., 1907, 1, 1909; Spausta, Petroleum Z., 
1931, 27, 765; Brit. Chem. Abs. B, 1932, 8; Harrison and Perkin, Analyst, 1906, 31, 202; i6tVi., 1908, 
33, 2; Chem. Soc. Abs.. 1908. 94 (2). 13.5. 

Heilingdtter, Allgem. Oeh u. Fett-Ztg., 1932, 29, 377; Chem. Abs., 1933. 27. 2278. 

Tavlor, Ind. Eng. Chem.. 1927. 19. 76, 

«*G6hre, Petroleum Z.. 1927, 23, 73; Brit. Chem. Abs. B, 1927. 131. 

Kattwinkel, Chem. Ztg., 1925. 49, 57; J.S.C.I., 1925, 616H. 

^^^J.S.C.L, 1921, 40. 20T. 

»»/. InsU Pet. Teeh., 1924. 10, 101; Chem. Abs., 1924, 18, 1744. 

”</. Inst. Pet. Tech.. 1928, 14, 695; Brit. Chem. Abs. B, 1929, 84. 
angew. Chem., 1930, 43, 954; Chem. Abs.. 1931, 29, 1064. 



1144 CHEMISTRY OF PETROLEUM DERIVATIVES 

incscu”® proposed that the cyclohexane scries of naphthenes be estimated by 
dehydrogenation over a nickel catalyst at an appropriate temperature. In this 
way, the naphthene hydrocarbons are converted into aromatics, which may be 
estimated by sulphonation in the manner already described. Obviously the cyclo¬ 
pentanes cannot be estimated in this manner. A similar dehydrogenation, in 
which palladium black was.the catalyst, has been used by Manning and Shep- 
herd.^^’^ At a temperature of 350° C. in a current of nitrogen, a 94 per cent 
conversion of cyclohexane into benzene resulted, but attempts to dehydrogenate 
cyclohexane mixed with petroleum ether (boiling point, 40° to 60° C.) failed. 
The results were low and could not be duplicated. Moreover, no further dehy¬ 
drogenation was effected by recirculation of the vapor over the catalyst. Not 
only were the paraffin hydrocarbons decomposed to some extent but the un- 
saturated residues appeared to have coupled with the partly dehydrogenated cyclo¬ 
hexane to form higher homologues of the latter, which were not completely 
dehydrogenated under the conditions employed. These difficulties were overcome 
by working at a slightly lower temperature (320° to 335° C.), at which the higher 
homologues of cyclohexane were not as readily dehydrogenated as cyclohexane 
itself. In nitrogen at 350° to 360° C, not more than 70 per cent of methylcyclo- 
hexane was converted, whereas in hydrogen only 38 per cent was dehydrogenated. 
The equilibrium point of the reaction, which for cyclohexane corresponds to 
almost complete dehydrogenation under the experimental conditions employed, 
corresponds to only a partial dehydrogenation for methylcyclohexane. By work¬ 
ing at 330° C. and removing the toluene as formed, 93 to 96 per cent conversion 
was obtained, ^ 

Separation of Unsaturated Hydrocarbons from Petroleum 

The analytical methods already described in this chapter for the estimation 
of the classes of hydrocarbons in the lighter distillates of petroleum are of little 
value for the isolation of these substances. Other means must be employed for 
this purpose. In work of this character, the use of distillation columns similar 
to those described by investigators at the U. S. Bureau of Standards offer 
many advantages. These columns are of the bubble-plate variety and give ex¬ 
tremely efficient fractionation. 

Hydrocarbons of the olefin series may be separated conveniently from other 
hydrocarbons as dibromides. The bromine addition products are of high boiling 
point and may be fractionated from unchanged hydrocarbons. Subsequently, 
they may be decomposed by the action of a zinc-copper couple and alcohol (Glad¬ 
stone and Tribe’s method to give the parent olefins. In the bromination 
of olefins, the temperature should not rise above —5° C., otherwise substitution 
may occur. ^ convenient method to adopt for the decomposition of the di¬ 
bromides is to cover a freshly prepared zinc-copper couple with 90 per cent 
ethyl alcohol, gently boil the alcohol and gradually add to it the dibromide. The 
heat of reaction is generally sufficient (in the case of the lower hydrocarbons) 
to distil the olefin as liberated, but with higher olefins, heat from an outside source 
may be necessary. The alcohol-olefin distillate may be diluted with water, the 

***Sn/. soe. Ramana stiin., 1923, 26 (4'6), 2; 1924, 43, 857II; see also Dannila and 

Stoenescu, Petroleum Z., 1927 1 23, 107; Bui. toe. Romana jftm., 1926, 29, 23; Chem. Abs., 1927, 
21. 2787. 

Dept, Set. Ind. Res., Fuel Research Technical Paper 28, 1930; Brit. Chem. Ahs. B, 1931, 284; 
Chem. Abs., 19il, 2S, 396. 

*** Rruun, Jnd. Eng. Chem., Anal. Ed.. 1929, 1, 212. Washburn, Druun and TIicks, Bur. Standards 
J, Research, 1929, 2, 470; Chem. Abs., 1929, 23. 2279. 

''•J.C.S., 1878, 33, 306. 
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olefins separated, dried and fractionated. On the other hand, it may be found 
convenient to fractionate the dibromides before decomposition, usually under re¬ 
duced i pressure. This method of isolating olefin hydrocarbons has been used 
successfully by Brame and Hunter,^*® and by Wilkinson.^ 

The same general procedure may be used for the isolation of diolefins. The 
diolefin tetrabromides which form can be separated from the dibromid^ result¬ 
ing from monolefins, by fractionation. Butadiene and ptperylene give solid tetra¬ 
bromides, whereas isoprene, cyclopentadiene and the dimethyl butadienes yield 
liquid tetrabromides (see Chapter 27). 

Cyclopentadiene has been isolated from oil-gas condensate by Etard and Lam¬ 
bert^** and from lignite-tar and coal-tar oils by Kramer and Spilker'*® as the 
dimer, which readily forms on standing and can be decomposed by distillation. 
This method, involving polymerization and subsequent depolymerization, is only 
of use with certain cyclic diolefins. For the identification of diolefins, the typi¬ 
cal reaction (described in Chapter 27) between diolefin# and maleic anhydride 
may be used. This reaction proceeds as follows: 



and the products formed are characteristic crystalline derivatives.^®* 

As already mentioned, attempts have been made by Brame and Hunter^®* to 
use the reaction between olefins and mercuric acetate for the isolation of unsatu¬ 
rated hydrocarbons. Unfortunately, large amounts of hydrocarbons were de¬ 
stroyed and lost when the resulting complexes were decomposed with acids. 


Separation of Aromatic Hydrocarbons from Petroleum 

Because aromatic hydrocarbons have lower critical solution temperatures in 
aniline than other hydrocarbons, it has been found convenient to use methods 
of preferential extraction with such solvents to obtain oil fractions rich in aro¬ 
matics. In this way a partial concentration of aromatic hydrocarbons can be 
effected. From such a concentrate the individual hydrocarbons can be separated 
by chemical methods. Solvents commonly used for such fractional extractions 
are aniline and liquid sulphur dioxide and the operations are usually conducted 
at a temperature of 0® C. or lower. 

Such procedures have been used by Bruun and Hicks-Bruun ^®* for the iso¬ 
lation of benzene from an Oklahoma crude oil and proved valuable in the sepa¬ 
ration of benzene from constant-boiling mixtures of benzene and hexanes which 
could not be resolved readily by other means. Thus 1600 volumes of a 68®-69® C. 
fraction (n®g 1.395) was extracted once with aniline in a special apparatus de¬ 
signed for this purpose. As a result two fractions were obtained, one of 200 

^J. Insi. Pet. Tech., 1927, 13. 794; Brit. Chem. Abs. B, 1928, 178. 

^J.C.S.» 1931, 30S7. 

^**Compt. rend.; 1891, 112. 945; 1891, 10, 688. 

^Bcr., 1896, 29, 553; J.S.C.I., 1896, IS, 443. 

Birch and Scott, Jnd. Eng, Chem,, 1932, 24, 49. 

*«y. Inst. Pet. Tech., 1927, 13, 794; Brit. Chem. Abs. B, 1928, 178. 

Standards 3. Research, 1931. 6, 869; Chem. Abs., 1931^ 25, 4111. 
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volumes with 1.419 and the other of 1300 volumes with n-^ 1.391. By sub¬ 
jecting the 200-volume fraction to*fractional crystallization a sample of purified 
benzene (n-|^ 1.501) was obtained.*®^ An apparatus used by Bruun and Hicks- 
Bruun permits the solvent extraction to be made conveniently more than once, 
the extent of the separation increasing, of course, with each extraction. 

Carpenter pointed out that aniline containing a small proportion of water 
has a more selective action on hydrocarbons than dry aniline. Low temperatures 
were also found to be of advantage. Such methods of preferential extraction 
with solvents may be employed for the partial separation of naphthene hydrocar¬ 
bons from paraffins. 

Another method used for the extraction and isolation of aromatic hydrocar¬ 
bons from light petroleum distillates is that of Armstrong and Miller,in which 
aromatic sulphonic acids are decomposed to the original hydrocarbons with super¬ 
heated steam. When this procedure is employed, the oil can be sulphonated with 
98 per cent sulphuric ^cid. The sulphuric acid containing the sulphonated prod¬ 
ucts can then be treated as mentioned. This method has been used by Mulany 
and Watson in a study of the aromatic content of Burmah light oils and by 
limori and Kikuchi.^®- Carpenter,however, obtained only a yield of 60 per 
cent of the aromatics originally present in a Burmah crude. 


Separation of Paraffin Hydrocarbons from Petroleum 


Paraffin hydrocarbons, because they are more stable than other hydrocarbons, 
can be separated from aromatics, olefins and naphthenes by treating mixtures con¬ 
taining them with reagents which react with the other three classes of hydrocar¬ 
bons. Such processes, however, only yield the normal paraffins, because the 
branched-chain isomers are also attacked. A reagent suggested for this purpose 
is chlorosulphonic acid, which has been used by Shepard and Henne,'®* Shepard, 
Henne and Midgley,^®* Leslie and Schicktanz,^®® and by Bruun and Hicks- 
Bruun.^®^ According to Shepard and Henne, paraffin and naphthene hydrocar¬ 
bons containing secondary and tertiary carbon atoms are rapidly attacked by 
this reagent, whereas the normal paraffin hydrocarbons and cyclohexane and cyclo¬ 
pentane are only slowly affected. The latter hydrocarbons may be separated by 
fractional distillation. Unfortunately, the reaction takes a long time to reach com¬ 
pletion. Shepard and Henne found it necessary to subject a decane fraction to 
this treatment for a period of 37 days to purify it 

Another reagent which has been used for the separation of branched-chain 
hydrocarbons from hydrocarbon mixtures is antimony pentachloride. Schaar- 
schmidt'®® found that treatment with this substance caused the separation of 
tertiary compounds as an oily or crystalline mass which assumed an intense 
violet color when shaken with alcohol. One molecule of the hydrocarbon appears 
to react with two of antimony pentachloride. Normal and quaternary compounds 
also react but heat is required. 


^Washburn, Bruun and Hicks, Bur. Standards J. Research, 1929, 2, 484; Chem. Ahs., 1929, 23, 
2279. 

**■ Loc. cit. 

*»/. Inst. Pet. Tech., 1928, 14, 446; Chem. Abs., 1928, 22, 3766. 

1884, 45. 148; ibid., 1886, 49, 74. 

1924. 43, 310T; J.S.C.I., 1924, 43. 1002B. 

‘“Bn//. Inst. Phys. Chem. Res. Toh^, 1929, 8, 984; Brit. Chem. Abs. B, 1930, 272. 

J. Inst. Pet. Tech,, 1926. 12. 518; BrU. Chem. Abs. B, 1927, 673. 

Ind. Eng. Chem., 19.30, 22, 356. 

J.A.C.S 1931 53 1948 

Standards J. 'Research, 1931, «, 377; Chem. Abs., 1931. 25. 2551. 

^Bur. Standards J. Research, 1931, 6, 869; Chem. Abs., 1931, 25, 4111. 

angew. Chem., 1931, 474; PetroUum Z., 1932. 28 (12), 1; Chem. Abs., 1932. 26. 4706; 
BrU. Chem. Abs. B, 1932, 493. 
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The formation of constant-boiling mixtures with methyl alcohol has been 
used by Bruun and Hicks-Bruun in the isolation of isomeric hexanes from an 
Oklahoma crude oil and in the isolation of cyclohexane and methylcyclopen- 
tane.^-*^ Fractional crystallization has been used in the isolation of pure paraffins 
and other hydrocarbons/^* example, in the separation of n-octane from an 

Oklahoma crude oil/^* It was shown to be a good method for the resolution of 
azeotropic mixtures which cannot be separated conveniently by other means. 

Distillation Tests 

For routine testing of petroleum and its fractions various methods have been 
standardized by the American Society of Testing Materials (A.S.T.M.) and The 
Institution of Petroleum Technologists (I.P.T.). These methods are, for the 
most part, concerned with the determination of characteristics which decide the 
market values of the oils. These methods have been in general use in the petroleum 
industry for extensive periods and considerable information has been obtained 
with regard to their significance.^^^ The following account is intended only as 
a brief description of the methods employed, ami for complete details, reference 
should be made to: 

(1) ‘‘Standard Methods of Testing Petroleum and its Prodticts, 2nd Edition,” 1929 
—Published by The Institution of Petroleum Technologists. 

(2) “United States Government Master Speciheation for Lubricants and Liquid 
Fuels and Methods of Sampling and Testing,” LK S> Bureau of Mines Technical 

Paper 323B, 1927; and 

(3) Index to “American Society for Testing Materials Standards and Tentative 

Standards,” September, 1931, American Society for Testing Materials, 200 
South Broad St., Philadelphia, Pa. ' 

A distillation test for routine examinations must necessarily be simple and 
at the same time be capable of complete standardization in every detail likely 
to affect the results, so that substantial agreement may be obtained between 
different workers and different laboratories. The distillation tests of the A.S.T.M. 
and the I.P.T. meet these requirements. In each case, distillation is conducted 
in a small round-bottomed flask with side-arm, of definite dimensions, supported 
on an asbestos plate within a draught-proof cabinet. The condenser is a straight 
piece of brass tube resting in a cooling bath, and this, as well as every other 
part of the apparatus, is rigidly standardized. 

The test, in the case of gasolines, naphthas and kerosenes, is carried out by 
distilling in the apparatus 100 ml. of material at a distillation rate of between 
4 and 5 ml. per minute and recording either the volume of distillate obtained at 
temperatures that are even multiples of 25® C. (50®, 75®, 100° C., etc.) (I.P.T. 
procedure) or the temperatures registered on the thermometer when each suc- 

Bur. Standards J. Research, 1930, 5, 933; Chem. .4bs., \93l. 2S, 2275. 

Bruun and Hicks-Bruun, Bur. Standards J. Research, 1931, 7, 607; Chew. Abs., 1932, 
26, 286. 

Hicks-Bruun and Bruun, Bur. Standards J. Research, 1931, 7, 799; Chew. Abs., 1932, 

* *** \Vashburn, Bruun and Hicks, Bur, Standards J. Research, 1929, 2, 467; Brit. Chew. Abs. B, 
1929, 345. 

Leslie and Schicktanz, Bur. Standards J. Research, 1931, 6, 377; Brit. Chew. Abs. B, 1931, 

660. 

Physical properties and their significance are also discussed in: Grute, ‘‘Prtrolcum and Its 
Products." McGraw-Hill Book Co., Tnc., NCw York, 1928, 67; Gurwitsch-Moore, “^ientific Principles 
of Petroleum Technology," D. Van Nostrand Co.. Inc., New York, 1932. 180; Hicks-Cox, "Mineral 
Oil Testing," Charles Griffin and Co.. Ltd., London, 1925; Hamor and Padgett, ‘The Technical 
Examination of Crude Petroleum, Petroleum Products and Natural Gas," McGraw-Hill Book Co., 
Inc., New York, 1920. 
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cessive 10 ml. of distillate is collected*^* (A.S.T.M. procedure). Observations of 
•the temperature at which the first drop of liquid falls from the condenser tube, 
i.e., the “initial boiling point’^, the highest temperature recorded on the ther¬ 
mometer, i.e., the “end point”, the amount of distillate collected in the receiver, 
i.e., the “recovery” or “total distillate” and the amount of undistilled residue, are 
also made. The difference between 100 ml. and the sum of the recovery and 
the “residue” is recorded as “distillation loss”. With proper care and attention 
to the details prescribed, duplicate results obtained for initial boiling point and 
end point, respectively, shoidd not differ from each other by jnore than 3® C. 
Duplicate readings of the volume of distillate collected in the receiver at different 
prescribed temperatures should not vary by more than 2 ml. The barometric 
pressure is also recorded, but no correction is applied except in cases of dispute, 
when the Sydney Young equation is used. 

C = 0.00012 (760 ~P) (273 + 0 

in which C = correction to be added (° C.) to the observed temperature (t); 
P = actual barometric pressure. 

With gasoline, the asbestos plate supporting the distillation flasks has cut 
in it a circular hole, inches in diameter, but when kerosenes are distilled, an 
asbestos plate with a I inch hole is used. Similarly, the cooling bath is filled 
with ice when gasolines are distilled, but with water at a temperature not higher 
than 21® C. when kerosene or similar distillates are examined. According to 
I.P.T. methods, gas oils and Diesel oils are examined for distillation character¬ 
istics by distilling from a 500 ml. side-arm flask supported on a sand bath. 

The distillation test is of especial importance in the examination of motor 
fuels because* the boiling range of a gasoline and its content of volatile con¬ 
stituents have been shown to be intimately related to its general performance 
in an engine.^^^ 


Color Tests 

Color tests are used to determine the extent of refining of gasolines, kero¬ 
senes and lubricating oils. Three kinds of instruments are used for this purpose: 
(1) The Lovibond Tintometer, which is specified in I.P.T. tests for gasolines, 
naphthas and paraffin waxes; (2) the Saybolt Chromometer, which is used in 
A.S.T.M. tests for gasolines, kerosenes and naphthas; and (3) the Union Col¬ 
orimeter for standard A.S.T.M. lubricating oil tests. In each of these instruments 
a beam of white light is passed through a color glass and another is passed 
through the oil. The colors of both beams are compared. The color of the oil 
sample may then be matched with that of the standard glass either by varying 
the depth of the oil—as in the Saybolt Chromometer—or by changing the stand¬ 
ard color glasses—as in the. Union Colorimeter and the Lovibond Tintometer. A 
photoelectric colorimeter, which removes some of the difficulties in matching 
colors, has been described by Story and Kalichevsky.^** 


This procedure is sometimes varied in that the volume of distillate is recorded at tempera¬ 
tures which are even multiples of 10* (e.ir^ 40*. 50*, etc.). This permits an easy and rapid 
comparison of Centiftrade and corresponding Fahrenheit temperatures. 

‘Tractional Distillation," Macmillan and Co., Ltd., London, 1903, 14. 

Brown, Skinner, Bigby and Nickols, Univ. Michigan, Eng. Res. Bulletin 14, 1930; Brit. Chem. 
Ahs. B, 1930, 934; Ind. Eng. Chem., 1930, 22, 278, 649. 653, 662. Edgar, Hill and Boyd, Oil and 
Gas 7.. 1930, 29 (26). 144, 256, 259; Chem, Abs., 1931, 25, 406; Blair'and Alden, Ind. Eng. Chem., 
1933. 2S. 559. 

Eng. Chem., Anal. Ed., 1933, 5, 214. 
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Tests for Sulphur and Sulphur Compounds 


Various sulphur compounds occur in motor fuels and other petroleum frac¬ 
tions, their type and proportion depending upon the source of the crude from 
which they are derived and the refining to which they have been subjected. 
In motor fuels and kerosenes, certain sulphur compounds must be removed, be¬ 
cause of their offensive smell and corrosive action. Petroleum fractions intended 
for use as fuels must not contain more than a small amount of sulphur compounds 
because of the corrosive combustion products (principally sulphur dioxide) formed 
(see Chapter 19). Consequently, tests for sulphur compounds in petroleum dis¬ 
tillates are performed in such a way as to differentiate between the offending 
sulphur bodies and those which can be tolerated. Thus, separate tests are em¬ 
ployed for elemental sulphur, hydrogen sulphide, sulphur dioxide and mercaptans, 
the other sulphur compounds being classed, as ‘Residual" sulphur. The total 
sulphur content of fuels is generally limited to about 0.10 per cent as an extra 
precaution. 

The I.P.T. method for testing for elemental sulphur in light oils makes use 
of the reaction between sulphur and mercury, with the addition of a small amount 
of dilute hydrochloric acid to the reaction mixture to coagulate the sulphide pro- 
duced.^^® The precipitated sulphide is digested with hydrochloric acid, to which 
a small quantity of potassium chlorate is added, and subsequently diluted and 
filtered. The sulphur is precipitated as barium sulphate and estimated in the 
usual way. This method is, however, criticized by Hoffert on the ground that 
loss of hydrogen sulphide, when the mercuric sulphide is dissolved in acid, pro¬ 
duces low results with high sulphur concentrations. 

Garner and Evans described a method for estimating elemental sulphur in 
light oils by refluxing with copper-bronze powder. The bronze is then separated 
from oil by filtration and dissolved in bromine, together with the sulphide pro¬ 
duced. A little hydrochloric acid is added and the excess bromine boiled off and 
the sulphur precipitated as barium sulphate in the usual way. 

A modification of the Halphen method of estimating cottonseed oil has 
been proposed by Thornton and Latta for the colorimetric determination of 
free sulphur in petroleum distillates. The oil is treated with a mixture of 80 cc.‘ 
of refined, unbleached cottonseed oil, 80 cc. of carbon disulphide and 8 cc. of 
pyridine at 100° C. for 30 minutes. The color developed is compared with 
standards. 

Mercaptans are objectionable constituents of motor fuels and kerosenes be-, 
cause of their offensive odor and corrosive action. The common method of 
removing mercaptans in refining practice is with the so-called "doctor” solution, 
which consists of a solution of litharge (PbO) in caustic soda. The doctor test, 
which uses the same reagent, is the common method of test for mercaptans in 
light oils. The chemistry of the reaction has been discussed in Chapter 19. 

The doctor test is briefly as follows: A small quantity of both the petroleum 
distillate and doctor solution are placed in a test tube and thoroughly agitated. 
The tube is then allowed to stand until the mixture has separated into two layers. 
A pinch of sulphur is next added to the oil (upper) layer, and the contents of 
the tube are again thoroughly agitated. The test tube is again allowed to stand 


>«Ormandy and Craven, /. Jnst. Pet, Tech., 1923, 9. 133; Chem. Abs., 1923, 17, 2773. 

2nd Report of the National Benzol Association, Mar. 1925; J.S.C.I., 1925, 536B; Gas /., 
1925. 170. 654: Chem. Abs., 1926. 20. 1137. 

*«/. Jnst. Pet. Tech., 1931, 17. 451; Chem. Abs., 1931, 25. 5278. 

»»/. pharm. et ehim., 1897, 6 (9), 390: J.S.C.I., 1897, 16, 1045. 

Bno. Chem., Anal. Ed., 1932, 4. 441. 
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to allow the mixture to separate into two layers. The appearance of black lead 
sulphide at the junction of the two layers indicates the presence of mercaptans 
in the distillate. If a large quantity of mercaptans is present, the distillate be¬ 
comes yellow after shaking with the doctor solution as a result of the forma¬ 
tion of soluble lead mercaptides. This also furnishes an indication of the presence 
of mercaptans. The doctor test for mercaptans is specified by both the A.S.T.M. 
and the I.P.T. 

If a black precipitate of lead sulphide is formed almost immediately when 
the distillate and the doctor solution come in contcact before* agitation, this is 
usually taken as an indication of the presence of hydrogen sulphide in the 
distillate. 

2,4-Dinitrochlorobenzene has been suggested for the identification of mercap¬ 
tans by Bost, Turner and Norton.'®^ The mercaptans combine with this reagent, 
yielding solids that are easily purified and have sharp melting points and defi¬ 
nite crystalline structure. The iodonietric method for the estimation of mer¬ 
captans and its various modifications are mentioned in Chapter 19. 

Various tests are used to indicate the presence of elemental sulphur, or of 
corrosive sidphar compounds in light oils.^®® Copper is generally the metal used 
for the manifestation of the corrosive action. In the well-known copper dish 
test, 100 ml. of light naphtha (e.g., aviation gasoline) are evaporated from a 
hemispherical copper dish placed upon a water bath. If the inside of the dish 
becomes colored or corroded the presence of objectionable sulphur compounds is 
indicated, whereas if the naphtha contains undesirable gum-forming constituents 
a weighable amount of gum is deposited on the dish.^®® In another method a 
strip of freshly polished copper is allowed to stand in the sample to be tested 
for 3 hours at a temperature of 50° C. (122° F.). 

Two general methods are employed for the total stUpJmr determimtion: one 
is the ‘lamp” method, applicable particularly to the determination of the sulphur 
content of lighter distillates such as gasoline or kerosene, and the other is the 
bomb calorimeter method, used with heavier oils. 

In the lamp method a weighed quantity of the distillate is burned in a cur¬ 
rent of air and the products of combustion, together with the excess air, are 
passed through a dilute, standard solution of sodium carbonate.'®* Any sulphur 
compounds in the sample are burned to sulphur dioxide, which is absorbed by 
the carbonate solution with the formation of sodium sulphite. The oxygen pres¬ 
ent in the excess air in the combustion mixture oxidizes the sodium sulphite to 
sodium sulphate. Titration of the carbonate solution, with a standard solution 
of acid, before and after absorption, indicates the quantity of sulphur dioxide 
formed and from this can be calculated the quantity of sulphur in the oil. 

' If chlorine is present with the sulphur, it can be estimated, according to 
Wirth and Stross,'®® in a similar way. The gasoline is burned in a lamp in the 
usual way, the combustion products being absorbed in standard sodium carbonate 
solution. The excess sodium carbonate is then titrated with standard sulphuric 
acid, and the chlorine is subsequently titrated with silver nitrate solution by 
Mohr's method. The first titration gives the acidity due to the formation of 
hydrochloric and sulphuric acids. After the chlorine has been determined, the 
acidity resulting from the sulphuric acid alone can be calculated. 


1932. S4, 1985. 

^Numerous tests for indicating corrosive sulphur compounds were investigated by Garner and 
Evans, /. Inst. Ptt. Tech., 1931, 17, 451. 


^ Methods for the determination of gum-forming constituents are described in Chapter 40. 

Somrtimes 30 minutes at 100* C. (212* F.) is used instead of the longer period. 
‘■"An improved lamp for this combustion is described by Plonsicier, Ann. ckim. analy 


‘••An improv^ lamp for this combustion is describe by Plonsicier, Ann, 
(2) 14. 154; Brit. Ckem. Ahs. B. 1932, 968. 

"•Ind, Eng. Ckem., Anal. Ed., 1933, 8. 85. 


analyt., 1932, 
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In the bomb method the sample is burned in the presence of a large excess 
of oxygen. The sulphur is converted to sulphuric acid, and the quantity of acid 
produced can be determined in the usual manner by precipitoting as barium sul¬ 
phate and weighing. An adaptation of this bomb method has been described by 
Woodward.^®® 

Electrolytic oxidation of the sulphur in mineral oils to sulphones, in the pres¬ 
ence of nitric acid, has been described by Boisselet and Kryloff.^®^ 

A method of determining sulphur in oils by fusion with calcium hydride, 
which converts the sulphur to calcium sulphide, has been developed by Caldwell 
and Krauskopf.^®* The sulphide can be estimated by titration of the acidified 
solution of the fusion residue with iodine. • 

Sulphur may also be detected by boiling with metallic sodium and testing 
with sodium nitroprusside.^®.® Grote ‘®® dissolved the compound to be tested in 
water and added an excess of sodium bicarbonate, followed by a reagent con¬ 
sisting of sodium nitroprusside, hydrazine hydrochloride and bromine. Charac¬ 
teristic colors were observed with various sulphur compounds. 


Other Methods for the Estimation of SuLPHUk Compounds 


The amounts of the various general types of sulphur compounds in petroleum 
distillates can be estimated by the method of Faragher, Morrell and Monroe^®® 
which follows: , 

A small quantity of the oil is shaken with a slightly acidified solution of 
cadmium chloride. The percentage of hydrogen sulphide is calculated from the 
weight of cadmium sulphide precipitated. Caustic soda solution cannot be used 
in this test because it dissolves some of the mercaptans in addition to hydrogen 
sulphide. 

According to Trusty,'®® hydrogen sulphide in natural gas can be determined 
by absorption in iodine solution. In refinery gases containing unsaturated hydro¬ 
carbons which react with iodine, the hydrogen sulphide can be precipitated as 
lead sulphide from lead nitrate solution, the excess of the latter being titrated 
with ammonium molybdate. Givaudin'®^ removed hydrogen sulphide from pe¬ 
troleum with nitrogen and passed the resulting gas mixture into zinc acetate 
solution. The precipitated zinc sulphide was determined iodometrically. 

After removal of sulphuretted hydrogen, elemental sulphur is estimated by 
the mercury treatment already described. 

After removal of hydrogen sulphide and elemental sulphur, the tnercaptans 
may be removed by treatment with alcoholic plumbite solution—^an alcoholic solu¬ 
tion being used to give better contact between the oil and the plumbite. Total 
sulphur estimation before and after this treatment gives the mercaptan sulphur 
content'®® 


Eng. Chem., Anal. Ed., 1929, 1. 117; cf. Nikaido, J.A.C.S.. 1902, 24, 774. 

Cdtnpt. rend. Congr. Graiseage, 1931, 60; Cam. Zentr., 1932, 2, 2575; Brit. Chem. Abs, B, 
1933, 374. 

^J.A.C.S., 1930. 52, 3655. 

»«See Lomax, I^et. Rev., 1917, 37, 251, 269; Petroleum World, 1917, 14, 477; Chem. Abs., 

Chem., 1931, 93, 25; Brit. Chem. Abs. A, 1931, 1268; Givaudin (Rev. pitrolifire, 1932. 
892; Chimie et Industrie, m2, 29, 309; Chem. Zentr., 1932, 2, 2270; Chem. Abs., 1933, 27, 2791), 
describes the application of this test to sulphur in petroleum. 

Eng. Chem., 1927, 19. 1281. 

^ReRner, 1931, 10 (7), 91; Brit. Chem. Abs, B, 1932, 826. 

*^Rev. pitrolifire, 1932, 892; Chimie et industrie, 1932, 29, 309; Chem. Zentr., 1932, 2, 2270; 
Brit. Chem. Abs. B, 1933, 180. 

^ An alternate method for the estimation of mercaptans consists tn agitating the sample with an 
aqueous suspension of basic lead acetate, separating the oil and water layers, and determining the 
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Alkyl disulphides may be determined, after removal of mercaptans, by reduc- 
ing them to mercaptans with glacial acetic acid and zinc dust. The resulting 
mercaptans may be estimated in the manner described above. 

After the above successive treatments, the oil should contain no sulphur com¬ 
pounds other than alkyl sulphides and thiophenes. Alkyl sulphides can be esti¬ 
mated by treating the oil with an aqueous solution of mercurous nitrate—with 
which alkyl sulphides form addition compounds of the general type RaS.HgNO.,. 
Total sulphur determinations before and after this treatment reveal the amounts 
of alkyl sulphides and thiophenes present. A method for the determination of 
alkyl sulphides in the absence of unsaturated hydrocarbons has been described by 
Sampey, Slagle and Rcid.^®® 

Flash Points 

The flash point of an oil may be defined as the temperature at which an oil 
evaporates so intensively that its vapor, in an open space of specified dimensions 
or in any other specified container, forms an ignitible mixture with air. This 
temperature must not be confused with the ''burning point*', that temperature at 
which the intensity of the evaporation is such that the vapors not only flash on 
the approach of a flame, but continue to burn. Both these values, particularly 
the first one, are of aid in indicating fire risks. The lower the flash point of 
an oil, the more likely is it to evaporate and form an explosive vapor, and con¬ 
sequently greater precautions against fire in storage and distribution are necessary. 

For the determination of the flash points of petroleum oils, many types of 
apparatus are used, depending upon the kind of oil to be tested. The better- 
known are: (1) the Abel apparatus used in the I.P.T. standard tests for kero¬ 
senes and all oils having a flash point below 90° F, (32.2° C.); (2) th.e Pensky- 
Mortens apparatus used in I.P.T, standard tests for all oils having a flash point 
of above 90° F,; and (3) the Cleveland open cup tester which is used in the 
testing of heavy oils. Each of these types are similar in mode of operation. 
The oil to be tested is heated in a small container at a specified rate and at 
certain intervals of temperature a small test flame is applied to the vapor space 
above the liquid. The lowest temperature at which the oil vapor or mixture 
gives a momentary flash is taken as the flash point. Further details concerning 
the determination of flash points are given in the standard publications mentioned 
at the end of this chapter. 

Viscosities of Petroleum Oils 

As in the case of flash points, the viscosities of petroleum oils are usually 
measured in an apparatus specially designed for this purpose. Arbitrary scales 
of viscosity units have been in general use in the petroleum industry ever since 
its inception. Measurements are usually made, as in the well-known Redwood, 
Saybolt, and Furol viscometers, by determining the rate of eflflux of oils through 
calibrated orifices under rigidly specified conditions. The time taken for the 
efllux of a specified volume of oil is usually taken as the index of viscosity. 
Thus, when the viscosity of an oil is given as 50 seconds Saybolt at some tern- 

quantity of sulphuric acid required to react with the mercaptides. The equations given for the 
reactions taking place are: 

Borgstrdm and Reid (Ind. Eng. Chem., Anal. Ed., 1929, 1, 186) suggested agitating the sample 
with a given volume of standard silver nitrate solution, removing excess silver nitrate with standard 
ammonium thiocvanate solution, and titrating excess thiocyanate with standard silver nitrate solution, 

*»/.A.C.S., 1932, 54, 3401. 
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perature^ it means that it has an efflux time of 50 seconds at that temperature 
from a 'Saybolt viscometer. Further details concerning these measurements are 
given in the standard publications of the Institution of Petroleum Technologists 
and The American Society for Testing Materials. Convenient methods for the 
determination of the viscosities of oils in absolute units are described by The 
British Engineering Standards Association in their Specification No. ISS (1929). 

Other Tests Used in the Examination of Petroleum Products 

Other tests used by the petroleum industry in the examination of mineral oils 
include burning tests for kerosene, tests for acidity and alkalinity, determination 
of calorific values (i.e., heats of combustion), ash contents, and oxidation tests 
for lubricating oils.^^® Most of these tests are outside the scope of the pre.sent 
volume and the reader is referred to the previously mentioned publications for 
further particulars. Other references which may be consulted are: 

(1) Holde, ^‘Examination of Hydrocarbon Oils and of Sai^nifiable Fats and 
Waxes”—translated from the German by Mueller, John Wiley and Sons, New 
York. 1918. 

(2) Specifications for Petroleum Products drawn up by the United States Govern¬ 
ment (Government Printing Office). 

(3) Specifications for Petroleum Products used by English Government Depart¬ 
ments (H.M. Stationery Office). 

Gum tMts are described in Chapter 40. 
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Bloomfield, Swallen and Craw¬ 
ford, 406 

Blumenstock-Halward and Jusa. 
434 

Blumenstock-Halward and Reiss, 
434 

Blyth and Hofmann. 611 
Boardman, 210 
Bock, 940 
Bodendorf, 881 
Bodenstein. 851 
Bodforss, 537 
Bodroux, 561, 566 
Boeckler, 50, 128 
Bodtker, 810 ^ ^ 

Bohme, H. T., A.-G., 524, 525. 

1024, 1033 
Boehn. 221 

Boehringer. 917 . 

Boehringer, C. F.. Sohne 
G. m. b. H., 518, 677, 917 
Boehtlingk. Brown and Steik, 
813 

Bdeseken and Bastet, 816 


Bdeseken and Gaster, 1061 
Bdeseken and Max, 336, 594, 
1032 

Bdeseken, Tellegen and Hen- 
riques, 556 

Bottcher, 1062, 1071, 1075, 
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Boettcher. 567 
iidttger, 448, 450, 1032 
Bogd&ndy, von, 699, 714 
Bogert and Roblin, 556 
Boggs. 251 
Bogin, 869 

Boisselet and KrylofP, 1151 
Boisselet and Mouratoff, 906 
Boissiere. 293 
Boiteau, 678 
Bolgar, 1030 

Bolley, 940 * 

Bollman, 21. 38. 75. 85. 89 
Bolotin, 97, 613 
Boramer, 873. 874 
'Bolton and Downing, 159 
Bondi, 685 
Bondt, 65. 468 

Bone. 217, 846. 847. 850. 856, 
857, 858, 859, 874, 905, 958 
Bone and Allum. 846 
Bone and Andrew, 885 
Bone and Coward, 38, 41, 43, 
44. 81, 107, 122. 205 
Bene, Davies, Gray, Henstock 
and Dawson, 235 
Bone and Dnigman. 846. 858 
Bone, Drugman and Andrew, 
850 

Bone and Haward, 964 
Bone and Hill,. 850 
Bone and Jerdan. 256, 293, b63 
Bone and Quarendon, 930 
Bone and Stockings, 850. 858, 
867 

Bone, Stockings and Wheeler. 
852 

Bone and Townend, 235, 240, 
846 

Bone, Townend and Scott, 964 
Bone and Wheeler, 846, 861, 
873. 1093. 1097, 1120, 1122 
Bonjour. 295 
Bonn, 342 
Bonnell, 343 
Bonner, 932 
Bonnington, 238 
Book and Eggert, 769, 770 
Boomer. 864 

Board. 381, 660, 969, 971 
Board and Cope. 577 
Booth and Campbell, 1095 
Borella, 910 
Borgmann. 85 
Borgstrom, 447 

Borgstrom. Bost and Meintire, 
459 

Borgstrom^ Deitz and Reid. 

446 

Borgstrom and Meintire, 447, 
459 

Borgstrom and Reid, 421, 439, 
450. 1152 

Borgstrom, Roseman and Reid, 

447 

Borgwardt, 876 
Borisov, 892 
Bornemann, 920 
Borodulin, 906 
Borsche and Lange, 749 
Boruttan. 363 
Bosch. 219, 221 
Bosch and Wild. 231. 232 
Bossqhart, 1116 

Bosshard. Steinitz and Strauss, 
701, 706 

Bosshard and Strauss, 740, 
809. 817 


Bost. 459 

Bost and Conn, 453 
Bost, Turner and Norton, 1150 
Bostaph Engineering Corp.. 
608. 873 

Boswell and McLaughlin, 692, 
693, 713 
Botolfsen, 12 
Bottema. 655 
Bottoms. 12. 552 
Bottrell. 1028 
Bouchardat, 154, 625 
Bouchardat and Lafont, 331 
Bouis, 632, 633 
Boulogne and Meillassoux, 765 
Bourgault. 93 
Bourguel,' 381 
Bourion. 760 
Bouveault, 812 
Bouveault and Blanc, 1083 
Bouveault and l.ocquin, 410, 
634 

Bowen. 91. 129, 195, 593, 906 
Bowen and Nash. 613, 925 
Bowers. 924 

Bowlus and Nieuwland. 596 
Loy, 556 

Boyd. 728. 796. 895. 981. 984, 
985. 1148 

Boyd and Marie. 557 
Boyle, lie 

Bozza and Gallarati, 495 
Bozza and Mamoli, 489 
Bradley. 217. 340, 398. 516 
Bradley and Parr, 47 
Bragg, 424 
Praida, 595 
Bramble, 495 
Brame, 1127 

Brame, Dunstan, I^max, Pem¬ 
berton, Craven and Moore, 
1008 

Brame and Hunter, 118, 154, 
1132, 1136, 1137, 1138, 1139, 
1145 

Bramhall, 463 
Brandrup, 365 

Bransky, Joi6, 1021, 1031. 

1068 

Brassert-Tidewater Development 
Corp., 228 

Braun, 363, 394, 516 
Braun, von, 10, 401, 417, 821, 
825, 1056, 1063. 1064. 1072, 
1073, 1076, 1077, 1079, 1080, 
1081, 1084 

Braun, von. Deuser, et al., 825 
Braun, von, and Deutsch, 1056 
Braun, von, and Keller, 870 
Braun, von, and Kiihn, 1056 
Braun, von, Mannes and Reu¬ 
ter, 1079, 1081 

Braun, von, and Trumpler, 453 
Braunkohlen Produkte A.-G., 
201 

Breda, 1069 

Bredig, Elod and Demme, 299 
Bredig, Elod and Konig, 297 
Bredig, Elod and Kortum, 299 
Bredig, Elod and Muller, 297, 
299 

Bredig, Kortum, Elod, Muller 
and Demme, 296 
Brckke. 514 
Bretschneider. 595 
Breuer and Zincke, 555 
Breuers, 613 
Brewer and Kueck, 849 
Brewster, 839 
Brickner. 331 

Bridgeman and Aldrich, 894 
Bridgeman and Marvin. 968 
Bridg*r, 307 
Bridgwater, 639 
Bridgwater and Krismann, 670 
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Briner, ^autser and de Ln- 
ternai 4dl 

Briner and Meier,. 883 
Briner and Schnorl, 883 
Briner and Wunenburger, 887 
Brindley and lx>wery, 703 
British Air Ministry, 904 
British Celanese Co., Ltd., 407, 
408, 433, S28, 867 
British Cellulose and Chemical 
Manufacturing Co„ Ltd., 344 
British & Dominions Feralloy, 
Ltd., 185 

British Dyestuffs Corp., Ltd., 
509, 536, 983, 1017, 1020, 
1027 

British Engineering Standards 
Association, 1153 
British Industrial Solvents, 
Ltd., 345 

British Thomson-Houston Co., 
553 909 

BriHon, 507, 705, 766. 767, 807 
Britton and Perkins. 766 
Britton and Prescott, 712 
Brochet. 155, 329, 373, 383, 
563, 1128 

Brode and Johannsen, 923 
Brode and Wursten, 192 
Broderick, 371 
Brodersen, 550, 1019, 1061 
Brodie, 861 

Brodkorb, 279, 283, 286, 425 
Bronn, 16. 138, 143, 230 
Bronn and Fischer, 230 
Brooks. 12, 16, 23. 36, 112, 
213, 226, 259, 330, 334, 340. 
376, 389, 439, 487, 488, 489, 
490, 492, 493, 494, 495, 500, 
508, 517, 535, 590, 591, 605, 
608. 790, 791, 793, 795, 802, 
881, 889 

Brooks, Bacon, Padgett and 
Humphrey, 114 

Brooks and Cardarelli, 350, 653 
Brooks and Essex, 792 
Brooks, Essex and Smith, 719 
Brooks. Essex and Ward, 700 
Brooks and Humphrey, 25, 301, 
313, 376, 381, 383. 384. 385, 
386, 401, 506, 606, 607, 611. 
900, 1007, 1008, 1012, 1032, 
1134 

Brooks, Smith and Essex, 726, 
727 

Bronsted, Kilpatrick and Kil* 
Patrick, 537 

Brown. 222, 343, 411, 419, 574, 
674, 683, 766, 813, 974, 979, 
1108 

Brown and Carr, 22, 23, 24 
Brown, Leslie and Hunn, 974 
Brown and Odell, 311 
Brown, Skinner, Bigby, and 
Nickols, 1148 
Brown and Sullivan, 983 
Brownlee, 100, 201. 215 
Brownlee and Ublinger, 210, 
212 

Brownlie, 1000 
Brownsdon, 544 
Bros, 31 

Bruce, 644. 746, 1131 
Bruckner, 271 
B rugger, 83 
Brugmann, 982 

Brunei, 300, 301, 313, 321, 
328, 377, 378, 381, 385, 543, 
^ 607, 722, 805. 806 
Brunei, Crenshaw and Tobin, 
360 

Brunei and Probeck, 325 
Brunei and Rafsky, 805 
Bruner, 756, 768. 774 
Bruner and Dluska, 756, 778 


Bruner and Vorbrodt, 778 
Brunner. 82, 209, 601, 680, 

Brunner and Rideal, 853, 854, 
859, 979 

'' Brus and Peyresblanques, 844, 
930 

Bruson, 565, 597, 611, 621, 
623. 657, 1058 

Bruson and Staudinger, 623, 
657 

Brutzkus, 671 
Bruun, 13. 26, 1144 
Bruun and Hicks, 1144 
Bruun and Hicks-Bruun, 22, 
23, 25, 27, 1145, 1146, 1147 
Bruun, Leslie and Schicktanz, 
26. 914 
Bruylants. 603 
Bruzac, 427, 459, 988 
Bryssova, 1134 
Bub. 218, 589. 597 
Buc. 354. 359, 367, 370, 372, 
373. 388, 1014, 1016, 1029, 
1030, 1054 
Buc and Clough, 395 
Buc and Tate. 1016 
Bucher. 293 
Kuchler, 35, 498 
Bttchler and Graves, 29 
Buchner, 739 
Biickert, 152 

Buckert and Baumann. 263 
Buckley. 525 
Buckton. 813 
Buddenbrock, von, 622 
Budowski, 1070, 1081. 1082, 
1083 

Budriewicz, 1014. 1025 
Biittgenbach, 560 
Buff and Hofmann, 255 
Buffington and Fleischer, 709 
Buffington and Gilkey, 709 
Buks, 1067 
Bullinger, 933, 934 
Buman, 935 
Bunte, 208, 220, 476 
Burdick, 535 
Burg, 226 
Burger, 222 
Burgess, 999, 1026 
Burgess, C. F., Laboratories, 
538 

Burgess and Buc, 1014 
Burk, 87, 898 
Burkard and Travers, 667 
Burke, 215, 314, 782, 783, 849, 
951 

Burke and Fryling, 835 
Burket, 138 
Burkhardt, 1010, 1020 
Burkhardt and Cocker. 679 
Burkhardt and Falkman, 1023 
Burkhardt and Lapworth. 1008 
Burmah Oil Co., Ltd., 29, 239, 
831 

Burns. 915 

Burrell, 21, 23, 64. 729, 730, 
^794, 1092, 1103, 1104 
Burrell and Robertson, 665 
Burrell, Seibert and Robertson, 
13. 1101, 1103 
Burshanadse, 106, 163 
Burstert, 780 
Burstin, 1088 
Burton, 109, 40$ 

Burton and Opitz, 362 
Burwell. 61, 214, 215, 289, 

^ 934. 935, 994, 999 
Bury. 339 

Bury and Ollander, 334, 343 
Busch and Knoll, 810 
Buschmann, 480. 658, 1034, 
1121 

Bust. IS 


Bussies, 896 
Butcher, 254 

Butkov, 908, 909, 910, 911, 
912, 978, 979 
Butler and Cretcher, 556 
Butlerov, 300. 301, 320, 333, 
377, 378, 380, 390, 487, 496, 
532, 601, 604. 718, 720, 721 
Butlerov and Gorianov, 197, 
300. 595, 598. 600 
Butlerov and Ossokin. 499 
Buylla, 38 

Buylla and Pertierra, 922 
Byerley and Mabery, 940 
By-Products Manufacturing Co., 
35 

Byrne« Gohr and Ilaslam, 286 
Byrnes, 836, 837 
Byron, 188 
Bysow, 157 

C 


C & C Developing Co., 271 
Cabot, 234, 236. 238, 242, 244 
Cade. 344 

Cadenhead, 676, 870 
Cadwell, 474 
Cagnon, 1003 

Cahours, 719, 723, 735, 736. 

737, 738, 742, 799 
Cahours and Demarcay, 721, 
735, 737 

Calcott, 638. 668, 669. 671. 897 
Calcott, Carter and Downing, 
669. 670, 671 
Calcott and Daudt, 813 
Calcott and English. 813 
Calcott and Lee, 434 
Calcott and Parmelee, 478, 553 
Calcott, Parmelee and Lorri* 
man, 813 

Calcott and Walker, 553 
Caldwell and Krauskopf, 1151 
Calingaert, 58. 813, 1139 
Callahan, 516 
Callan, 809 

Callendar, 858, 977, 978 
Callendar, King and Mardles, 
907 

Callendar, King and Sims, 977 
Callender, 155 
Callis, 813 
Calvert, 538 

Camberu, Langstaff and Stapel* 
fcld, 629 


Cambier, 512, 530 
Cambron, 122, 123 
Cambron and Bay ley, 130 
Cameron and Jackson, 553 
Campbell, 16. 256, 578. 822, 
828. 847, 969, 985, 1095 
Campbell and Ellis. 976 
Campbell and Gray. 848. 1098 
Campion and Herthel, 228 
Canadian Electro-Products Co., 
^407, 676, 681, 682, 683 
Canadian Industries, Ltd., 528, 
552. 1029, 1086 
Candea, 836 
Canffeld, 1027 
Cannizzaro, 769 
Cannon, 443 
Cannon and Gary, 443 
Cannon-Prutzman Treating Proc¬ 
esses. Ltd., 443 
Canon, 924 

Canon and Andrews, 923, 924 
Cantelo, 39, 45, 61, 105, 222 
Cantuniari. 197, 401, 417 
Carbide ft Carbon Chemicals 
Corporation, 122, 126, 141, 
142, 160. 238. 295, 323, 327, 
342, 343, 355. 471, 474, 493, 
494, 495, 509, 515, 519. 521, 
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522. 524. 528. 530. 535, 537. 
538. 539. 547, 549. 551. 554. 
555. 562. 608. 680. 698. 713, 
799. 818. 867, 932 
Carbonium Co.. 221 
Card, 444 

Cardarelli. 350. 653 
Carius. 486. 487 
Cariua and Lisenko. 720 
Carleton-Williams. 735, 737 
Carlisle. 427 

Carlisle and Harris. 609 
Carlisle and Levine, 673, 704. 
705 

Carman, 866 

Carman and Chilton, 866 
Carmody. 203. 634. 657 
Carnegie Steel Co.. 1120 
Carney, 138, 251 
Caro, 298 . 

Carothers, 195, 520, 548, 640, 
670 

Carothers and Arvin, 520 ^ 
Carothers, Berchet and Colhns, 
638, 669 

Carothers, Collins and Kirby, 
669 

Carothers and Dorough. 520 
Carothers, Jacobsen and Ber¬ 
chet, 685 

Carothers and Scott. 189 
Carothers and Van Natta, 520 
Carothers, Williams, Collins 
and Kirby. 638, 648. 669 
Carpenter, 28. 29. 1007, 1128, 
1134, 1137, 1139, 1146 
Carpenter and Linder, 297, 298 
Carpenter and Payman, 963 
Carr, 22, 23, 24 
Carr and Brown. 974, 979 
Carrier. 675, 1090 ^ ^ 

Carrier Engineering Co., Ltd., 
674, 675 

Carson and Sebrell, 248, 249 
Carter, 524, 638, 668, 669, 670, 
671, 705 

Carter and Campbell, 256 
Carter and Coxe, 688, 697, 
704. 785, 786, 787, 797. 882 
Carver. 963, 1024 
Casale, 288 
Cascarelli, 683 
Casimir, 21 
Caspar!, 915, 921 
Cassar, 130, 131, 133, 369, 984 
Cassel Cyanide, Co., Ltd., 218 
Cassella and Co.. 779 
Cassidy. 1085 
Cattaneo, 34 
Caventou, 155, 633 
Cazeneuv^ 663 

Celanese Corp. of America, 932 
Celluloid Co.. 495 
Chablay, 807 

Chadeloid Chemical Co.. 398. 

489, 493, 535, 771, 772. 776 
Chaffette. 288, 405, 407 
Chalkley, 767 
Challenger, 431, 463 
Challenger, Haslam and B ram- 
hall, 463 

Chalmers. 591, 682 
Chamberlin and Bloom, 106, 
167. 206 

Chamberlin and Rose, 234, 241 
Champion, 516 
Chance, 832, 866 
Chaney. 247, 698^ 

Chaney, Ray and St. Johns. 247 
Chantler, 21 

Chapman, 701, 1017, 1020. 

1027, 1029, 1086 
Chapman and Jenkins. 666 
Chappell, 203, 459, 842 


Charbonneau, 993. 1054 
Charitschkov. 30, 35. 450. 949, 
1064, 1069. 1082, 1089. 1090 
Chariot 833. 915 
Chatfield, 17, 439 
Chatrov. 1002, 1024 
Chattaway and Backeberg, 392, 
399. 403 
Chatterjee, 944 
Chauvenet. 192 
Chaux. 889 
Chavanne. 707, 892 
Chavanne and Miller, 856 
Chavanne. Miller and Cornet, 
929 

Chavanne, Pahlavouni and Kat- 
zenstein, 856 

Chavanne and Siman. 1136, 
1139 

Chavanne and Tock, 855 
Chavy. Delage and Woog, 918 
Chechukov, 328, 397, 482 
Chelintzev, 1076 
Chemical Development Co.. 

139. 157. .515, 991 
Chemical Foundation. Inc., 700 
Chemische Fabriken Kurt Al¬ 
bert G. m. b, Hj, 498 
Chemische Fabrtk Buj^au, 673 
Chemische Fabrik unesheim- 
Elektron, 232. 619. 673, 675, 
678. 680, 682 

Chemische Fabrik Grtinau, 
Landshoff und Mayer, 925 
Chemische Fabrik von Heyden 
A.-G.. 675 

Chemische Fabrik Kalk G. m. 

b. H.. 133. 327. 509, 510, 536 
Chem. Fabrik Mahler & Supf 
A.-G., 1088 

Chemische Fabrik Milch A.-G., 
1019, 1086 

Chemische Fabrik Pott & Co.. 
375, 563, 564, 1017, 1024, 
1086 

Chemische Fabrik Rhenania, 
683^ 684, 886 

Chemische Fabrik vorm. San- 
doz, 528, 1011, 1086 
Chemische Fabrik auf Aktien 
vorm. £. Schering, 155, 626 
Chemische Fabrik Troisdorf, 
Dr. Hulsber^ & Seiler. 941 
Chemische J^'abrik vorm. Weiler- 
ter Meer. 126, 323, 474, 675, 
715 

Chemische Fabriken Worms. 

A.-G., 929 
Chen, 360 

Cherchevsky, 1085. 1088 
Cherepennikov, 12 
Chernojookov, 904, 934, 950 
Chesebro, 279 
Chibnall, 32 

Chicago Pneumatic Tool Co.. 
704 

Chichibabin, 1076 
Chichibabin, Chirkov. Katz- 
nelson, Koryagen and Che¬ 
lintzev, 1076 
Chilingarian, 343 
Chilton, 866 
Chilton and Huey, 670 
Chipman and Peltier, 189 
Chirkov. 847, 852 
Chisholm, 890 
Chittenden. 627 
Chittick, 614 
Chonin, 1044 

ChOupotsky and Mariutza, 484 
Christen, 257, 259 
Christiansen and Lott, 567 
Christmann, 597 
Christmann and Jayne. 394 


Chufarov and Litovtschenko, 
459 

Church, 602. 884 
Churdenko, 1090 
Ciamician. 917 

Ciamician and Magnaght, 635. 
644 

Ciamician and Silber, 612, 613. 
917 

Clacher, 228 
Claessen, 517 
Claesson, 1035 

Claisen, Kremers, Roth and 
Tietze. 645, 646, 647 
Clancy, 288. 458, 833 
Clark; .36, 109, 213. 247, 590, 
722, 724, 731, 732, 774, 775, 
790, 794, 797 

Clark, Brugmann and Thee, 982 

Clark, Fowler and Black, 496 

Clark and Harding, 516 

Clark and Smith, 960 

Clarke. 24, 576 

Clarke and Othmer, 675 

Clarke and Waring. 414 

Claude. 220 

Claude and Hess, 665 

Claude and Jordan. 32 

Claus and Bayer, 780 

Claus and Burstert. 78U 

Claus and Kautz. 780 

Clausen, 338 

Clayton, 129, 698 

Clayton Aniline Co., 673 

Clemo and Spence, 929 

Cliff, 1134 

Clifford, 189 

Cloez. 155, 640, 737 

Close, 221 

Clouet, 295 

Clough. 395 

Clough and Johns, 366, 373 
Clover, 371 
Clowes, 220 
Clusius, 47 

Coal and Chemicals, Ltd., 187 
Coates, 25 

Coates and Tims, 18 
Cobb, 88, 190, 366, 426. 

1016 

Cobb and Holmes. 1016, 1017 
Cochran, 414 
Cocker, 679 
Coehn and Cordes, 695 
Coffey, 576, 983 
Coffin, Sutherland and Maass, 
144, 328 

Coffman and Carothers. 670 
Coffman. Henze and Blair, 32 
Cogbrun. 819, 821 
Coggeshall. 1026 
Cohen, 756. 760 
Cohen and Dakin, 759, 760, 
768, 771 

Cohen, Dawson, Blockey and 
Woodmansey, 756. 771 
Cohen, Dawson and Crosland, 774 
Cohen and Dutt, 771 
Cohn, 78, 590, 605. 606 
Coke. 406, 869. 922 
Coleman. 680, 1066, 1068 
Coleman and Campbell, 578 
Coleman and Coleman. 1016 
Coleman and Howells, 578 
Coleman and Hughes, 1066 
Coleman. Mullins and Pick¬ 
ering. 578 

Coleman and Perkin. 1071 
Colin, 293, 695 

Colitho Pavements Pty., Ltd., 
1088 

Collett. 525, 543 

Colletas. 813 

Collie. 265, 595, 626. 861 
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Collie and Frye, 768 
CoUio, 945 

Comas, 638, 639, 648, 669, 
670 

Colombia Enffineerina & Man- 
aiceipent Corp., 129, 287, 290, 
613 

Colombian Carbon Co.. 238, 
239, 343 
Colson. 779 

Colson and Gautier, 771, 774, 
780 

Comanducci and Arena, 807 
Comay, 456 

Combustion Utilities Corp.. 849 
Commercial Solvents Corp., 
406, 408. 411, 419. 574, 869 
Compaimie de B6thone, 126, 
340, 341, 342, 343. 354, 872. 
990 

Compagnie des mines de Vi- 
coigne, Noeux et Drocourt, 
461 

Compagnie de produits chim- 
iques et 61ectrom6tallurgiques 
Alais, Froges et Camargue, 
675 

Compagnie nationale de mati- 
fres colorantes et manufac¬ 
tures de produits chimiques 
du nord r6unies, 6tablisse- 
ments Kuhlmann, 213, 915, 
922. 924 

Compagnie technique des p6- 
troles, 274 
Compton. 342 
Conant. 776 
Conant and Blatt, 427 
Conant, Hartshorn and Rich¬ 
ardson, 576 

Conant and Tonaberg. 619 
Conant and Tuttle. 409. 410 
Conant and Wheland, 884 
Concordia-Bergbau A.-G., 230 
Condrea. 1033 

Cone. Davidson and Laucks, 742 
Conklin, 776 
Conn, 453 

Conn. Collett and Lazzetl, 525 
Connally, 425, 608 
Connell, 274 
Connolly. 143 
Connor. 412 
Conover, 922, 924 
Conover and Gibbs. 922 
Consortium fur elektrochemische 
Industrie G.m.b.H., ISO. 294, 
673-678, 680-682, 684, 843. 
870, 887. 1000 
Contardi. 257 

Continental Oil Co., 185, 443 
Continental Caoutchouc & Gutta 
Percha Co., 190 
Cook, 200 
Cooke. 895 

Cooper and Wiezevich, 970 
Cope. 577 
Copisarow. 200 
Coppens, 1115 
Coquillon, 918 
CoMes. 695 
Corell. 501 
Corenwinder. 333 
Comer and McGinn. 424 
Cornet. 939 

Coruna Conversion Corp.. 269 
Corson and Lawrence, 1029 
Cortese, 661. 1130 
Costachescu. 1041, 1042, 1043 
Cote. 70S 
Cotdle. 319 
Cotton, 549 

Colton and Roark, 373, 396, 
549 

Cotton and Young, 549 


Conch, 569 
Couper, 768 
Courtaulds. Ltd., 683 
Courtot. 646 
Coutagne, 765 
Coutelle. 157, 626 . 

Couturier and Meunier, 411,637 
Coward. 38. 41. 43, 44, 66. 81. 

107, 122. 205 _ 

Coward. Carpenter and Pay- 
man, 963 

Coward and Guest. 968 
Coward and Jones. 961. 962 
Coward and Meiter, 970 
Cowles. 29, 960 
Cox. 194. 393, 909. 1147 
Cox and Cretcher. 523 
Cox and McDermott. 902 
Coxe. 688. 697. 704, 785. 786. 

787, 797. 882 
Coxe and Carter, 70S 
Coxon. 183. 186 
Coyslt, 957 

Crafts. 190. 196, 198. 199. 202, 
398. 400, 401, 404, 417-419, 
570. 596. 597. 653, 801, 809, 
1056-1060 
Craig, 1017 
Cramer. 228 

Cranor and Venuto. 236. 254 
Crandall. 1121 

Craven. 347. 348. 356. 370. 371. 
372, ,379. 1007. 1127. 1129. 
1134, 1136. 1138. 1139. 1143. 
1149 

Craver, 868. 914, 917, 925 
Crawford, 406 
Creanga and Demitriu. 21 
Crenshaw. 360 
Cretcher, 556 

Cretcher, Koch and Pittenger, 
555 

Cretcher and Pittenger, 523 

8 reusot, 174 
rewdson. 812 
Criegee, 893 

Criegee and Schoeller. 587 
Croco and Lowy, 762, 768 
Crommett, Hawkins and Wheel- 
ock. 223 

Cromwell, 845. 906 
Crosland. 774 

Cross, 109, 118. 127, 154, 427, 
460. 609, 840 
Cross and Cohen, 760 
Cross Development Corp., 427, 
460. 609 

Crossley, 638, 648 
Crouch and Carver, 963 
Crouzet. 889 
Crozier, 618 
Cude. 247 
Culmer. 444 
Cumniings, 17 
Cunningham, 434 
Curland. 279. 286 
Curme. 126. 128. 133. 141. 142, 
256, 259, 327, 339. 470. 479. 
489, 509, 582, 698, 713. 867 
Curme and Lommen. 474, 818 
Curme and Reid, 355 
Curme and Young, 493, 509, 
511, 515. 517 
Cushman and Doell. 1016 


Dafert, 612 
Dahlen. 545 . 

Daiiti Kogyo Setyaku K.K., 476 
Daimler. 1003 > 

Daimler and PlaU, 1032, 1033 
Daitz. 598 

Dakin, 759,760, 768, 771 
Dalin and Gutturya,' 337 
Dallon, 38. 65. 855 


Daltsen, van. 679 
Damiens. 321, 334. 335, 336, 
594, 1094, 1099. 1103 
Damiens and de Loisy, 343 
Damiens, de Loisy and Piette, 
338, 340 
Damm. 623 
Damoiseau. 688. 704 
D&n&iH. 28, 1126 
D&n&il&, Andrei and Melineseu, 
1134. 1143 . ^ 

D&nSilii and Atanasiu. 939, 948 
D&niili and Boltus-Goruneanu, 
931 

DSniiiU and Popa. 22 
DinSiH and Stoenescu. 1144 ^ 
DSnfiila. Stoenescu and Din- 
escu. 28 

Danaelmajer. 674 
Danilovich. 934, 935, 9dS, 1002 
Darling, 714 
Darrah. 217. 238 
Darrow and Sweeney, 609 
Darzens, 569 
Daschevski. 767 
Daudt, 715, 801, 813, 921 
Daugherty. 1111 
Daur. 706 
Davenport. 704 
David. 226 
Davidov. 520 
Davidsohn, 1087, 1088 
Davidson. 44. 67, 163, 169, 170. 
176. 522. 523. 524, 526, 528. 
530. 538. 539. 555, 562. 1013, 
1020 . 1021 

Davidson and Laucks, 741 
Davies, 235, 739 
Davis. 133, 144, 248, 264. 275, 
348. 357. 359, 377. 383, 387. 
465, 466, 477. 609, 741, 810. 
880. 898, 1099. 1111, 1124, 
1129 

Davis and Blackwood, 741 
Davis, Crandall and Higbec, 
1121 

Davis and Daugherty. 1111 
Davis and Hampton. 458 
Davis. Hampton and Klemgard, 
458 

Davis and Harford, 357, 387 
Davis and McAllister, 30 
Davis and Murray, 134. 140, 

142, 356. 357. 386. 387. 392, 

397, 398. 399. 401. 403 
Davis and Quiggle, 1118, 1119, 

Davis and Schuler, 347, 377, 

381. 1119 
Davy 595 

Dawson, 141, 235, 756, 771, 774 
Dawson and Hartshorne. 250 
Day, 66, 215, 586, 863, 869, 

1053 

Day and Heath, 902 
Daytol Co., 1027 
Dayton, 42, 121, 148. 169 . 
Dayton Synthetic Chemicals, 
Inc., 624 
Dean, 165 

Dean and Hill. 1129 
Deanesly. 140, 143, 344. 355 
Dearbofti and Gray, 835 
De Boissieu, 227 
De Bourgade. 297 
Debout. 377 
De Bruin. 575, 655 
Debus. 514 

Debve and Scherrer, 247 
De Carli. 675 
Decavel and Roegiers, 271 
Deckert, 550, 551 
De Cori, 12 
De Florez. 111. 112 
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De Forcrand, 397, 511 
Defosses. 292 
Defren, 780 
De Golyer, 31 
Dc Groote, 456 

Dc Groote and Keiser. 564, 1027 
Di- (froote and Monson, 1026 
Dc Groote, Monson and Wirtel, 
564 

Deatyarcva, 193. 894 
De Pfemptinne. 270 
Dehls and Stein, 401 
Deichler and Lesser. 427 
Dei-Karkhanova. 1020 
Deinian, Van Troostwyk. Bondt 
and Lauwerenburgh. 65, 468 
Deitz, 446 
De Jahn, 231 
De .Tong, 30 
De Kok, 168 
Delacre, 321 
Dctage and Woog, 918 
Dc Lambilly. 295. 296, 297, 298 
Delano Land Co.. 217 
De Lansberg. 672 
De la Porte, 476 
Dc la Ril)oisiere, 983 
Dc Lattre. 338 
De Laval Separator Co.. 553 
Dclbriick. 157, 625 
De Loisy, 335, 338. 340. 343 
De Luserna, 481 
Demant, 608 
Demarcay, 721, 735. 737 
Demme, 296, 299 
Demole, 518 
De Montmollin. 594 
De Montmollin and Matile, SOI 
Demoule. 499 

Demoulins and Garner. 444 
Demyanov, 581. 632. 746, 1009 
Derayanov and Prianischnikov, 
266, 595 

Demyanov and Williams, 580 
Denpler, 996 
Deniges, 582, 1132 
Dennemark, 1014 
Dennestedt and Hassler. 918 
Dennis. 1097 
Denny, 495 

Denny and Stanton. 495 
De png, 456, 1002 
Depicrre, 221 
De Free, 456 

Derby and Cunningham, 434 
De Rudder, 149 

De Rudder and Biedermann, 41, 
120. 167 

, Deschauer, 740 
Desgrez, 331 
De Simo, 414, 849 
Despretz, 576 
Detoeuf, 502, 503, 504 
Deuser, 825 
Deutsch, 681, 1056 
Deutsch and Herrmann, 682 
Deutsche Erdol A.-G., 937, 951 
Deutsche Gasolin A.-G., 1067 
Dwtsche Gold- und Silber- 
Scheideanstalt vorm. Roess. 
ler, 229. 294. 297, 298, 345, 
395, 407, 408. 409, 415, 550, 
677. 678, 682 

^^^tsche Hydrierwerke A.-G., 
^929, 930. 1019, 1086. 1087 
Deutsche Petroleum A.-G., 784, 
786 

Deville, 217 
Dewact, 497 
De Wilde, 66 
Diamond. 189 
pibdin and Woltereck, 287 
Dleckhoff. 1038 

Dieffrabach and Moldenhauer, 
287 


Diekmann, 305, 322, 324, 341, 
348, 953. 955, 956 
Diels. 652 

Diels and Alder, 119, 650. 651. 
^653. 659, 660 

Diels. Alder, Lubhert, Naujoka, 
Querberitz, Rdhl and Sege- 
berg, 659 

Diels, Blom and Koll, 652 
Dienst, 36 
Dierksen. 470 
pierksen and Schlecht, 470 
Diesenhammer, 163 
Dieterle, 16, 653 
Dietrich, 553, 674, 771, 935, 
^943. 1134. 1141 
Dietrich and Harder, 936 
Dietrich and Lather, 9)6 
Dietrich and Wietzel. 677 
Diggs, 35, 422, 427. 439. 440, 
498 

Dill, 784 
Dillon. 483, 1123 
Dimakov, 1025 
Dimitria, 21 
Dinescu. 28 

Dippy, Watson and Yates. 374 
Dirks, 904 

Distillers Co., Ltd.. 304. 308, 
309, 3M. 313. 339, 340 
Ditmar and Preusse, 248 
Dittrich, 1003. 1004, 1007, 1118, 
1120 

Divers and Nakamura. 227 
Divine, 1015, 1023, 1025 
Dixon. Joseph, Crucible Co., 
1088 

Dixon and Higgins, 964 
Dluska. 756, 778 
Dobrovolny, 432 
Dobrovolsici. 162. 1046 
Dobryanski. 649, 658, 1119, 
1120, 1123 

Dobryanski and Anurov, 1022, 
1025 

Dobryanski, Arkhangelsk! and 
Stepanyan. 127 

Dobryanski and Gurevich. 727, 
794 

Dobryanski and Khesin, 1140 

Dobrzcki, 399 

Docking, 425 

Dodd. 72 

Dodge, 310, 318 

Dodonov and Soshestvcnska, 463 

Doderlein, 408 

Doell. 1016 

Doell and Klemgard, 1090 
Doeltz, 227 
Doepke, 247, 249. 250 
Doerner, 849 

Doherty Research Co., 325, 337, 
355. 360, 365. 389, 394, 494, 
835. 1032 
Dohmc, 811 
Dojarenko, 83, 84 
Dokkum, 39. 106, 205 
Dominick. 277 

Dominion Rubber Co.. 146, 147 

Donath, 407 

Dondd, 1084 

Doofaan, 426 

Dooley, 47 

Dooren. 168 

Dormon, 427 

Doroganevskaja. 468 

Doroshewski, 360 

Dorough, 520 

Doser, 541 

Douane, 703 

Douthett, 1020, 1026 

Dovankov, 935, 941, 955 

Dover and Cromwell, 845, 906 

povgelevleh, 59, 84, 176 

Dow. 189, 471. 472, 723 


Dow Chemical Co., 142, 189, 
262, 456, 471, 472^ 477, 507, 
678, 680, 699, 704, 70S, 712. 
^ 766. 767, 807. 925 
Dowgelewitsch, see Dovgelcvich 
Downer, 239 

Downing. 159, 638. 668, 669, 
670, 671 

Downing and Parmelee, 813 
Downs. 652. 868, 916, 917, 919, 
922, 923. 988 
Downs and Bums, 915 
Downs and Stupp, 917 
Drake and Carter, 524 
Drake gnd Smith, 513 
Dreyfus, 135. 276. 311, 312, 
344, 407, 410. 413, 51L 513. 
536, 538, 554, 555. 678, 834, 
867, 876, 932, 1086 
Dreyfus and Bader. 932 
Dreyfus and Tompkins, 673 
Drugman, 846, 850, 858 
Drushel and Bancroft. 518, 519 
Dryer, 897. 898 
Dubbs. 109. 114. 117. 839 
Dubois. 148. 764, 1120 
Dubose. 1.S9. 626. 629 
Dubrov, 191 

Dubrov, Lavrovsky, Goldstein. 

Fish and Mikhnovskaya. 194 
Ducamp. 983, 1090 
Ducamp and Baule. 1090 
Duchange, 340 
Duda. 542. 558 
Duden and Peters. 676 
Dudenko. 454 

Dunnhaupt. 621, 640. 657. 891 
Durkheim, 1088 
Durr. 677. 938 
Duesler, 16 

Duffey, Snow and Keyes, 584 
Dufraisse, 889, 908 
Dufton and Cobb, 88 
Dull. 47 

Dumannis, 854. 973 
Dumanois and Mondain-Monval, 
972, 973 
Dumars, 32 
Dumas, 694 

Dumas and Peligot, 802 
Dumas and Stas, 782 
Dumiskaja, 1009. 1014, 1035, 
1136, 1137, 1140 
Duncan, 1022 
Duncan and Ott, 442 
Duncan. Ott and Reid, 445 
Duncklee, 629 

Dunkel. 401, 417, 597. 815, 
945, 987, 1142 

Dunlop Rubber Co., Ltd., SS3 
Dunsby, 928 

Dunstan, 115, 165, 172, 228, 
444, 1008 

Dunstan and Birch, 510 
Dunstan and Hague, 183 
Dunstan, Hague and Wheeler, 
120, 178, 593, 609 
Dunstan and Pitkethly, 108 
Dunstan and Thole, 30, 444, 
1012 

Dunstan and Wheeler. 183 
Dupont Ammonia Corp., 288, 
291 

Dupont and Crbuzet, 889 
Du Pont de Nemours, E. I., 8c 
Co., Inc., 159. 328, 408, 410, 
434, 478, 480, 494,. 510, 525, 
545, 550, 552, 553. 582, 584, 
630. 639, 640. 669. 670. 671. 
678, 680, 681. 709. 715. 727. 
771. 792. 795, 813, 833. 897, 
922. 923, 924, 929, 951, 993, 
1091 

Du Pont Film Manufacturing 
Corp., 524 
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Du Pont and Labanne. 575 
Dttprat, 412 

Durgan, 45. 50, 53, 55. 57. 122 
Durgtn and Jenkins, 189 
Durmna, 373. 396, 401, 409. 

420, 472. 495. 525, 798 
Dutt, 256, 771 
Dutton, 165 
Dyche-Teague, 218 
Dykema and Neal. 242 
Dykstra. 681, 854. 855 
Dykstra, Lewis and Boord, 381 
Dykstra and Sly, 681 
Dymock, 304, 308. 309, 311. 
313. 339, 345 

Dynamit A.*G. vorm. Alfred 
Nobel A Co.. 552 
Dysart, 238» 242 


Earle. 155. 157 
Eastman, 280 

Eastman Kodak Co., 414. 480, 
495, 498, 553, 556, 675 
Eberhardt, 677. 775. 780, 870, 
887 

Eberle, 78 

Ebert, Fries and Garbsch, 618 
Ebert. Fries and Reppe, 618 
Ebrey and Engelder, 50, 120, 
127 

Eckert. 227. 926 
Eckhardt. 622 

Eddy, Fischer, Dtiesler, Hits 
and Schell. 16 

Edeleanu, 26. 34. 188, 822. 
1143 

Edeleanu and Filiti, 454, 1052, 
1053 

Edeleanu and Gan6, 1035 
Edgar, 630, 854, 855, 901, 
985 

Edgar, Calingaert and Marker, 
1139 

Edgar, Hill and Boyd. 1148 
Edgcombe, 848, 1095 
Edlund. 465 
Edlund and Evans, 568 
Fdwards, 473, 529, 680, 816 
Egerton. 852, 853. 979, 983 
Egerton and Barton. 983 
Egerton and Gates, 979 
Eggcrt, 602. 769. 770 
EgloflF, 11, 34. 44. 88, 91, 113, 
114, 117, 170, 188. 225, 227, 
228. 243, 294. 461, 568, 998, 
1012, 1129, 1143 
EglofF and Benner, 228 
EgloflF, Bollinan and Levinson, 
21. 38 

EgloflF, Faragher and Morrell, 
984 

EgloflF and Levinson, 830 
EgloflF. Lowry and Schaad, 107, 
667 

EgloflF, Lowry and Truesdell, 
422 

EgloflF and Moore, 62. 64 
Egloff and Morrell, 837, 843, 
903, 1127, 1142 
EgloflF. Morrell. Lowry and 
Drver, 897. 898 
EgloflF, Morrell and Moore, 35 
EgloflF and Nelson. 108 
EgloflF, Nelson and Truesdell, 21 
EgloflF and Schaad. 830 
EgloflF, Schaad and Lowry, 38, 
.M). 128, 592, 687, 738, 857 
EgloflF, Twomey and Moore, 86 
Egorov, 847, 852 
Egorov and Grigoriev. 18 
Eguchi, 825, 827, 828 
Ehlers, 904 
Ehrhart. 506 


Ehrlich, 21 
Eichelberger, 918 
Eichler, 805. 817. 1070 
Eichwald. 271. 1018 
Eigenberger. 556, 655 
Eisele and Stohrel, 629, 630 . 
Eisenhut. 219, 256. 260, 261, 
262 

Eisenhut and Schilling, 143 
Eisenhut, Schilling and Bauer- 
mann, 262 
Eisenmann. 498 
Eisenstecken, 39. 291 
Eisenstein. 1003 
Eisinger, 894, 896 
Eistert, 519 
Elagin, 925 

Hdcr, 139, 160, 459, 575 
Eldrcd. 142. 493 
Eldred and Brooks, 488, 493 
Eldred and Mersereau, 134. 139 
Elektrizitiitswerke Lonza A.-G., 
408, 671. 672 

Elektrochemische Werke G.m. 

b.H.. 701, 706. 740, 809. 817 
Electrolux, Ltd., 516 
Elgin. 462 

Elgin, Wilder and Taylor, 461, 
462 

Eliasberg and Friedlander, 826 
Ellenberger, 232 
Elko Chemical Co., 30 
Ellington. 549 

Ellis. 16, 91. 109, 128, 209, 
212, 213, 229. 232. 270, 276. 
287. 300. 324. 325, 326, 327, 
348, 349. 350, 351, 359, 362, 
365, 372, 399, 410, 420, 460, 
516, 567. 584, 611, 612, 640. 
649, 679, 682, 739. 740, 770. 
771. 772, 776. 785, 837, 838, 
849. 860. 861, 914, 915, 917, 
922, 931, 937. 940. 976, 992, 
994. 1000, 1031, 1053, 1054, 
1134 

Ellis-Foster Co., 91, 410, 516, 
765, 837. 838. 9!4. 919, 937, 
940, 992, 994, 996, 1000, 
1054 

Ellis and Meigs, 108 

Ellis and Reid. 432 

KlHs and Robinson, 977 

Ellis and Stubbs. 976. 977 

Ellis and Weber, 498 

Ellis and Wells. 270. 404. 485. 

694. 714, 758, 770, 843. 900 
Ellis and Whwler, 976. 981 
Flod, 296. 297. 298, 299. 929 
Elod and Ncdclmann, 299 
Eltekov. 301. 500, 506. 508, 
529. 531, 537. 558. 722 
Elworthy, 14, 122, 123, 863, 
866 

Elworthy and Lance, 699 
Emeleus, 571 
Emmuil, 1065 

Empire Gas & Fuel Co.. 864 
Empire Oil & Refining Co., 1027 
Ender, 519 
Endle, 75. 79, 155 
Engineering Fuel & Co., 842 
Engelder, 50, 120. 127 
Engelhardt. 325, 336. 507, 518 
Engelhardt, Lommel and Ossen- 
beck. 341 
Engels. 232. 548 
Engler, 619 
Engler and Bock. 940 
Engler and Eberle. 78 
Engler and Frankenstein, 891 
Engler and Halmai, 195. 1050 
Engler and Hofer. 35. 36, 61, 
421, 450. 454. 459. 583, 606. 
852, 889. 894, 1007, 1032, 
1046, 1134 


Engler and Rosner, 86 
Engler and Rutala, 77. 78. 195, 
^ 603, 1050 

Engler and Spanier, 61. 62, 64 
Engler and Staudinger, 156 
Engler and Weissberg, 654 
Engler and Wild. 854 
English, 813 
EofIF. 362, 515 
Epner, 271 
Erasmus, 704, 784 
Erba Fabrik chemischer Pro- 
dukte Spezialithten ftir die 
Textilindustrie, 1086 
Erd61y and Alm&si, 1127 
Erdman and Kothner, 671 
Erdmann. 295. 756. 771. 1099 
Erdol- und Kohle-Verwertung 
A.-G., 427 

Erdolverwertungsgesellschaft, 

1069 

Erlenmeyer. 380, 437, 480. 512, 
545, 586. 604, 612 
Erlenmeyer and Bunte. 476 
Erlenmeyer and Wanklyn, 383 
Ernst. 489 

Ernst and Berndt. 682 
Ernst and Lange, 475, 562, 
810 

Ernst and Nicodemus, 683, 684 
Ernst and Wahl, 470. 702 
Errera. 612, 779 
Erskine. 12. 17. 18. 24. 1140 
Esau. 20 

Escher Wyss Maschinenfabriken 
A.-G., 680 
Esmarch. 843 
Essers, 583 

Essex. 719. 726. 727. 792, 902 
Essex and Brooks. 795 
Essex, Hibbert and Brooks, 790, 
791, 793 

Essex and Humphrey, 796 
Essex and Ward, 480, 494, 510. 
700, 799 

Essner and Gossin, 561 
Estrade, 871 
Estradcre, 854 
Ittablissements Gamma, 554 
Etablissements Ktihimann — srr 
Compagnie nationale de ma- 
fibres colorantes et manufac¬ 
tures de produits chimiques 
(lu nord retinies 
*tard, 380. 832. 920, 1055. 1056 
Etard and Lambert, 621, 638, 
1145 

Euler, 636 

Euler, von. and Josephson, 650 
Eulcr-Chelpin, von, 155 
Euwes, 756 

Evans, 568, 909. 1086. 1149, 
1150 

Evans and Newton, 283 
Evans and Norton, 232 
Evdokimov, 919 
Evering. 47 
Evers. 259. 910 
Evers and Schmidt, 911 
Ewan, 218 

Exell, 43. 168, 205, 206 
Eyde, 218 


Faben, 228 

Faber, 134. 292. 844. 1037 
Faber and Reid. 433 
Fachini, 271 

Facbini and Borella, 910 
Fairweather, Beckett and 
Thomas. 921 
Faith and Keyes, 869 
Faith, Swann and Keyes, 856 . 
Fales, 237. 242 
Falkman, 1023 
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Faraday, 332, 468, 478, 757« 
1032 

Faragher, 437, 439, 440, 449, 
458. 459. 984 

Faragher and Garner, 734. 735. 

737, 749. 803, 804, 805, 816 
Faragher and Hubner, 984 
Fi^agher, Morrell and Comay, 

Faragher, Morrell and Levine, 
1133, 1134, 1142 
Faragher, Morrell and Monroe, 
1151 

Farbenfabrlk vorm. F. Bayer 
& Co.. 143, 154. 156, 157, 
341, 469, 507, 518, 520, 618, 
619. 626. 637, 945 
Farbenwerke vorm. Meister. 
Lucius und BrOning, 39, 501, 
513, 676, 715, 920 
Fargher, 474 
Parmer, 592 

Farmer, Lawrence and Scott, 
643 

Farmer, Lawrence and Thorpe, 
634, 643 

Farmer and Marshall, 647 
Farmer and Scott. 643 
Farmer and Warren, 119, 636, 
638, 659, 660 
Farrington, 1031 
Faught, 423 

Favorsky. 328. 485, 512, 555, 
632, 722 

Favorsky and Borgmann, 85 
Favorsky and Debout, 377 
Favorsky and Sokovnin, 481 
Febvre, 70S 

Federal Phosphorus Co., 189 
Fehling. 832 
Feigin, 79, 96 

Feiler, 159, 160, 182, 259, 263. 

610, 641 
Feisst. 680. 815 
Feld. 462 
Fellows, 274 
Felser, 926 
Penning, 964. 971 
Fenske, 22, 25, 602, 985 
Fenton, 126 
Ferber, 448. 449 
Ferguson, I5l 

Fernbach, Strange and Weiz- 
mann, 404 
Fernekes, 207 
Ferrand, 780 
Ferrer, 612 
Ferris. 35 

Ferris, Birkhimer and Hender¬ 
son, 35 

Ferris, Cowles and Henderson, 
29. 960 

Ferris and Houghton. 35 
Ferussae, 192 
Fester. 93 

Fester and Christen. 259 
Fichter, 927 

Fichter and Glantzstein, 761, 
774 

Fichter and Rinderspacher, 928 
Pick. 546 
Field, 928 

Field and Thomas, 516 
Fieldner, 279. 282, 284, 285, 
432 

Fields. 427 
Fierz-David. 760 
Fife and Reid, 370, 468, 472, 
498 

Filiti, 454, 1052, 1053 
Fillipov, 84 
Filonenko, 598, 601 
Fink. 227 

Finkelsteio, 524. 536 
Fialayson and Plant, 867 


Finzenhagen. 622 
Fischenko, von, 1025 
Fischer, 16, 39, 40. 65, 148, 
150, 166. 167. 169. 181, 184. 
215, 228, 230, 424, 440, 672, 
675, 779. 826. 862. 866. 925, 
943 

Fischer and Addems, 440 
Fischer and Bahr, 849 
Fischer and Bangert, 663 
Fischer, Bangert and Pichler, 
82, 180 

Fischer and Blackwood, 894, 
895. 896 

Fischer and Gustafson, 897 
Fischer and Hintermaier, 166 
Fischer and Peters, 258. 668 
Fischer, Peters and Koch, 668 
Fischer and Pichler, 106, 148. 

149, 166. 184. 283. 668. 872 
Fischer and Reddish. 1015. 
1018, 1026 

Fischer and Schmitz, 779 
Fischer and Schneider. 948 
Fischer, Schneider and Jantsch. 
942 

Fischer, Schrader and Fried¬ 
rich. 949 

Fischer and Stegemeyer. 1029 
Fischer and Tropsch, 276, 279, 

Fish,^ 191, 194 
Fisher, 34. 550 
Fisher and Chittenden, 627 
Fittig, 505, 506, 777, 1131 
Fittig and Hobgewerff, 779 
Fittig and Kiesow, 779 
Flammer and Kelber. 936 
Flavitsky. 380. 529 
Flege, 316, 317, 318 
Fleischer. 709 
Fleming, 109 
Fletcher, 185, 297 
Fletcher, Wheeler and Me- 
Aulay, 428 

Flintlcote Corp., 1018, 1019 
Floi^, Hladky and Edgar, 631, 
901 

Florentin, 47, 53, 57, 123, 128 
Florentin and Vandenberghe, 
1142 

Florez, de. Ill, 112 
Floyd, 821 
Fogarty. 293 
Fohlen, 418, 1060 
Fokin, 868 
Folliet, 126 

Food Machinery Corp., 740 
Ford, 912 

Forrest, Hayden and Douthett, 
1020 

Forrest and Frolich, 916 
Forrest and Meigs. 582, 1053 
Forst, 69, 175, 177 
Forster and Newman, 497 
Fortey. 23, 25, 360, 748, 749, 
750, 801 

Forward and Davidson, 1013 
Foster. 434. 924 
Fouche, 665 
Foulon. 672 

Fourneau and Puval, 501 
Foumeau and Ribas, 538, 540, 
555 

Fourneau and Tiifeneau, 546, 
558 

Fowler. 13, 465 
Fowler and Black, 496 
Frahm, 491 
Fianchimont, 255 
Francis, 65. 136, 185, 205, 239, 
240, 301. 302. 314, 316, 425, 
464, 588, 658, 957, 1120, 
1129, 1130, 1131 
Francis, Hill and Johnston, 880 


Francis and Kleinschmidt. 93, 
94, 95. 315, 588 
Francis. Fiphr and Malkin, 960 
Francis, Po|>e. Coysh and 
Gauntlett, 957 

Francis, Millard. Rutt, Wat¬ 
kins, Wellington and Garner. 
957 

Francis and Wood, 958 
Francis and Young. 1040, 1041, 
1042, 1043, 1044, 1045 
Franck, 944 

Frangopol, 842, 1071, 1074, 

1075 ■ 

Frank, 212, 221. 231, 760. 762 
Frank and Caro, 298 
Frankenburger, 136, 150 
Frankenburger and Zell, 272 
Frankenstein, 891 
Frankforter and Temple, 360 
Frankland, 713, 714, 718, 720. 
813 

Franzen, 953 
Franzen and Kunze, 954 
Ftanzen and Luther, 956 
Franzen and Schellmann, 520 
Frasch, 209, 459. 1013, 1042, 
1052 

Frazer, 833 

Frazer and Scalione. 833 
Frazier and Reid, 472, 473 
Freiniann, 86 
Freri, 683 
Frese, 613 

Freund. 36. 195, 746, 835, 902. 

1050. 1052 
Frey, 38. 172 

Frey and Hepp. 46. 57. 63, 98, 

103, 130, 172, 173. 174 
Frey and Huppke. 122 
Frey and Smith, 45, 49 

Frey and Yant, 1101, 1104, 
1110, 1120, 1123 
Freyermuth, 291 
Freyermuth, Small and Hanks, 
291 

Freytag. 520 
Friauf, 236 
Frick, 577 
Fricke. 180 
Fried. 849. 988 
Friedlander, 826 
Friedmann, 428, 429, 430. 1061 
Friedel and Crafts, 190, 196, 
198, 199, 202, 398, 400, 401, 
404, 417. 418. 419, 570, 596. 
597. 653, 801, 809, 1056, 
1057, 1058, 1059, 1060 
Friedel and Gorgeux. 190 
Friedel and Silva, 480, 481. 717 
Friedolsheiro, von, and Beller, 
953 

Friedolsheim, von, and Luther. 
945 . 

Friedrich, 222. 949. 1003 
Friedrichs, 1022 
Friehmelt, 825 
Friend. 876, 879 
Fries, 618, 656 
Friesenhahn, 950 
Frigidaire Corp., 710 
Fritz, 560 

Fritzsche, 333, 334, 340, 343 
Fritzweiler and Dietrich, 674 
Fritzweiler. Stuer and Grob, 
470 

Frizell and Stagner, 1085 
Frolich. 50. 51. 52, 54. 68, 70, 
71. 80. 81, 95. 96. 98. 101, 

104, 105, 117, 123, 127, 136, 

176, 177, 178, 449, 450, 451, 
452, 766. 835, 905, 907, 

916 

Frolich, Harrington and Waitt, 
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Frolich 


NAME INDEX 


1164 


Frolich, Simard and White, 84, 
156. 182 

Frolich, White and* Dayton, 42, 
121, 148. 169 

Frolich, White, Uhrmachcr and 
Tufts, 149, 256, 257 
Frolich and Wiexevich, 15, 178, 
815, 835 

Frolich and Young, 329 
Fromandi, 248 
Frost. 181, 188, 318 
Frost and Nix, 217 
Fry, 756, 771 
Frye. 768 
Fryling. 835 

Fuchs, 688, 689, 692, 717, 764. 
772, 773 

Fuchs and Qucrfurth, 345 
Fuchs, von, 444 
Fudakowski. 893 
Fuller. 363, 514. 515, 520 
Fulton. 1002 

Fulton and Inman, 1028 
Fujimota, 280 
Funo, 257 
Fukagawa, 82, 673 
F^lweiler, 422, 898 
Funk. 12 
Furness, 830, 988 
Fussteig, 609 
Futacchi, 989 
Fyurst, 1026 


Gabel. 543 

Galicyjske Towarsyatwo Naft- 
owe ^*Galicia** Sp. Akc, 330, 
841, 1027 
Gallagher, 1013 
Gallarati, 495 
Gallay, 619, 620 
Galle, 107, 202, 565. 1131 
Galle, Rosinsky and Hofmann, 
107 

Gallsworthy, 952 
Gan6. 1035 

Gan6 and Zilisteanu-Gheorghiu, 
21 

Gangloff, 196, 582 
Cans. 225, 226, 227, 231, 264, 
1052 

Gapon, 615, 618, 619 
Garbsch, 618 
Gard and Subkow, 841 
Gardeur. 534 

Gardner, 739, 741, 804, 814 
Gardner and Bielouss, 738, 741, 
804, 816 

Gardner and Higgins, 423, 443 
Garlick, 790 

Garner. 117, 216, 444, 727, 
734, 735, 737, 742, 749, 803, 
804, 80S, 816, 904. 957, 1138, 
1139, 1141, 1142, 1143 
Gamer and Clayton, 698 
Gamer and Evans, 1149, 1150 
Gamer and Miller, 13 
Garrison, 552 
Gary, 443, 458, 460 
Gas Light 8c Coke Co.. Ltd., 
136, 930 

Gasoline Products Co., 184. 840 
Gasselin, 595, 596 
Caster, 1061 
Gates, 979 

Gattermann, Fritz and Beck, 
560 

Gaudecbon, 272, 273, .594, 667 
Gault and Altchidjian, 76, 131 
Gault and Benlian, 692 
Gault and Hessel, 62, 131 
Gault, Hessel and Altchidjian, 

Gauntlett, 957 


Gautier. 771, 774, 780 
Gawthrop, 977 
Gayer, 599 
Gay-Lussac, 295 
Gay-Lussac and Th6nard, 595 
Gebauer-Fuelnegg, 436 
Geer and Melikova, 336 
Gegenheimer, 784 
Geiger, 771 

Gcisenberger, 209, 286 
Geither, 769, 771 


Gelbke. 1017 
(teller. 516, 740 
Gelsenkirchener Bergwerks A.- 


G.. 920 

General Aniline Works, 1029 
General Atlas Carbon. Co., 243 
General Atlas Chemical Co., 
215 

General Carbon-Alpha Co., 218 
General Chemical Co., 231, 344, 
425 


General Electric Co., 516 
General Frigheatone Co., Inc., 
516, 527 

General Motors Corp., 813 
General Petroleum Corp., 165 
Geniesse and Reuter, 98, 99, 
100. 101, 102, 103, 124, 132, 
133, 145 
Genvresse, 779 
Gerard, 709 

Gerb- und Farbstoffwerke H. 

Renner & Co., 1033 
Gerlach, 1091 

Gerlach and Koctschau, 157 
German Republic, Federal 
Board of Health of, 364 
Germann and Knight, 551 
Geromont, 480 
Gerr and Popov, 143, 338 
Gerr.Pipik and Mezhebovskaya, 


336, 337 

Gerr and Tikhomirova. 607 
Gersdorff, 468 
Gerstmyer and Clayton, 129 
Gescllschaft fiir chemische In¬ 
dustrie in Basel —see Sociite 
pour rind. chim. a Bale 
Gescllschaft fur Kohlentechnik 
m.b,H.. 425 

Gescllschaft fur Linde’s Eis- 
maschinen, 140, 230, 231 
Gevers-Orban, 841 
Gewerkschaft Messel. 1037, 1038 
Gfeller and Schaeifer, 429 
Ghira, 813 
Giacalone, 920 
Gibbs, 405, 776, 922, 923 
Gibbs and Geiger. 771, 776 
Gibson, 449, 451 
Gibson and Payman, 521 
Gibson and Pope, 576, 577 
Gilardi, 628, 629 
Gilchrist and Karlik, 33 
Gilkey. 709. 808 
Gilkey, Gerard and Bixler, 709 
Gill. 35. 983, 1097 
Gill and Meusel. 940, 1008 
Gilson, 360 

Ginnings and Chen, 360 
Ginsburg-Karagicheva, 36 
Giraud, Petit and Charbonneau, 
993 

Girdler Corp., 552 
GirOo, 576 
Gisey, 481 
Givaudin, 1151 
Given, 524, 525 
Gladstone and Tribe, 478, 480, 
640, 663, 1144 
Glantzstein, 761, 774 
Glaser, 305 

Glaser and Mbrawski, 514 
Glinztr and Fi^, 777 


Glizmanenko, 662 
Clock. 833. 862 
Glockler. 268. 269. 270, 274 
Gluud, 279. 283 
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Curland, 279, 286 
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Gluud, Schneider and Keller, 
338 
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595, 6U. 782, 786. 1032 
Gmelin and Eisenhut, 260 
Gobert, 219 
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Gbhre, 34, 1143 
Gotte, 1023 
Goetze, 425, 952 
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Gohr, 286 
Goldberg, 757, 770 
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Golden. 32. 279. 282, 284, 285 
Goldsbrough, 113 
Goldschmidt, 134, 144 
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329. 469, 494, 535, 550, 704, 
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Goldstein, 191. 194 
Goldthorpe, 77 
Gollmert, 221 
Golubyatnikov. 15 
Gombcrg, 488, 489. 490, 494, 
495 

Gooch and Baldwin, 671 
Gooderham, 42, 43 
Goodfellow and Spencer, 279, 
425 

Goodrich, B. F., Co., 251, 
Goodwin, 217 

Goodwin and Park. 245, 24s. 

249, 250. 253. 254 
Goodyear Tire & Rubber C«>., 
215, 238, 243, 699, 730. 818. 
1003 

Goold-Adams and Greenwood, 
232 
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Gordon and Hughes, 142, 230. 

231. 232 
Gorgeux, 190 

Gorianov. 197, 300, 595, 598, 
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Gorianov and Butlerov, 333 
Gossin, 561 

Gosudarstvennuii Rezinovoi 
Promuishlennosti, 470 
Goswami and Chatterjee, 944 
Gottlob, 154 
Goudet. 182 

Goudet and Schenker, 479, 480 

Goulenko, 742 

Gouers, 411, 412 

Covers. 189 

Gow, 294 

Grabovsky and Saytzev, 531 
Graebe and Walter, 89, 226 
Graefe. 34, 1032. 1143 
Granacher, 946, 950 
Graetz, 92, 93, 105. 192, 980 
Graham, 1028 
Grandmougin, 760, 771 
Grandone, 42, 121, 168 
Grant. 1027 

Grant and Johns, 359. 362, 363, 
364, 371, 372, 373 
Grard, 481 

Grasselli Chemical Co., 554, 
1013, 1052 

Grasselli Dyestuff Corp., 923 
Grassmaim. 622. 651 
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Gnvl, 727 

Graul and Hanschke, 699. 714, 
715, 719, 728 

Graul, Hanschke and Webel, 
155, 817 

Graves, 29. 328. 553 

Gray, 190, 191, 235, 446, 609. 

835. 848, 940, 1005, 1098 
Gray and Mandelbaum, 609 
Gray^ Process Corp., 446. 584, 

Greager, 249 

Grebe. 189 

Grebel, 974, 981, 982 

Green. 277, 530, 923 
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Greene, 459, 533 
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Greralt, 702, 713, 766 

Grice and Payman, 1093, 1096 
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Griffith and McKeown, 47 
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Grimaux and Cloez, 155, 640 
Grimm, 1007 
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Grissom, 504 
Griswold. 766 

Griswold and Strosacker. 705 
Grob, 426, 470. 683, 684, 886 
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GrtMmibridge. 407 
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223 
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Grote, 984. 1151 
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Griin and Wirth, 948 
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Guchmann, 35 
Gunther. 375, 564 
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Guilleaume, 236 
Guinot, 367, 409 
Gull Refining Co.. 110, 190, 
191, 192. 398. 472. 506. 700, 
727. 791, 792, 795, 796, 897, 
902 

Gullette, 228 
Gundelach, 779 
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Gurvich, 31. 33. 35. 36, 105, 
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Gustafson, 897 

Gustavson, 190, 324. 722, 745, 
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Gustavson and Demyanov, 632 
Gustavson and Popper, 746, 
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A..G.. 677. 865, 866. 867, 888 
Guthke, 460 
Guthrie, 496, 576 
Guthrie. Denny and Miller, 495 
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Gutuirya, 337 

Gutzeit, 897 

Guyer. 172, 292 

Guyer, Setrum and Huppke, 

Guyot, 673 

Gyro Process Corp., 107 
H 

Haabcstad. 518, 791. 793. 797 
Haag. 218, 223 

Haag. Schlecht and Schubardt, 
223 

Haber. 59. 60, 61. 277. 281 
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75 

Haber land and Schaefer, 476 
Hack. 1088 
Hackford. 31, 36 
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Haeffner, 885 
Hahle, 1091 

Hauber, 134, 159, 182, 187, 
202, 609 

Hauber and Linckh. 151 
Haeussermann and Beck, 772 
Hagglund and Ringbom, 574 
Haffner, 846 

Hagedorn, Ziese, Reyle and 
Bauer, 522. 538 
Hagedorn and Rossbach. 538 
Hagemann, 202 
Hagenest, 425 
Haggerty and Weiler, 372 
Hague, 120, 183, 593, 609 
Hague and Wheeler, 40, 42, 46, 
49. 53. 58. 60. 64. 67, 81. 
122, 123, 127, 129, 169, 171, 
176, 177, 178, 589, 592, 1094, 
1096, 1122 

Hahn. 217, 232, 849, 931, 932, 
977 

Haines and Adkins, 581, 1044 
Hainsworth and Titus, 231 
Haitinger, 1041 
Hale, 767, 925 

Hale and Britton, 766, 767, 
807 

HaU, 164, 165 
Hall and Parker, 111 
Haller. 290, 397. 406, 415 
Hallett and Sowers, 439 
Hallock and Blo^, 237 
Halloran and Chapphll, 203 
Halloran, Chappell and Osmer, 
459 

Halmai, 195, 1050 
Halphen, 1141, 1149 
Hamilton, 967, 968 
Hammond, 1000 
Ifanior and Padgett, 1147 
Hampton, 458 

Hampton and Farrington, 1031 
Hampton and Klemgard, 458 
Hancock, 869 
Hancock and Boyle, 110 
Hanks. 291 

Hanks and Freyermuth, 291 


Hanschke, 155, 699, 714, 715, 
719, 728, 817 
Hansen. 424 

Hansen, Werres, Hiller and 
Voituret. 424 

Hanseatische Muhlehwerke A.* 
G., 898 
Hanson, 757 
Hantsch, 820 
Hanus, 464, 1129 
Hanzlik, 514, 530 
Hanzlik, Seidenfeld, and John¬ 
son, 514 
Happach, 1015 
Harder, 934, 936 
Harding. 469, 516 
Harding and ThOrdarson, 462 
Harford, 357, 387 
Harger, 906 
Harkins and Cans. 264 
Harkness, 14 
Harlow and Bentz, 16 
Harries, 616, 617, 626. 627. 

634, 640. 844. 881, 882. 938 
Harries and Gottlob, 154 
Harries and Haeffner. 885 
Harries and Neresbeimer, 154 
Harries and Pappos, 506 
Harries and Weiss, 930 
Harrington, 865 
Harris. 143. 432, 609, 704 
Harrison and Perkin. 34, 1143 
Hart. 1005 
Harter. 287. 865 
Hartman, 78. 385. 480 
Hartmann, 539, 566, 613, 735, 
738, 1096 
Hartogh, 737 
Hartshorn, 576 
Hartshorne. 250 
Harvey, 550, 554 
Hase, 549 
Hasegawa, 654 
Hashi. 365 
Haskell. 952, 996 
Haslam. 286, 951 
Haslam and Bramhall, 463 
Haslam and Frolich. 90S. 907 
Haslam and Russell, 286 
Hass. 703, 711, 724, 748, 796, 
802, 1055 

Hass and Marshall. 811 i 
Hass and McBee, 711, 721 
Hass and Weber, 721 
Hassler, 918 

Hatcher, Steacie and Howland, 
870 

Hatcher and West, 918 
Hatta. 912 
Haufman, 221 
Hausroan, 830, 831 
Hausmann, 1035 
Hausser, 481 
Haussmann, 1035 
Haward. 964 
Hawk. 847 

Hawk. Golden, Storch and 
Fieldner, 279, 282, 284, 285 
Hawkins, 223 
Haworth. 488, 495 
Hayden, 1020 

Haynes and Curme, 126. 128 
Headlee, Collett and Lazzell, 
543 

Heath. 902 

Heath and Keller. 477 
Heath and Semon, 577 
Heavner, 16 
Heckel. 1029, 1031 
Heckel and Reddish. 1018, 
1026 

Heckert and Mack, 546 


Heidelberger, 496 
Heilingdtter.. 1143 
Heimberg-Krauss, 
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Hcinemann. 128* 154 
Hdntz, 410 
Heise, 859, 978, 979 
Heisiff, 273, 599, 602 
Htitsler. 232, 233 
Held, 999 
Helfenstein, 294 
Helfrich, 525 
Helfrich and Reid, 576 
Hell. G.. & Co.. 1037 
Hell and Medinger, 1070. 1074 
Hell and Roth^rg, 483 
Heller. 470, 475 
Hellthaler and Peter, 935, 946, 
954 

Helmers. 1036, 1037 
Hemilian, 226 
Hemmer, 1029 

Henderson, 29, 35, 191, 706, 
960 

Henderson and Chisholm, 890 
Henderson and Gangloff, 196, 
582 

Henderson and Sutherland. 890 
Henglein and Hagenest, 425 
Henke, 232 

Henkel & Cie. G. m. b. H., 
996 

Hennault'Roland, 719 
Henne, 22. 33. 656, 707, 708. 

709. 710, 1009, 1146 
Hennebutte. 841 
Hennel, 332, 1032 
Hennicke, 223, 290 
Hennig, 672, 675, 680 
Henning, 703. 706, 806, 809 
Hennion, Hinton and Nieuw* 
land, 596 
Henriques, 556 

Henry, 38. 65. 255. 260, 496, 
499, 503, 510, 512, 516, 518, 
529. 530, 537, 707 
Henseling. 105, 277 
ITenstock, 235 
Hentrich and Keppler, 543 
Hentzschel. 747 
Henville, 368 
Henze, 711 

Henze and Blair, 18, 19, 32 
Hepp, 46. 57. 63, 98. 103, 130, 
172, 173, 174 
Heptinere, 861 
Hercourt, 188 
Hercules Glue Co.. 554 
Hercules Powder Co., 16, 395 
Herold. 75. 79. 155 
Herrly, 932 
Herman. 213 

Hermann, 545, 682, 684, 1000 
Herrmann and Baum. 134, 150. 

158. 674. 843. 870 
Herrmann, Deutsch and Baum, 
681 

Hertbel. 228 
lierzfeld, 47 

Hcrzfelder, 711, 717, 742 
Herzog, 671. 672 
Hess, 431, 432, 434, 665, 1134, 
1142 

Hess and Felser. 926 
Hessel, 62, 76, 131 
Hessle. 1033 
Heuer, 611 

Heusler, 35, 190, 195. 1046 
Heyden. von —\see Chemische 
Fabrik von Heyden A.^G. 
Heyden. von der, and Typke, 
909 

Heydt. 362. 366 
Hej’mans, 120, 1122 
Heymons, 825 
TTeyn. 597 

Hevn and Dunkel. 1142 
Hibbert. 507. 515. 517, 682, 
790, 791, 793, 887 


Hibon, 583. 1132 
Hickenbottom, 572, 573. 807 
Hick's, 1144 

Hicks Bruun. 22. 23. 25. 27, 
1145, 1146. 1147 
Hicks and Cox, 1147 
Higbee. 1121 
Higburg and Reilly. 1017 
Higgins. 423, 443, 964. 991 
Hilclcen. 331 
Hildebrand. 612 
Hilditch and Smiles, 449 

Hi}f!*‘js,® 336 , 850, 880, 1129, 
1148 

Hiller, 424 
Hillhouse. 216 
Hilton, 1054, 1055 
Hinsberg, 399, 449 
Hinsheiwo^, 877. 964 
Hinterberger, 154 
Hintermaier, 166 
Hinton, 566, 596 
Hirata, 36 
Hirsch, 283. 286 
Hirt, 443 
Hirtz, 265, 266 
Hitch and Dahlen, 545 
Hits. 16 

Hixon, Work, Alessandroni, 
CUftord and Wilkens, 189 
Hjelt. 779 
Hladky, 631. 901 
Hlasivetz. 635 

Hlasivetz and Hinterberger. 
154 

Hoblyn, 904. 912 
Hobson. 1127 
Hochstetter, 701 
Hochschwender, 805, 817 
Hochwalt. 516. 624 
Hock. 250, 271, 1121 
Hockenyos. 554 
Hockin, 47 
Hodgkinson, 626 
Hofer. 35. 36, 61. 421. 450, 
454, 459, 583, 606, 852, 889, 
894. 1007, 1032, 1046, 1134 
Hoefer and Mugdan, 673 
Holz. 483 
Honel, 399, 567 
Honig and Spitz, 950, 998 
Hdnn. 675 
Hoering, 541 
Hoerner, 1001 . 

Hofeditz. 47. 591 
Hofer. 294 
Hoff. 857 
Hoffert. 1149 
Hoffman. 15. 82. 410 
Hoffmann, 222, 635 
Hofman, Ehrhart and Schnet* 
der, 506 

Hofmann, 107, 180, 181, 255, 
409, 525. 597. 611, 616, 640, 
667, 668, 806, 860, 945, 
1077 

Hofmann and Coutelle, 626 
Hofmann, Coutdle and Tank. 
157 

Hofmann And Damm, 623 
Hofmann and Delbruck, 625 
Hofmann, Delbruck, Kohler 
and Meisenburg, 157 
Hofmann, Delbruck and. Mei¬ 
senburg, 625 

Hofmann and Dunkel, 907 
Hofmann, Dunkel, ■ Otto and 
Heyn, 597 

Hofmann and Groll. 216, 248 
Hofmann and Michael, 652, 
653 

Hofmann and Otto, 597 
Hofmann. Otto and Stegemann, 
197, 5^7 


Hofmann and Sand. 582, 1132 
Hofmann and Tapl^ 154, 157 
Hofmann and Wuln, 567. 596 
Hofmeier, 580. 832, 1138, 1143 
Hofmeier and Wisselinck. 427 
Hofstadter, 940 
Hohmann, 330 
Holde, 943. 1134. 1153 
Holland. 113 

Hollandsche Residugas Maats- 
chappij Systeem Rincker- 
Wolter, 209 

Holleman, 637, 756, 778. 780 
Holieman Und Matthes, 480 
Holleman, Polak and van der 
laan, 777 

Holleman. Polak, van der Laan 
and Euwes, 756 
Holleman and van der Laan, 
777 

Holliday and Exell. 43. 168, 
205. 206 

Holliday and Gooderham, 42, 
43 

Hollingshead, R. M.. Co.. 524 
Hollins and Chapman, 1086 
Holloway and Krase, 1058 
Holm, 804 

Holmberg, 433, 448, 449 
Holmes. 459. 1013. 1014, 1016. 
1017 

Holmes, Elder and Beenian. 
459 

Holmes and Manley, 109 
Holroyd, 981 
Holt. 155, 619, 626 
Holt and Steimniig, 619 
Holtz. 456, 457 
Holtz and Huff, 457 
Holzman. 355 

Holzmann and von Pilat, 1063, 
1076 

HolzverkohlungS'Industrie A.> 
a, 407. 408. 416. 677, 678, 
698, 701, 870 
Homer, 199 
Hoogewerlf, 779 
Hook, 499 

Hooker Electrochemical Co., 
766 

Hoover Co.. 16 

Hopff, 197, 198, 417. 418, 815, 
939. 1057. 1058 
Hopff and Dunkel, 815 
Hopkins. 13. 32. 396. 401, 402, 
873. 993. 1054 

Hopkins and Backus, 241, 251 
Hopkins and Buc, 1054 
Hopkins and Seeley, 17 
Horii, 1086 
Horiuchi, 1089 
Home and Shrincr, 543 
Horsley, 142, 144, 308, 309, 
310, 313, 315, 413, 582. 598. 
676 

Horsley and Roitey, 152, 664 
Horst and Wietzel. 887 
Horstmann and Scheffer, 1115 
Horwitz, 672 

Hostmann-Steinberg’sehe, C., 
Farbenfabriken G. m. b. H., 
222 

Houdry, 113 

Houdry Process Corp., 113 
Hough. 16, 517, 527 
Houghton, 35. 1012 
Hounsell, 444 
Houtz and Adkins, 611 
Houzeau and Renard, 930 
Hovey, 516 
Howara, 993 
Howard and Reid, 840 
Howard and Hulett, 247 
Howards ft Sons. Ltd., 375, 
566 
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Howarth and Lamb. 237 
Howells. S78. 768 
Howes, 202, 465, 609. 613. 
112S 

Howes and Nash, 613, 880, 881 

Howland. 870 

Hoyt. 473, 549, 553 

Hoyte. 1136 

tlubbach, 293 

Hubbard, 842 

Hubou, 221 

Hudson, 23, 25. 359, 366, 719, 
720, 721, 724, 735. 738 
Hubl, 1129 
HObner, 777, 984 
Hubner and Majert. 770 
Hiibner and Post, 777 
Htibner and Wallach. 777 
Hueter, 1022 

Huttner and Wietzel, 291 
Huey, 670 
Huff. 425, 457 
Huff, Logan and Lusby. 425 
Huffman. 397, 588. 592, 932 
Huge], 30. 78 

llugel and Articheviteb. 605 
Hugel and Cohn, 78, 590, 60S, 
606 

Hugel and Frangopol. 842 
Hugel and Goldthorpe, 77 
Hugel and Hibou. 583, 1132 
Hugel and Szayna, 76 
Huggett, 30 
Huggins, 642, 643 
Hugh. 624 

Hughes, 142, 230. 231, 232, 
1066 

Huhn, 82 
Hulett, 247 
Hulett and Cude, 247 
Hull. 151, 261, 664 
Hultman, 629 

Hultman, Duncklee, Monteleone 
and Simons. 629 
Humble Oil & Refining Co., 
1066 

Hume, 14 

Hummel. 1002, 1024 
Humphrey, 16, 25, 114. 301, 
376, 381, 383, 384, 385, 386, 
401, 506, 606, 607. 611. 796, 
900. 1007, 1008, 1012, 1032, 
1134 

Humphreys, 313 
Humphreys & Glasgow, Ltd., 
215 

Humphreys, Rogers and Bran- 
sky, 1016, 1021 
Humphreys, Rogers and Pau- 
lus, 100 
Hund, 553. 898 
Hundsddrfer, 28, 1126 
Hunn, 443, 974 
Hunn, Fischer and Blackwood, 
894, 895, 896 

Hunt, 128. 350, 354, 405, 514, 
530 

Hunter. 118, 154. 932, 1132, 
1136, 1137, 1138, 1139, 1145 
Hunter and Nash, 33 
Hunter and Yohe, 195, 593 
Huntingdon, 231 
Huntington, 298 
Httppke, 122. 292 
Hurd. 38. 79, 473, 603, 615 
Hurd and Bollman, 75. 85, 89 
Hurd and Cochran, 414 
Hurd and Meinert, 70, 178, 
179, 632 

Hurt. Meinert and Spence, 632 
Hurd and Spence, 53, 73, 129. 

176, 178, 179. 483. 591, 599 
Hurd and Tallyn, 414 
Hutchins. 218 
Hutton, 295, 296. 663 


Hutton and Smith, 296 
Hydrocarbon A.-G. fur chem- 
ische Produkte, 222 
Hydro-Nitro Soc. anon., 285 
Hyman. 609 

Hymans and Ayers, 897 
Hymans and Wagner, 881 

I 

I. G. Farbenindustrie A.-G., 
16. 30, 33, 71, 84. 106, 107, 
119. 125, 133. 134-137, 140, 
142-144, 146, 147, 150-153, 
158-160, 182, 183, 185-187, 
189. 192, 195, 201, 202, 203, 
217-224, 242, 256, 259. 260, 
261-263 , 265. 267. 271, 276, 
•285, 287-291. 295, 297, 298, 
307, 314, 315, 318. 323, 325. 
328, 331, 340. 341, JSlS, 374, 
375, 395, 401, 405. 408, 410, 
415, 417, 419, 424, 425, 429, 
443, 460, 470, 473-475, 496- 
498, 513, 519 522, 524, 525, 
528, 529-531, 536-539. 541- 
548, 550. 551, 553-556. 558, 
562-565, 567-568, 571, 573, 
576. 585, 589, 594, 595, 597- 
599. 602, 605, 608-610. 613, 
614, 616-618. 629. 630, 634, 
635. 640. 641. 645. 649. 652, 
653. 656. 658, 664, 665. 672, 
673. 674-677, 679, 680. 682- 
685, 688. 702, 703. 704, 709. 
715, 742, 803, 805. 808. 809. 
810, 811, 815, 817, 818, 833- 
835. 840, 843, 849. 863. 868, 
870. 872. 873, 877, 887. 909. 
917. 920, 921, 923, 924. 926, 
930, 933-939, 943. 945-947, 
951-956, 988. 990. 993-999, 
1001-1003, 1019. 1024, 1030, 
1032-1035. 1057-1059. 1061, 
1086-1091 
Igi. 673 

Ihrig, 34. 822, 838, 1053 
liams, 549 

liba and Nakatuka, 476 
limori and Kikuchi. 21. 1146 
Ilj inski, Maksorov and Elagin, 
925 

Immendorf. 199 
Imperial Chemical Industries, 
Ltd., 134, 136. 142. 143. 144, 
ISO, 151, 1S2, ISS, 186, 187, 
202, 217. 218. 220, 224, 225. 
230, 231, 232, 233, 261. 279, 
287, 297, 307, 308. 309. 310, 
313, 315, 327. 358, 41.1. 424. 
425, 428. 434, 473, 521, 598, 
609, 613, 664, 665. 676. 680, 
681. 697, 704. 776. 816, 869, 
876, 897, 1029 

Imperial Oil & Gas Products 
Co.. 239 

Improved Hydrocarbon Pro¬ 
cesses, Ltd., 988 
Indian Refining' Co.. 411. 412 
Ingle. 586 
Ingleson, 593 
Ingold and Ingold, 464 
Ingold and Ramsden, 330, 464 
Ingold and Smith. 330. 464. 

586. 642, 643. 647. 648 
Inman, 1001, 1024, 1028 
Institut fur physikalische 
Grundlagen der Medezin, 
268, 275 

In.stitution of Petroleum Tech¬ 
nologists, 1134, 1147, 1153 
International Color & Chemical 
Co., Inc.. 594 

International Fireproof Prod¬ 
ucts Corp., 730 


International Industrial & 
Chemical Co.. Ltd.. 150, 152, 
225 

Internationale Bergin Compa- 
gnie voor Olie-en Kohlen- 
chemie. 288 

lonescu. 116, 1057, 1058 
Ionizing Corp. of Amercia. 260 
Ipaticv, 66, 73. 74, 77, 80. 155, 
176. 178, 266, 321, 381, 405, 
, 41,2, 589. 593 , 600. 603 
Ipatiev and Dovgelevich, 59, 
, 84. 176 

Ipatiev and Huhn, 83 
Ipatiev and Leontovicb, 419, 
530, 546 

Ipatiev and Petrov, 1085 
Ipatiev, Petrov and Ivanov, 
410 

Ipatiev and Rutala, 67. 176, 
195, 593 

Ipatiev and Sdzitovecky. 73 
Ipaucv and von Wittorf, 154, 

Irvine and Haworth, 488, 495 
Isacescu. 1057 

Isaev, Egorov and (jrigoriev, 
18 

Isagulyantz, 813 
Isham. 360. 365 
Isham and Spring, 494 
Ishevski, 1009 
Ishida. 1072 
Ishiguro, 248 

1st rati and Michailescu, 1008 
Ivanov, 119, 180. 410. 934. 935, 
1063 

Ivanov and Petin, 933 
Ivanyss. 107 


JTablczynski, 294 
Jackson, 553 

Jackson and Laurie. 297, 298 
Jacob, 278, 284 

Jacobs and Heidelberger, 496 
Jacobsen, 780, 1036 
Jacobson, 424, 471, 634, 644, 
685, 720 

Jacoby, 105, 277 

Jager, G. m. b. H., 1069 

Jaeger. 766, 795, 868, 898, 915. 

918, 921, 922, 923, 924, 925 
Jaeger and Canon, 924 
Jaeger and Norton, 929 
Jaeger and Pietzsch, 924 
Jahrstorfer and Hummel, 1002, 
1024 


Jakowsk/, 218, 219, 271 
Jakubovich (Jakubowicz) — jce 
Vakuhovich 

James, 366, 665, 830, 836, 837, 
864, 938, 954. 984, 992, 996, 
1001, 1002. 1024, 1028 
James and Watson. 665 
Jameson, 805 
Janet and Fouche, 665 
Jannasch, 768 
Tannasch and Hubner, 777 
Jannek, 988 
Jantsch, 942 
Japp and Michie, 541 
Jargstorff, 147 
Jatzevich, 1046 
Jaubert, 604 
Jayne, 394 
Jazukowitsch, 940 
Jebenko, 1049 
Jegorov. 581 
Jenkins, 109, 189, 666 
Jenkins Petroleum Process Co., 
1086 

Jennison. 228 
Jennison and Faben, 228 
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Jerdan. 256. 293, 66^ 

Jirouch, 514 
Joanesyan. 1067 
Jochheini. 677, 87Q 
Tocicz, 632 
JnhannMii, 923 
johannsen and Gross, 306 
Idhansen. 143. 584 
Johns. 359, 362. 363. 364, 366, 
371. 372, 373, 401 
Johnsen, 475 

Johnson. 247, 248, 250. 514, 
1028. 1030 
Johnston, 47 
Jolicard, 517 

Jones. 84, 87, 220. 240. 258, 
343, 553, 961, 962, 963, 1098. 
1101 

Jones and Allison, 691 
Jones, Allison and Meighan, 
687, 688, 691, 712 
Jones and Kennedy, 549 
Jones, Lewis, Friauf and Per- 
rott, 236 

Jones, Lewis and Seaman, 236 
Jones and Perrotl, 220, 963 
Jones, Seaman and Kennedy^ 
556 

Jones and Wootton, 28 
Jonine, 105 

Jordan. 32, 422. 524, 530, 539, 
898 

Jorissen, 964 

Jorissen and Meuwissen, 963 
Jorlander, 541. 

Josephson, 650 . 

Joshua and Stanley, 339, ,340 
Joshua, Stanley and Dymock, 
304. 308, 309, 311. 313. 339, 
.345 

Joubert, 381, 383 
Jovichich. 66, 264, 265, 267, 
270, 861 

Jung and Zimmermann, 475 
Jungers, 274 

Jnngrtei.sch, 673, ,757. 758 
Juriev, 914 - ^ 

Jurkiewicz and Kling, 194 
Jusa, 434 

Justh. 322, 337, 1035 
K . 


Kagan and Morozov, 870 
Kahan, 802 
Kahlbaum. 481 
Kailan and Olbrich, 956 
Kain, 34 

Kali-Chemie A.-G., 470 
Kali-Forschungs-Anstalt G. ra. 

b. H., 476 . 

Kali Manufacturing Co., 554 
Kalichevsky, 427. 436, 447, 

1148 

Kalichevsky and Ramsay, 609 
Kalichevsky and Stagner, 33, 
447, 459, 631, 813, 894, 901, 
902, 903, 977, 1012, 1013* 
1025, 1143 
Kalininskaya, 424 
Kalinor and Schmidt, 1005 
Kalnin, 143 
Kametaka, 86 
Kaminskii. 919 
Kamm, 393 

Kamm, Adams and Volwiler, 
497 

Kamm and Marvel, 393 
Kamm and Waldo. 497 
Kan, 454 
Kane, 323. 328 
Kanerva, 1072. 1073, 1083 
Kanning and Brown, 222 
Kanzanski, 181 
Karkonas, 15 


Karlik, 3 
.Karpati, 987 

Karpen, S., & Bros., 697, 704, 
70S. 747, 785, 786, 797, 882 
Karrer, 36 
Karzhavin, 277, 282 
Kaschirsky, 533, 546 
Kassel. 43 
Kassler, 490, 491 
Kathol, 548 
Kato, 104, 667 
Kat.scher, 1009 
Kattwinkel, 34, 1135, 1143 
Katz, 591, 627 
Katzenstein, 856 
Katznelson, 1076 
Kaudela, 1012 
Kaufler, 795 

Kaufmann. 267. 473. 801. 1013. 
1060 

Kaufmann and Ljepe, 585 ' 
Kaufmann and Mohnhaupt, 671 
Kaufmann and Schneider, 671 
Kautz, 780 
Kawakami, 1087 
Kay County Gas Co., 988 
Kaye, 138 

Kayser and Schranz. 523, 525 

Kearsley and Roberts, 245, 252 

Kehlen, 611 

Keighton, 460 

Keiser, 411, 564, 667, 1027 

Keith and Montgomery, 91 

Kekule, 516 

Kekule and Schrotter, 722 
Kelbasinsky, 157, 635 
Kelber, 936, 944 
Keller. 235. 242, 248, 279, 286, 
338, 477, 585. 811. 835, 870 
Keller and Gofferji, 1029 
Keller and Klempt, 286, 849 
Kellly, 397 
Kelly. 361, 1028 
Kemal, 363 
Kemikal, Inc., 1004 
Kemper, 222 
Kempf, 916 

Kemula, Mrazek and Tolloczko, 
272 

Kennedy, 549. 556, 678, 785, 
1026 

Keppler, 543 
Kerfoot, 492 

Kerfoot. Kerfoot, Irvine and 
Haworth, 488 

Kern. Shriner and Adams, 584 
Kersten, 857 

Kessler and Helfrich, 525 
Kester, Looker and Hass, 1055 
Kesting, 476 
Ketoid Co., 414 
Kewley, 21, 22 

Keyes, 305. 314, 318, 324, 515, 
584. 869; 886, 926 
Khara-sch, 584 

Kharasch, McNab and Mayo, 
327 

Kharitschov—see Charitschkov 
Khpsin, 1140 
Kienle and Hovey, 516' 
Kiesov, 779 
Kietabl, 860, 868 
Kikuchi. 21. 1146 
KillefTer, 473, 515, 518, 520, 
1022 

Kilpatrick, 537 
Kilpi, 787 

Kimball. 436, 437, 903 
Kimball. Kramer and Retd, 432 
Kimball and Reid. 433 


Kimura, 231 

Kinetic Chemicals, Inc.. 709 
King, 378. 415, 478, 575, 658, 
821, 907, 977, 1095, 1120, 


1121 


King and > Bailey, 822, 823, 

1120 , 1121 

King and Edgeombe, 848, 1095 
King, Swann and Keyes, 856, 
926 

King and Wilkinson, 585 
Kinney, 1029 
Kinney and Langlois, 930 
Kinney and Ward, 930 
Kinumaki, 469 

Kinumaki and Mitsukuri, 470 
Kipper, 262 

Kipr^anov and Daschevski, 

Kipriyanov, Kipriyanov and 
Daschevski. 767 

Kipriyanov and Mikhailenku, 
767 

Kipriyanov and Syteh, 767 
Kirby, 638, 648, 669 
Kirch, 1017 
Kirchhoff. 684 
Kirchov and Stepanuv, 413 
Kirkpatrick, 790 
Kirrmann, 381, 485 
Kirrmann and Grard. 481 
Kirschbaum, 15, 841 
Kirst, 493, 494 , 

Kishner—scr Kizhner 
Kiss, 98, 402 
Kissling, 911 
Kistiakowsky, 886 
Kistiakowsky and Lenher, 851, 
885, 886 
Kistner, 750 

Kita, Abe and Tada, 844 

Kittwer, 496 

Kizberg, 919 

Kizhner, 832, 1047, 1128 

Klages, 612 

Klason, 433 

Klatte, 682 

Klatte and Rollett, 619 
Klaudy and Fink. 227 
Klebsattel, 1090 
Kleiber and Gilardi, 628, 629 
Klein, 835, 936. 939, 940. 1086 
Kleinschmidt, 93, 94, 95. 315, 
588, 1086 

Klemgard, 458, 1002 
Klempt. 279, 286, 849 
Klempt and Brodkorb, 283, 425 
Klever, 154, 635 
Klever and Glaser, 305 
Kligerman, 21 

Kling, 47, S3, 57. 123, 128. 

194, 690, 694, 713 
Kling, Beckowna and Kirsch¬ 
baum, 15 

Klinger and Maasen, 451 
Klingstedt, 580 
Klinkhardt, 16 
Kloepfcr, 229 
Kloppenburg, 866 
Kluge. 780 

Klyukvin and Klyukvina, 280, 
282 

Klyukvina, 280, 332 
Knapp, 150 
Knibbs, 427 
Knigge, 553 
Knight, 551 
Knoevenagel, 541 
Knoevenagel and MacGarvey, 
753 

Knoll. 810 

Knoll A.-G. Chemische Fabri- 
ken. 1084 
Knoll & Co.. 1037 
Knoop, 960 
Knopf, 1088 

Knorr, 497, 541, 543, 551, 555. 
556 

Knorr and Matthes, 543 
Knorr and Schmidt, 543 
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Knox, 262 
Kobaya^hi, 21, 25 
Kobo, 1096 
Koblianski, 73, 600 
Koblitz, 983 

Koch, 273, 274. 393, 55S, 668, 
729. 780 , 

Koch and Burrell, 729, 730, 
794 

Koch and Stallkamp, 729, 794, 

797 

Kodak-Path6. 480, 553 
Kodak, I.td., 480 
Kohler, 157 
Koelsch and Leder. 550 
KoniR, 297 
Koeniff, 267 

Koenig and Hubbach, 293 
Koenigs, 566 
Koenigsberger. 401, 810 
Koenigstuhl, 425 
Kothner, 671 

Koetschau,' 157, 190, 197 
Kogan and Churdenko. 1090 
Kogerman, 460. 654, 893 
Kokatnur, 715 
Kolbe and Frankland, 714 
Kolker and Lapworth, 575, 585 
Knll, 652 
Kollek. 656 

Kollck and Engels, 548 
Kollmann, 498 
Kumatsti, 761 

Komatsu and Kusumoto, 23 
Kommarevski, 181 
Komppa, 1072, 1073, 1074 
Kntnppa, Rutala and Kanerva, 
1072, 1073, 1083 
Konschak. 221, 222 
Kondakov, 197, 331, 482, 483, 
484, 568, 590, 603, 605. 619, 
625, 637. 640, 645 
Kono, 412 

Konovalov, 301, 751, 752, 814, 
1009, 1010, 1040, 1041, 1042, 
1043, 1044, 1045, 1046, 1048, 
1049. 1051, 1054. 1139 
Konovalov and Dobrovolski, 
1046 

Konovalov and Giirvich, 1040, 
1046 

Konovalov and Jebenko, 1049 
Konovalov and Kotsina. 1044 
Konovalov and Jatsevich, 1046 
Kontol Co., 1026 
Kopp, 924 
Koppers Co., 424 
Koppers, Heinrich, A.-G., 229 
Kopythnovski, 1088 
Korobchanski, 424 
Korovatzki, 116, 864, 866 
Korr and Brownsdon, 544 
Kortum, 296, 299 
Koryagin, 1076 
Kosenko, 672 
Koshelev. 617, 625 
Kotsina, 1044 

KousnetzoflF —see Kuznetzov 
Kovalski, Sadovnikov and Chir¬ 
kov, 847, 852 

Kozicki. von, and von Pilat, 
1071, 1074, 1075, 1083 
Krngeloh, 39 

Kramer and Bottcher, 1062, 
1071, 1075, 1134 
Kramer and Spilker, 563, 621, 
638, 648, 657, 747, 1128, 
1145 

Kraemer, 421 
Kraemer and Lane. 985 
Kranzlein, 192, 199, 809 
Kranzlein and Corell, 501 
Kranzlein, Dieterlc and Voll- 
mann, 653 

KrafFt and Merz, 721, 780 


Kraft and Alekseyev, 673 
Krakau. 611 
Kramer and Bub, 218 
Kramer and Reid, 432 
Krapivin, 415, 567 
Krase, 113, 1058 
Krassuski, 496, 500, 501, 502, 
512, 546 

Krassuski and Duda, 542. 558 
Krassuski and Pilvugin. 557 
Krassuski and Shenderovich, 
817 

Kratz, 1086 
Krauch, 201, 883 
Kranch and Mulier-Cunradi, 
134, 201 

Kraus and Callis, 813 * 

Krause. 701, 869 
Krause and R6ka, 701 
Krauskopf, 1151 
Kraut. 474 
Krchma, 408 
Krczil, 998 

Kreidl. Rosen and Rutter, 926 
Kreis, 645 
Krcjci-Graf. 12 
Kremann, 340 

Kreniers. 645. 646. 647, 1054 

Kremp. 953, 954, 955, 956 

Krestinsky, 483 

Krismann, 670 

Kritchevsky and Morrill, 554 

Krivonos, 558 

Kroch, 242 

Kroger, 549 

Krogh, 1098 

Kronstein, 611, 621 

K ruber and Schade, 421 

Kriigel, 665 

Kruger, 780 

Kryloff, 1151 

Kubli, 1046 

Kubota and Yamanaka, 280 
Kuhulnek. 460 
Kucherov, 667 
Kudicke and Weise, 706 
Kueck, 849 

Kiihn, 672, 1056, 1115 
Kukenthal, 549, 550 
KuenzH, 703 

Kiister. 259, 293, 295, 296 
Kuhlberg, 769. 770 
Kuhlmann, 295, 296. 297, 298 
Kuhnhenn, 1131 
Kunze, 954 
Kupfer, 643, 645 
Kupsis, 1083 

Kurbatov, 23, 36, 758, 1041, 
1043, 1047 
Kui'ihara, 25 
Kursanov. 15, 751 
Kuruindin, 192, 561 
Kurtz, 35 
Kusama, 922 
Kuss, 868 
Kusumoto, 23 
Kutscherow —see Kucherov 
Kuwata. 1063, 1076 
Kuznetzov, 38, 47, 554 
Kuznetzov and Stepanenko, 
919, 921 
Kvasha, 12 

Kyriakidea, 157, 410, 634, 636 
Kyriakides and Earle, 155, 157 
Kyropoulos, 29 


Laage, 14 7 

Laan, van der, 756, 777, 778 
Labbd, 575 
Lacey, 17 

Lachman, 440, 441, 443. 460, 
903, 1027 

Uchowica, 11, 721, 724 


Lacourt, 200 

Lacy, 696, 70S, 713, 729, 783, 
787 

Ladenburg, 487, $13 
Ladenburg and Krugel, 665 
Laduigina. 1053 
Laffitte, 854, 973 
Lafont, 331 
Lahocinski. 842 
Lake and Bailey. 826 
Lamb, 237 

Lamb, Wilson and Chaney, 247 
Lambert, 621, 638, 1028, 1145 
Lamberth, 552 
Lampblack, Ltd., 242 
Lance, 295, 296, 699 
Lance and de Bourgade, 297 
Landa. 857, 958 
Landa and Machicek, 26 
Landa and Pokorny, 857 
Landau, 594 

Landmark and Nagel, 1091 
Landolph, 596, 597 
Landolt, 1022 
Lane, 985 

Lang. 277, 281, 405, 920 
Langb^n, 227 
Lange, 475, 562. 749, 810 
Langedijk, 1018 
Langer, 232, 233. 949 
Langheinrich. 187 
Langlois, '195. 930 
Langmuir, Adkins and Burk, 
87 

Langstaff, 629 
Langworthy, 411, 412 
Lapkin, 21, 1076 
Lapsworth, 575, 585, 1008 
Larkin Co., 553 
Larson. 232 
Latta. 1149 
Lauch, 487 
Laucks, 742 

Laucks, I. F., Inc., 456, 742 
Lauer, 1066 
Laurent, 983 
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Lazzell. 525, 543 

Lea Manufacturing Co., 527 

Leamon, 113 

Leaner, 528 

Leather. 25, 527 

Le Bas, 756 

Lebeau. 807 

Lebeau and Damiens, 334, 
1094, 1099. 1103 
Lebedev. 159. 604. 615. 616, 
618, 625, 633, 635, 637, 

640 

Lebedev. Andreevski and Mati- 
uschkina, 612 

Lebedev and Filonenko, 598, 
601 

Lebedev and Koblianski, 73, 
600 



Lebedev 


NAME INDEX 


Lebetlev and Mcreshkowski, 
614. 615, 617, 619, 620, 657 
Lelwdev and Skavronskaya, 616 
Lebedev and Vinogradov-Vol* 
zynski, 604 

Leb<^ev and Yakubchik, 656, 
660 

Lc Bel, n, 383, 606, 1032 
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Leroy. 768 

Leslie. 22, 26. 33. 44. 86. 108, 
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Lindner, 372, 1019 
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J.ogan, 425 
Ix)gemann, 432 
Logvina, 830 
Logvinova, 841 
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Luther and Seller, 954, 994, 

1003 

Luther and Dietrich, 943 
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432, 434 
Malkin, 960 

Mallard and Le Chatelier, 976 

Mallet, 697. 713, 716 
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Marx. Brodersen and Bittner, 
1019 

Maryott, 761 
Mascarelli, 683 
Masland, 727, 793. 795 
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Meuwissen, 963 
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Millochan, 1013, 1030 
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Mitscherlich, 757, 768 
Mitsukuri, 470 
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Mitta.sch. Frankenburger and 
Wietzel. 150 

Mittasch and Luther, 951 
Mittasch and Michael, 298 
Mittasch, Pier, WietzeJ and 
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Mittasch, Stern and Galle, 
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Mittasch. Wietzel and Pfaund- 
ler, 187 

Mittasch, Willfroth and Balz, 
876, 886 
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Mohr. 1150 
Moissan, 595, 707 
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646. 648 
Moldavski, 932 
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Mole. 612 
Molinari, 1036 
Moll. 613 
Mond, 293 

Mond and Langer, 232, 233 
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Mondain-Monval and Quan- 
quitt, 853, 854, 972, 973 
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Monrad, 189 
Monroe, 1151 
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217, 238 

Monsanto Chem. Works, 915, 
922, 924 

Monson, 564, 1026 
Montag, 1014 
Montagne. 255, 259 
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.731 
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ger, 189 
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Mooney and Reid, 479, 586 
Moor. 35, 387, 426 
Moore. 17, 31, 33, 35, 62, 64. 
86, 105, 197, 199, 207, 210, 
212, 225, 226, 248, 250, 251. 
421, 428. 819, 1008, 1014, 
1020. 1033, 1035, 1065. 1147 
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Moore and Hobson, 1127 
Moore, Morrell and Egloff, 
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Moreau. 903 
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Morgan and Soule, 1134 
Morley and Green, 530 
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Morrell. 35, 444, 446, 449, 456, 
591, 609. 837, 843, 897, 898, 
899, 903. 984, 1127, 1133, 
1134, 1142. 1143. 1151 
Morrell and Eglnff. 34. 225, 
227. 228, 568. 998. 1129 
Morrell and Essex, 902 
Morrell and Faragber, 439, 440 
Morrell and Levine. 1131 
Morrell and Mekler, 243 
Morrill, 554 
Morris. 1094, 1122 
Morrison, 681, 683 
Morschel, 408 
Morton, 90. 95. 818 
Moscicki, 293 

Moscicki and Jabiczynski, 294 
Moscowitz, 553 
Moser. 444, 460, 1027 
Moss. 895 
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Mott, 224, 431, 687 
Mott and Bedford, 724 
Motzkus, 431 
Mougey, 422 
Mouneyrat, 673, 722 
Mouneyrat and Pouret, 757, 
759 

Mouratoff, 906 
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Moureu and Mignonac, 405 
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Moureu, Dufraisse and Cliaun, 
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1146 

Mulders and Scheffer. 1103 
Mulligan. Lovell and Boyd. 895 
Mnlliken. 540 
Mullin and Hunter, 932 
Mullin and Stribling, 1022 
Mullins. 578 

Munch and Schwartzc, 363, 393 
Mund and Jungcrs. 274 
Mund and Koch, 273, 274 
Munro, 460 
Muntwyler. 643, 645 
Murphy, 248, 1017 
Murray. 134. 140. 142. 356, 
357, 386, 387, 392, 397. 398, 
399, 401. 403 
Murray and Ricketts. 228 
Muskat and Huggins, 642. 643 
Muskat and Northrop, 634. 643, 
644 

Muspratt and Smith. 488 
Muthniann, 679. 1034 
Muthniann and ffofer, 294 
Muthniann and Schaidhauf. 294 
Myers. 1013. 1017. 1018, 1026 
Myers and Stegemever. 1029 


N 

Nagai, 1065, 1072. 1073. 1075 

Nagel. 1091 

Nahnsen, 454 

Naiinan and Leggett, 990 

Nakamura, 227 

Nakatuka, 476 

Nametkin, 15. 1047, 1048, 1049, 
10.53, 1054, 1122 
Nametkin and Ahakumovskaya, 
389, 624 

Nametkin and Abakumovski, 
1134 

Nametkin and Bryssova, 1134 
Nametkin and Nifontova, 29, 
1053 

Nametkin and Robtnzon, 1127 
Nametkin and Shakhnazarova, 
21 

Naoum and Ulrich, 552 
Naniim and von Soramerfcld, 
552 

Naphthali. 899, 1062. 1063, 

1076. 1085 

Nash. 33. 35. 40, 106, 121, 148, 
166, 169, 195, 200. 219. 256, 
271, 276. 613, 880, 881, 925 
Nash and Bowen, 906 
Nash and Mason. 197, 224 


Nash, Stanley and Bowen, 195, 
593 

Nashan, 866 
Nasint, 12 
Nastukov, 1031 
Natelson, 545, 566 
National Aniline & Chemical 
Co., 917, 924. 929 
National Benzol Association, 
1149 

National Carbon Co., 224 
National Synthetic Corp., 916 
Natural Gas Hydrogen Corp., 
215 

Nauck, 155. 157 
Naugatuck Chemical Co., 146, 
147, 474 * 

Naujoka, 659 
Nauss, 210 
Navarre, 554 
Naylor and Wheeler. 965 
Neal, 221, 234. 240. 241, 251 
Neal and Perrott,* 206, 207, 
236. 237, 242. 253 
Nedelmann, 299 
Neeley, 201. 606. 613 
Nef, 73. 378, 514. 516. 530, 
532, 546. 786. 801. 803. 1050 
NeflF and Pales, 237. 242 
Neftyanoe Sektor pri Glavnom 
Upravlenit Topliva pri Vuiss* 
hem Sovete Narodnogo-Khoz- 
yaistva, 1027 
Nellensteyn, 944 
Nellensteyn and Thoenes. 429 
NelsonJ 16. 21. 108. 214. 361, 
373, 396 
Nemirovski, 496 
Nenitzescu and Cantuniari, 197. 
401, 417 

Nenitzescu and lonescu, 1057, 
1058 

Nenitzescu. Isacescu and Ion» 
cscu, 1057 

Neresheiraer, 154. 653 
Nernst, 89, 95. 301, 588. 782 
Nernst and Hohmann, 330 
Neuhaus and Marek, 54, 55, 
56. 57 

Neumann, 258. 283. 336 
Neumann and Egorov. 847, 852 
Neumann and Jacob. 278. 284 
Neumann and Wang, 848 
Nevole, 512, 531 
Newitt and Bloch, 846, 851, 858 
Newitt and Haffner, 846 
Newitt and Szego, 932, 925 
New Jersey Testing Labora¬ 
tories, 740 
Newlin, 433 
Newman, 379, 497 
New Oil Refining Process, Ltd., 
613 

Newton, 283 

Neyman and Pilat, 1021 

Nicholls. 369 

Nickols, 1148 

Nicodemus, 152, 683, 684 

Nicodemus and Schmidt, 571 

Niederl and Natelson, 566 

Nielsen, 931 

Niemann. 134, 158, 289 

Nieumann, 576 

Nieuwland, 566, 596, 669, 670, 
672, 678, 680 

Nieuwland, Cala>tt, Downing 
and Carter. 638, 668, 671 
Nifontova, 29, 1053 
Nightingale. 414 
Nikaido, 1151 

Nippon ChissohiryO K. K., 677, 
870 

Nisson and Mandelbattm, 584 
Nitrogen Corp** 288, 838 
Nix, 217 


Nixon, 200, 1137 
Noack. 222 
Nobel. 16 

Nobel Bros.. 1014, 1065 
Nobel Industries, Ltd., 410 
Noetzel. 368 

Nolan and Ellis, 362 * 

Nolier and Gordon, 1011 
Nomi, 228 
Normand, 771 

Norris, 26, 27, 34, 49. 371, 
438, 444. 447, 449, 459, 488 
Norris and Couch. 569 
Norris and Davis, 348, 383 
Norris and Joub^, 381, 382, 
604 

Norris and Rigby, 395 
Norris and Reuter, 74, 603 
Norris and Taylor, 371 
Norris and Thole, 895 
Norris and Thomas. 59 
Norris and Thomaon, 75 
Northrup. 634. 643, 644 
Norton. 232. 929. 1150 
Norton and Andrews, 58, 59, 
155 

Norton and Noyes, 66. 155, 632 
Nottage, 411 

Novak and Kuznetzov, 38 
Novikov-Vakulenko. 1064 
Novruskhanov, 1067 
Noyes. 66. 73, 155, 633 
Noyes and Tucker, 663 
Nozicka, 926 
Nutting and Rowley, 262 
Nuyl. te. 100, 168 
N. V. de Bataafsche Petroleum 
Maatschappij —see Bataafsche 
Petroleum Maatscha^ij, also 
Shell Development Co. 

N. V. Electro-Zuurstofen, Wa* 


terstoiTabnek, 672 
N. V. Silica en Ovenbouw Mij., 


185 


O 


Oak. 201. 613 
Ober, 635, 803 
Oberfell and Alden, 1104 
Oberfell and Boyd, 796 
Oberfell and Guyer, 292 
Oberfell, Guyer and Frey, 172 
Oberle. 31, 229 
Obryadchikov, 99 
Oda, 88 

Odell. 216, 287, 290. 311 
Oechelhauser, von. 75, 208 
Ochme, 327, 509, 510, 517, 536 
Oeltingen, von, and Jirouch, 
514 

Oelwerke Stern-Sonneborn A.- 
G.. 271, 1015 
Offner, 67. 155, 156 
Offord, 12, 14 

Oglobin, 11. 25, 86, 751, 1070, 
1073 

Ohio Chemical & Manu^ctur- 
ing Co., 141 

Ohio Fuel Supply Co., 728, 729, 
794, 796, 797 
O’Laughlin, 1088 
Olbrich, 247, 956 
Olgiati. 188 

Olin, Scarth and Starkweather. 
425 

Ollander. 334, 343 
Olson, 274 
Opitz. 462 

Oranienbarger cbemische Fabrik 
A.-G.. 1019, 1024 
Orelup, 829 
Orlov, 891. 918 
Orlov and Kietabl. 860, 868 
Ormandy, 1000 
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Ormandy and Craven, 347, 348, 
356. 370, 371, 372. 379, 1007, 
1127, 1129, 1134, 1136, 1138, 
1139, 1143, 1149 . 

Orndorff and Howells, 768 
Orndorff and Young, 1007 
Ornstein. 673 
Orsat. 1093 
Osipov, 380 
Osipova, 813 
Osmer, 444. 459 
Ossenbeck. 341 

Ossokin, 499 . « . 

Osswald, Mitller and Stein- 
hauser, 709 
Osterhoff, 249 
Osterstrom. 609 
Osterstrom and Wagner. 108, 

Ostromislensky, 155. 156, 157, 
611, 618, 625. 627. 634, 646, 

Ostromislensky and Bursha- 
nadse, 106. 163 ^ . 

Ostromislensky and Kelbasin« 
sky. 157. 635 , „ ^ , 

Ostromislensky and Koschelev. 

617, 625 
Oswald. 247 
Othmer, 498. 553, 675 
Ott, 442, 445. 474 
Ott and Reid, 441, 443 
Ott, Schroter and Packcndorlt, 
414 

Ott and Schussler, 1090 
Ottensooser, 396, 402, 406, 415, 
416 

Otterbacher, .402 
Otto. 185, 197, 200, 270, 497, 
579, 593, 596, 597, 598, 600 
Otto and Bub, 589, 597 
Overdick, 424 

Oxley, Groombridge and Thomas, 
407 

Oyama, 1089 
Ozonid Corp., 891 


Paal and Hartmann. 1096 
Pace. 570 
Packendorff, 414 
Padgett, 114, 1147 
Padovani, 15, 168, 215 
Padovaiii and Magaldi, 43, 121, 
167, 701 
Page, 514, 764 

Page. Buchlcr and Diggs, 35, 
498 

Pahlavooni, 856 
Palfray, Sabctay and Sontag, 
437 

Pallemaerts, 290 
Palmer, 434. 838 
Palmer and Lloyd, 430 
Pam, 375 

Pan American Petroleum Co„ 
841 ' 

Paneth and Hofeditz, 47, 591 
Panetli and I,Autsch, 47 
Pansegrau. 921 
Pantyukhov, 1023 
Paolini, 1131 
PaW, 588, 619 

Pappos, 506 _ 

Pardubitzer Fabrik der A,*G, 
ftir Mineralolindustrie vorm. 
D. Fanto & Co., 941 
Paris, 220 

Pariselle and Simon, 485 
Park, 245, 248. 249. 250, 253, 
254 

Park and Hofmann, 409 
Park and Hopkins. 396, 401, 
402 


Parke. 775 
Parker, 92 

Parks and Barton, 360, 361, 397 
Parks and Huffman, 588, 592, 
932 

Parks, Kelley and Huffman. 397 
Parks and Nelson, 361 
Parmelee, 478, 553. 813 
Parr, 47 

Parr and Powell. 462 
. Parrett, 1086 
Pascal. 407 
Pasquin, 932 
Pasteur. 333 

Pataky and Nellensteijn, 944 
Patart, 989 
Patein, 451, 596 
Patent Fuels and Color Corp., 
829 

Patentverwertungs A.-G., “A1- 
pina,” 214 

Paterno and Spallino, 556 
Paterson and Campbell, 969 
Patrick. 274. 474 
Patrick and Mnookin. 474 
Patryn and Ziolkowski, 280 
Patterson. 466 
Paulson. 927 
Paulus. 100 
Pautinsky, 751 
Pavlevsky. 362 
Pavlov, 85 
Pavlovski, 274 
Payen, 333 

Payman, 521. 963. 1093, 1096 
Payman and Wheeler, 975. 976 
Payne and Lowy, 78. 117, 119 
Payne and Montgomery. 485, 
699, 714, 731 
Pearce, 47, 432 
Peasie, 45, 49, 68. 82, 181, 592, 
593, 852. 932 
Pease and Chesebro, 279 
Pease and Durgan, 45. 50, 53, 
55, 57. 121 

Pease, Keighton and Munro, 
460 

Pease and Morton, 90, 95 
Pease and Walz. 688, 703 
Pechelbronn, 383 
Peet, 520 
Pegna, 1131 

Peirce and Myers, 1026 
Peirce and Ri^dish, 1026 
Peligot, 802 
Pelouze, 918 

Pelouze and Cahours, 719, 723, 
735, 736, 737, 738, 742, 799 
Peltier. 189 
Pelton, 678 
Pemberton, 1008 
Pence, 17 

Penniman, 839, 840, 991, 996 
Pcnzoldt, 369 

Perkin. 34. 612, 634, 636, 919, 
1071, 1143 

Perkin and Matthews, 157, 159, 
633 

Perkin, Weizmann and Davies, 
739 

Perkins. 141, 160, 426. 458, 
459, 680. 766 
Perquin, 63, 64. 168 
Perrin and Bailey. 825. 826 
Parrott, 206, 207, 217, 220, 235, 
236, 237, 242. 245. 246. 247, 
250, 252, 253, 963 
Perrott and Gawthrop, 977 
Perrott and Thiessen, 235 
Perry, 32. 215, 228, 273, 595 
Persch, 840 
Pertierra. 922 
Peski, van, 126, 135, 388 
Peter, 935. 946. 954 
Peterkin. 436 


Peters. 148, 258, 668, 676 
Peters and Fischer, 148 
Peters and Kuster, 259, 296 
Peters and Meyer, 40, 148, 663 
Peters and Neumann, 258 
Peters and Pranschke, 258, 260, 
282 

Peters and Wagner. 258, 295 
Petin, 933 

Petit, 424, 993, 1085 
Petricou, 759 

Pctrole synth6tique, Soc. anon. 
—see Soc. anon, le p6trole 
synthetique 

Petroleum Chemical Corp., 134, 
140, 142. 144, 330, 334, 340. 
356, 357. 371, 376, 387. 653 
Petroleum Conversion Corp., 
112, 137 

Petroleum Derivatives Co., 366 
Petrov, 85, 200, 983, 986, 999, 
1014, 1018, 1022, 1023. 1025, 
1026, 1031, 1064, 1071. 1074, 
1083, 1085, 1090 
Petrov and Andreiev, 93 
Petrov, Antzus and Pozhiltzeva, 
202 

Petrov and Danilovich. 934 
Petrov, Danilovich and Rabino> 
vich, 934. 935, 995, 1002 
Petrov, Dimakov and Taksa, 
1025 

Petrov and Ivanov, 410, 1063 
Petrov and Pichugina. 1025 
Petrov and Rabinovich, 1014 
Petrov and Schmidt, 1086 
Petrov and Shestakov, 1002, 
1017, 1025 

Petrov and von Fischenko, 1025 
Pettet, 393 

Peyresblanques, 844, 930 
Peytral, 414, 546 
Pfaff, 995 
Pfaundler, 187 
Pfeifer. 698 

Pfeifer, Mauthner and Reit* 
linger, 690, 698 
Pfeifer and Szarvasy, 701 
Pfeiffer, 83. 1132 
Pfeiffer and Truskier, 813 
Pflugk, 959 
Phelps, 904 
Philippide, 104 
Philippovich, von, 422. 1118 
Phillips, 690, 694. 1104 
Phillips Petroleum Co., 172, 
903 

Pichler, 82. 106, 148, 149, 166, 
.180, 184, 282. 668. 872 
Pichler and Reder, 989 
Pichugina. 1025 
Pickard, 1090 
Pickens. 602 
Pickering, 578 
Pickles, 245 

Pictet', 210, 221, 283, 287 
Pictet and Lerezynska, 193, 
^.197, 198 

Pidgeon and Egerton, 852, 
853 

Pieper, 769 
Pier. 187 

Pier and Christmann, 597 
Pier, Pungs and Wietzel, 182 
Piette, 338, 340 
Pietzsch, 924 

Pigulevski, 115, 119, 139, 354, 
608 

Piguzov, 116 

Pilat, von, 1021. 1063. 1071, 
.1074, 1075. 1076. 1083 
Pilat, von, and Davidson, 1020, 
1021 

Pilat, von. Piotrowski and Win* 
kler, 355 
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PiUt, von, and Reyman, 1072 
Pilat, von, and Sereda, 1015 
Pilat, von, Sereda and Szan- 
kowaki, 1021 

Pilat, von. and Starkel. 1035 
Pilyugin, 556 
Piotrowski, von, 355 
Piotrowskl, von, and Jakulio- 
liricz, 832 

Piotrowski, von, and Winkler, 
123, 128, 129. 144. 330. 398. 
432, 456, 830, 1027 
Piper, 32, 960 
Pipik, 336. 337 
Pirard, 742 
Pitkethly, 108 
Pitman, 674 
Pittenger. 523, 555 
Piva, 232 
Plant, 867 

Plant and Sidgwick, 321, .326, 
335, 347 

Plastic, Inc., 999 
Platen - Munters Refrigerating 
System Aktieliolag, 516 
Plata, 1032. 1033 
Plauson, 142, 160, 274. 679, 
863 

Plauson's Forsekungsinstitut G. 
883 

Plauson and Vielle, 945 
Plant. 595 
Plesniewicz, 255 
Pleus, 222 
Plonskier. 1150 
Plotko. 957 
Plotnikov, 465 
Plummer. 248. 249. 250 
Plummer and Keller, 235, 242 
Plvusnin, 21, 460 
Podbielniak, 14. 32. 124, 130, 
141, 175, 1099. 1102-1110, 
1113. 

Poll. 741. 831 
Pnffenl)erger, 472 
PoRgi, 1131 
PoRorzbelski. 534, 661 
Pobl. 677, 1069 
Poindexter. 216. 217, 295 
Pokorny, 35. 857 
Pokrowskaja. 1072 
Polak, 756, 777 

Polanyi and von Bogdandy, 
699. 714 
Poliakov, 813 
Poli.ssar, 479 

Poliak. HeimberR-KrauRS. Kat- 
scher and Lustig, 1009 
Polliard, 32 
Pollitt. 1085 
Pomcranz, 1022 
Pomeroy, Lacey, Sciidder and 
Stapp, 17 
Poni, 23. 726 

Poni and Costacbescu, 1041, 
1042. 1043 
Popa, 22 

Popa and Velculcscu, 22, 1035 
Poi>e, 365. 576. 577. 957 
Pope. Dykstra and Edgar, 854, 
855 

Popov. 143, 338 
Popper, 746, 1009 
Porges, 992 

Porter. 31, 185, 289, 988, 1002, 
1101 

Posner and Schreiber. 779 
Posniak. 591. 611. 612 
Pospiech, 375. 563. 1086 
Possoz and Boissiere, 293 
Post, 777 
Postovski. 475 

Postovski and Plyusnin, 21, 460 
Poth. Armstrong. Cogbrtm and 
Bailey, 819, 821 


Poth, Schulze. King. Thomp¬ 
son, Slagle, Floyd and Bailey, 
821 

Potolovski, 1091 
Potoni6 and Wichler. 36 
Pott. 375 
Potthoff, 101 
Pouchet, 940 
Pouret, 757, 759 
Powell. 462 
Powers, 671 
Pozhiltzeva. 202 
Pozner and Melikova, 1095 
Prahl, 766 

Prahl and Mathes. 766 
■ Pranschke, 258, 260. 282 , 

Pratt. 113 
Pree. 1088 

Premix Gas Plants, Ltd., 425 
Prescott. 712 

Prettre, Dumanois and Laflkte, 
854, 973 
Preusse. 248 
Prevoat. 644 

Prianischnikov, 266, 595. 599. 
602 

Prichard and Henderson. 191 
Prileschajev, 534, 1134 
Pring, 205 

Pring and Hutton. 295. 296, 663 
Prins, 481 
Prisley. 378 , 

Probeck, 325 
ProthWre, 428. 1061 
Provine. 459. 901 
Prunicr, 134, 144, 155, 226, 
480 

Prunier and David. 226 
Prunier and Varenne, 226 
Prutzman, 1065 

Pugh, Tauch and Warren, 835, 
990 

Pummerer and Kehlcn. 611 
Pummerer and Reindcl, 534, 
877 

Pungs, 182, 202, 565, 944, 951, 
953, 955. 997 

Pungs. Eisenmann. Scholz and 
Kollmann. 498 
Pungs and Frese. 613 
Pungs and Freytag, 520 
Pungs and Hartmann. 613 
Pungs and Luther. 994 
Pungs and Rabe, 608 
Punnett, 917 
Purdum and Pease. 181 
Pure Oil Co.. 195, 424, 608, 
609. 610, 614. 897 
Purtle and Rowland, 207 
Putnam. 766 

Putnam and PofFenberger, 472 
Putochin. 751, 1049 
Puval. 501 

Pyhaha, 613, 1064, 1075, 1081, 
1086 

Pyzel, 213 


Quanquin, 853. 854, 972, 973 
Quarendon. 930 
Quayle, 452. 453. 455 
Querlieritz, 659 
Querfurth, 345, 407 

H uiggle, 1118. 1119. 1120 
uilico and Freri, 683 
Qvist, 769 


Rabe. 608 

Rabinovich. 15. 934. 935. 995, 
1002. 1014. 1020 
Rabinovitz, 765 

Rackwitz and von Phi1ipT>ovtch, 
422 


Radcliffe and Pollitt, 1085 
Radulesco, 898. 902 ^ , 
Radziewanowski and Schramm, 
780 

Rae, 367 
Rafsky. 805 
Rail, 42. 121. 168 
Ramage, 107. 111. 187, 352, 
594. 608. 844, 873, 885, 891, 
998 

Ramsay, 31. 609. 898 
Ramsden, 330. 464 
Ramsey and Travers. 1099 
Randall, 279 
Raper. 960 

Rasch and Lowy, 928 
^schig, F., (i.m.b.H., 766 
Rath. 503 

Rather and Beard. 903 
Rather, Beard, and Reiff, 898 
Rathke, 450 
Rathmann, 1122 
Rathmann and Leighty, 371 
Ray. 247 
Rayman, 779 

Razderishin and Dcnneniark, 
1014 

Read and Hook, 499 
Read and Prisley, 378 
Read and W’illiams. 488, 499 
Reboul. 472. 477. 480 
Reddish, 554, 1015. 1018, 1023, 
1026, 1030 

Reddish and Myers, 1013, 1018 
Reder, 989 
Redwood, 24 
Reese, 622. 651 
Refiners, Ltd., 902 
Reformatsky, 487 
Regnault, 478, 1032 
Reichhold, Fliigger, and Boeck- 
ing, 400, 566. 810 
Reichsausschuss fur Liefer- 
bedingungen. 1023 
Reid. 189, 286. 355, 370, 415, 
421, 432. 433. 436, 437, 439. 
441, 443, 445, 446, 447, 450. 
451, 468, 472, 473, 479, 498, 
515, 555, 560. 561, 576, 586. 
613, 674, 840. 993, 1011, 1152 
Reid and Burke, 951 
Reid and Foster, 434 
Reid and Hofmann, 525 
Reid and Lewis, 551 
Reid and Palmer, 434 
Reid and Sampey, 432 
Reid and Waldron, 434 
Rcif. 368. 637, 640 
Reiff, 898 
Reilly, 1017 

Reilly and Hickinliottom, 807 

Reindel, 534, 612, 877 

Reiss, 434 

Reitlinger, 690, 698 

Rembert, 188 

Remler, 412 

Renard. 930 

Renaudie. 69. 71, 72, 74, 177, 
179, 425. .584. 602, 603 
Reppe, 618, 682 
Reppe and Hoffmann, 635 
Repulso, Inc., 1028 ' „ , . 

Resinous Products fir Chemical 
Co., 565. 597. 611, 1058 
Reuss, 621, 657 
Reuter, 74, 98. 99, 100, 101. 
102, 103, 124. 132, 133, 145, 
603. 825, 1079. 1081 
Reychler, 331, 383 
Reyerson and Swearingen, 847, 
875, 879 
Rcyle, 522. 538 
Reyman, 1072 
Reynolds, 480 
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Rheinboldt and Boy, 556 
Rbeinboldt, Mott and Motzkus, 
431 

Rheinor, 528, 621. 657 
Rbeinische Kampfer-Fabrtk G. 
m. b. H.. 375, 405, 407, 415, 
547, 548, 564, 567, 571. 
Rhenania*Osaag Mineralolwerke 
A.-G., 271 
Rial, 841, 1031 
Ribas, 538, 540. 555 
Ribas and Tapia, 540 
Riblett, 850, 851 
Rice. 47, 48. 52. 53, 55. 56. 57, 
413 

Rice and Dooley. 47 
Rice and Hcrzfeld. 47 
Rice, Johnston and Evering, 47 
Richard, 619 
RichardMn, 576 
Richardson and Sutton, .361 
Richardson and Wallace. 421 
Richfield Oil Co. of California, 
443, 446, 460, 1027, 1030 
Richoux, 415 
Richter, 604 
Ricketts, 228 

Rideal, 853, 854. 859. 979 
Rideal and Taylor, 47 
Riebeck'sche. A., Montanwerke 
A.-G., 946 

Riedel. 412. 929 „ , ^ 

Riedel, J. D..-E. de Ha^n A.- 
G.. 926 
Riederer, 694 
Riedler, 862 
Riese, 768 
Riesenfeld, 700. 784 
Riesenfeld and Bandte, 1127, 
1134, 1142 

Riesenfeld and Gurian, 965 
Rigby, 395 
Riiber, 647 

Riley and Friend, 876, 879 
Rimarski, 220, 221, 665 
Rimarski and Konschak, 221 
Rimarski, Pleus, Friedrich, 
Streb, Noack, Kemper, Hoff¬ 
mann, and Konschak, 222 
Rimashevskaya, 539 
Rincker and Wolter, 208. 209 
Rinderspacher. 928 
Ringbom, 574 
Ringer, 860 

Rinkenbach. 511, 516. 517, 527 
Rinkenbach and Aaronson, 527 
Risseghem, 24, 813 
Rittman, 88. 108 
Rittinann, 111, 162, 165 
Rittmann, Byron and Eglon, 
188 

Rittmann, Dutton and Dean. 
165 

Rivat, 494 
Rix, 529 
Rjachina, 1084 
Roadstruro, 844 
Roark, 396, 373, 473, 549 
Roberts. 191, 192. 245, 252, 
528 

Robertson, 11, 13, 665, 674, 
1101, 1113, 1114, 1115 
Robertson and Seibert, 1104 
Robie, 898 

Robine and Lenglen, 292 
Robinet, 779 

Robinson, 366, 614, 894, 902, 
977, 1016 

Robinzon, 1127, 1137 
Roblin, 556 , „ , 

Rriehling'sche Etsen- und Stahl- 
werke A.-G.. 306 
Rodebush. 507, 518 
Rodman and Maude. 908 . 
Rodrian, Bauer, and Doaer, 541 


Roegiers, 271 
Rohl, 659 

Rohm & Haas Co.. 413. 471, 
477, 520, 553, 565, 586 
Koelen, 862 
Roell, 401, 417 
Kdmer, 663 

Roessler, see Deutsche Gold- 
und Silber- Scheideanstalt 
vorm. Roessler 

Roessler & Hasslacher Chemical 
Co., 294, 297, 298. 324. 427, 
473, 609, 674, 696, 704, 713, 
729, 783, 787 
Rdtger, 684, 685 
Roffey, 152, 664, 665 
Rogers, 15. 100, 114, 913, 1016, 
1021, 1026, 1067 
Rogers and Brown, 1108 
Rogers, Bossies and Ward, 896 
Rogers and McNeil, 1089 
Rogers and Miller, 912 
Rogers and Voorhees, 897 
Roginski and Rathmann, 1122 
Rohde. 822. 1055 
Rohrbach, 189 
Roithner, 538, 544, 548 
Rojahn, 553 

R6ka. 407, 408, 415, 677, 698, 
701 

R6ka and Wieslcr, 677 
Rollett, 619 
Roman, 583 
Romaahenke, 1026 
Rombsicher Huttenwerke, 138, 
143 

Romo! i-Venturi, 115, 156 
Ronalds, 718 
Roscoe, 621 

Rose. 26, 27. 213. 234, 241, 
256 

Rosema.n, 447 
Rose, Fr., & Co., 1036 
Rosen, 842 

Rosen and Lieber, 458 
Rosen and Robertson, 1113, 
1114, 1115 

Rosen and Rutter, 926 
Rosenbaum, 983, 1090 
Rosenmund and Kuhnhenn, 
1131 

Rosenmund and Zetzsche, 478 
Rosenstcin, 16. 423, 424 
Rosenstcin and Hund, 553, 898 
Roser, 652 
Rosewarne, X4 

Rosewarne and Oflford, 12, 14 
Rosinsky, 107 
Rosner, 86 
Ross and Leather, 25 
Rossalirao, 606, 1032 
Rossi, 320, 810 
Rost and Braun, 363, 394 
Roth, 645, 646. 647 
lioth and Do^ke, 247, 249, 
250 

Roth and Meyer, 556 
Rothberg, 483 
Rowland. 207, 269, 271 
Rowley, 262 
Rozanov, 83, 84 
Rudevich. 752. 754, 1009, 1050 
Rudigier, 841, 1088 
Ruff, 35 

Ruff, Braida, Bretschneider, 
Menzel, and Plant, 595 
Ruff. Schmidt, and Olbrick, 247 
Rugeley, 429 

Ruhrchemie A.-G., 150, 151, 
152, 185. 216, 264. 610. 673, 
680, 681. 683 
Ruigh and Major, 682 
Rumbarger. 238. 239, 687 
Runge and Muner-Cunradi, 71 
Rupp, 780 


Ruppert, Fischer, Voigt and 
Hennig, 672, 675 
Russ, 473, 549 
Kusse. 1005. 1019 
Russell. 286, 849 
Rutala, 67, 77. 78. 176, 195, 
593. 603, 1050, 1072, 1073, 
1083 

Rutgers, 332, 324 
Ruth and Asser, 1090 
Ruth-Aldo Co.. 370 
Rutt, 957 
Rutter, 926 
Ruzidm, 83 

Uuzicka. llrugger, Pfeiffer, 
Schinz and Stoll, 83 
Ruzicka, B rugger, Seidel, and 
Schinz, 83 

S 

Sabanejev, 663, 673 
Sabatier, 304, 634 
Sabatier and Mailhe, 451, 745, 
749. 750, 802. 834, 843 
Sabatier and Senderens, 47, 83, 
273, 276, 404, 405, 407, 412, 
415. 671 
Sabetay, 437 

Saccharinfabrik A.-G. vorm. 

Fahlberg. List & Co., 765 
Sachanen, 1017 

Sachanen and Logvinova. 830, 
841 

Sachanen and Tilichcyev, 65, 
80, 87. 89, 92. 93, 95, 97, 
101, 103, 104, 108, 588, 813 
Sachs. 112, 137 
.Sachs and Reid, 433 
Sadovnikov and Chirkov, 847. 
852 

Sadtler and McCarter, 226 
Safety Products, Inc., 715 
Sager, 116, 529 
St. Johns, 247 
Saizev, 451 

Saizev and Lukaschweitz, 449 
Sakellarios, 516 
Sakhanov —see Sachanen 
Salmon, 1002 

Salway and Williams, 958, 959 
Salzbergwerk Neustrassfurt, 476 
Sampey, 432 

Sampey, Slagle and Reid. 451, 
1152 

Samuel, 553 

Sand, 499, 582, 583, 990, 1132 
Sandborn and Marvel, 583 
Sander, 209 

Sanders and Dodge, 310, 318 
Sanderson, 1003 
Sandhaas, 152 
Sandkuhl, 407, 415 
Sankowsky and Fulton, 1002 
Sankyo, 412 

Saposhnikov and Kopythovski, 
1088 

Sargent, 897 
Sarkisyantz, 15 . 

Sauerstoff- und Stickstoff- 
Industrie Hausmann & Co., 
862 

Saunders, 139, 140 
Saunders and Wignall, 509. 
536 

Sauter, 655 
Savich, 663 

Sayers, Fieldner, Yant, Leitch 
and Pearce, 432 
Saytzev, 329, 505, 531 
Sealione, 833 
Scanlin, 952 
Scarth, 425 , 

Schaad, 38. 50, 107, 128, 592, 
667, 687, 738, 830, 857 
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Schaad and Boord, 969, 971 
Schaal, 933, 940, 1063 
Schaarschmidt, 401, 417. 832, 
1058, 1146 

Schaarschmidt, Hermann and 
Szemzo, 545 

Schaarschmidt and Hofmeier, 
580, 832 

Schaarschmidt, Hofmeier and 
Leist, 1138. 1143 
Schaarschmidt and Marder, 
1061 

Schaarschmidt and Thiele, 738, 
804, 947 

Schade, 421, 563 
Schaefer, 476 
Schaeffer, 274, 429. 1023 
Schaeffer and Faber. 1037 
Schaer, 893 
Schaffner, 952 
Schaidhauf. 294 
Schamelhout, 365 
Scharf, 722 
Schatz, 1090 

Schaufelberger, 13, 946, 1113 
Scheffer. 39, 1103, 1115 
Scheffer, Dokkum and Al, 39, 
106, 205 
Scheiber, 1086 
.Scheiblcr, 1036 
Scheitz. 533 
Schell. 16 
Schellmann, 520 
Schenderovich, 817 
Schenk, Kriigeloh and Eisen- 
stecken^ 39 

Schenk, Kriigeloh, Kisenstecken 
and Klas, 39 
Schcnker, 479, 480 
Schepss, 549 
Scherj 295 

Sobering —see Chem. Fabrik 
auf Akticn vorm. E. Schering 
Schering-Kahlbaum A.-G., 408, 
536, 547, 567, 570, 587, 674, 
876 

Scherrer, 247 

Scheschukoff —see Chechukov 
Schestakoff —see Shestakov 
Schcufelen, 768 

Schicht, G., A.-G., 944, 990. 
997, 1003 

Schicktanz, 22, 26, 27, 974, 
1146, 1147 
Schiflett, 667 
Schill and Seilacher, 937 
Schiller. 290 
Schilling, 143, 152, 262 
Schilt, 645 

Schindelmciser and Pam, 375 
Schinz, 83 

Schiaderbach and liable, 1091 
Schlapfer and Brunner, 82, 853 
Schlapfer and Stadler, 671 
Schlecht, 223. 470, 677, 685 
Schlecht and Rotger, 684, 685 
Schleede and Luckow, 692 
Schlegel, Arnold, Arnold and 
Arnold, 507 

Schleicher and Buttgenbach, 
560 

Schleifstein, 229 
Schlenk, Appenrodt, Michael and 
Thai. 611 
Schliemann, 997 
Schluederberg. 756, 761, 774 
Schmadel, von, 644 
Schmalfuss, 812 
Schmid, 517 

Schinidlin and Bergmann, 414 
Schmidlin and Fischer, 779 
Schmidt, 156, 218, 247. 422, 
426, 543, Sh, 579, 764, 891, 
911, 912, 918, 943, 1005, 
1077, 1084, 1086, 1123 


Schmidt and Austin, 579 
Schmidt. Ernst and Lange, 81Q 
Schmidt, Fries and Kollek, 656 
Schmidt and Grosskinsky, 48, 
160. 223, 224, 641 
Schmidt, Grosskinsky and Nie¬ 
mann. 134, 158 
Schmidt and Griin, 952 
Schmidt, Hochschwender and 
Eichler, 805. 817 
Schmidt and Meyer, 538, 541 
Schmidt and Neumann, 283 
Schmidt and Niemann. 289 
Schmidt and Schultz, 188, 227 
Schmidt, Seydel and Meyer, 
543 

Schmidt, Seydel and Ufer, 
930 

Schmidt and Ligwart, 25 
Schmitz, 779, 1069 
Schneider. 194. 287, 336, 338, 
381, 506. 622, 653. 671, 943, 
948 

Schneider and Frolich, 50. 51, 
52, 54, 68. 70, 71, 80, 81, 
98, 123, 127, 176, 177 
Schneider and Jantsch. 942 
Schneider, von, 604 
Schnorf, 883 
Schodler, 583, 587, 876 
Schoeller, Schrauth and Essers, 
583 

Schoeller and Zdllner, 570 
Schonbein, 583, 894 
Schdnburg and Wick, 530 
Schdnfeld. 422 
Schoenfeld, 247 
Schdnfelder. 863 
Schoepfle and Connell, 274 
Schoepfle and Fellows, 274 
Schorning, 825 
Schoyen, 718 
Scholl and Seer. 200 
Scholl, Seer and Weitzenbiick, 
199 

Scholz, 498 
Schorger, 538 

Schorlemmer. 24, 514, 714. 717, 
721, 734. 735. 737, 742, 743, 
748. 751, 799 

Schorlemmer and Thorpe, 737 
Schotten, 1036 

Schotten, W. A., Chemische 
Fabrik, 1088 
Schotz, 400, 576 
Schrader. 527. 535, 949 
Schramm. 768, 769. 770, 777, 
778, 779, 780 
Schrauz, 523, 525 
Schrauth. 375, 583, 740, 814, 
929, 939. 940, 1069 
Schrauth and Friesenhahn. 950 
Schreiber, 779, 1003 
Schroter, 279, 286, 414, 1034, 
1036 

Schroeter, 679, 706 
Schrotter, 722 
Schrohe, 1128 
Schubardt, 223 
Schuck. 1085 
Schuemann, 898 
Schupphaua, 757 
Schuasler, 1090 
Schuette, 1034 
Schutz, 368, 658. 920 
Schutz, Buachmann and Wisse* 
bach. 480, 658, 1121 
Schutz and Harttnuh, 737 
Schutzenberger, 873 
Schutzenberger and Jonine, 105 
Schulenberg, 678 
Schuler, 347. 377. 381, 989, 
1119 

Schultz, 188, 227, 779 
Schultze, 269. 876 


Schulz, 228, 408, 677, 821. 832, 
868, 941. 1056. 1062, 1082 
Schulz and Kisenstecken, 29! 
Schulze, 821 
Schuster, 46, 594 
Schwabwiller, Pechelbronn and 
Lobsanne, 383 

Schwartz and Marcusson. 1031 
Schwartz and Zanger, 703 
Schwartz, von, 220 
Schwartze, 363, 393 
Schweitzer, 487. 548 
.Schwenk, 876 
Schwyzer, 331 

Scott, 119, -189. 522, 536, 538. 

660, 964. 1145 
Scottish Dyes. Ltd.. 516 
Scudder, 17 

Scudder and Lyons. 429 
Sdzitovecky, 73 
Seaman, 236, 556 
Sebrell, 248, 249 
Seeley. 17 

Seclig, 107, 143, 518, 771, 

777 

Seer, 199, 200 
Sefstrom, 65 
Segeberg, 659 
Seibert, 13, 1101, 1104 
Seidel. 83 
Seidcnfcld, 514 
Seidenfeld and Hanzlik, 530 
Seigle. 107 
Seilacher, 937 
Selden. 914. 923 
Selden Co., 766, 776. 795, 868, 
898, 914, 915, 918, 921, 922, 
923, 924, 925. 929 
Selden Research & Engineering 
Corp., 924 
Seledzhiev, 103 
Semenov, 478, 851 
Semon, 251, 577 
Senderens, 47. 83. 273, 276. 
381, 404, 405, 407, 412, 415, 
671, 802 

Senderens and Aboulenc, 412 
Senseman and Stubbs, 926 
Sentke, 1007 
Sentzov, 1126 
Seon, 292 
Sereda, 1015, 1021 
.Servel, Inc., 703 
Seryakov, 1026 
Sessions, 917 
Setrum, 16, 292 
Seydel, 543. 930 
Seyer and Gill, 35 
Seyer and Huggett, 30 
Seyer and King, 575 
Seyewetz and Bardin, 637 
Seyewetz and Biot, 764, 774, 
780 

Sfiras, 547 
Shakhnazarova, 21 
Shaler Co.. 516 
Shankland. 201, 606. 613 
Sharp, 1031 

Sharpies Solvents Corp.. 399, 
567. 722. 733 
Shari>les Specialty Co., 17 
Shawinigan Chemicals, Ltd., 
870 

Sheely, 449, 458, 459 
Shell Development Co., 140, 
151, 213, 444, 849. 872, 1000, 
1002, 1018 —see also Ba- 

taafsche Petroleum Maat- 



Shellshear. 15, 17 
Shenstone. 579 
Shepard and Henne, 1146 
Shepard, Henne and Midgleyi 
22, 33. 1009 



NAME INDEX 


Shepherd 




Shepherd. 13. 549. 1093. 1132. 
1135.. 1144 

Shepherd and Porter. 1101, 
1104 

Sl^berd and Wheeler. 968. 

Sherman. 516, 527 
Sherrill. 402 

Shestakov, 1002. 1014, 1017, 
1023. 1025 

Shestakov and Rabinovich, 1020 
Shevlyakov. 31 

Shinier, Holm and Miller, 804 
Shilov. 489 

Shimose. 836. 916, 917, 923, 
937 

Shiperovich and Gurvich, 1066 
Shipley, 421 

Shipley and Given. 524. 525 
Shirey, 31, 227 
Shoemaker and Boord, 660 
Shoruigin, Isagulyantx. Guseva, 
Poliakov and Osipova. 813 
Shoruigin, Kizberg, Troitski 
and Smolyaninova, 919 
Shoruigin and Rimashevskaya, 
539 

Shriner, 451. 543, 584 

Shriner and Cox, 393 

Shukla, 1103 

Shukovski. 751 

Shumovski, 444 

Sidgwick, 321, 326, 335. 347 

Siebeneck, 428, 956 

Siedler and Henke. 232 

Siemens & Co., 242 

Siemens & Halske A.>G.. 271. 

843, 939, 988 
Sieplein, 25. 752. 753 
Sigwart. 25 
Silber, 612, 613, 917 
Silberrad, 154, 764, 771. 775 
Silberrad and Silberrad, 771 
Silberrad, Silberrad and Parke, 
775 

Silica Gel Corp., 143, 425, 608 
Silva, 480, 481. 717, 734, 737. 
742 

Simard, 84. 156, 182 
Simek, 1141 

Simington and Adkins. 406. 
869 

Simmons, 368 
Simms, 411 

Simon, 192, 485, 611, 1136, 
1139 

Simon and Durkheim, 1088 
Simons, 629 
Simons and Dull, 47 
Simpson, 427 
Sims, 977 

Sinclair Refining Co., 107, 228, 
355, 1088 

Sinding-Larsen. 294 
Singer, 97, 100, 104, 108, 110, 
1029 

Sinit A. G., 672 
Sinka. 556 

Sinnatt, 478, 658, 1120. 1121 
Sinnatt and Slater. 1121 
Sivertz, 324, 326 
SkSrblom. 511, 1134 
Skavronskaya, 616 
Skelly Oil Co.. 994 
Skinner. 1148 
Skinnlngrove Iron Co., 339 
Skirrow and Morrison, 681, 
683 

Skovronski. 25 
Skraup, 918 
Slade, 307 

Slagle. 451, 821, 1152 
Slagle and Reid. 445 
Slater. 105, 1121 
Slater, 758, 768 


Sloan. 249 
Sloane, 1068 
Sly. 681 

Smale, 762, 763, 772 
Small. 291 
Smedslund, 577 
Smiles, 449 

Smiles and Gibson, 449 
Smirnov, 198, 1134 
Smirnov and Buks, 1067 
Smith, 17. 32, 49. 138, 146, 
147, 226, 249. 296, 330, 450, 
464, 469, 488, 500, 513 553, 
586, 642, 643. 647, 648, 705. 
719, 726, 727, 960. 1028 
Smith and Bridger, 307 
Smith and Douthett, 1026' 
Smith and Eoff, 362, 515 
Smith. Grandone and Rail, 42, 
121. 168 

Smith and Jargstorff, 147 
Smith and Lewcock, 88, 188 
Smith and Milner, 866 
Smith and Natelson, 545 
Smith and Wood. 897, 907 
Smolenski, 69. 124 
Smolensk!, Turowicz and Du* 
browolski, 162 
Smolyaninova, 919 
Smythe. 469 
Snee. 207 

Snelling^, 106, 184, 214, 700, 
714. 718, 719 

Snow. 30, 305. 314, 318, 324. 
584 

Snyder, 248, 249 
Soc. rair liquide (Soc. anon 
pour l*6tude et I’exploitatiun 
des proc6d4a Georges Claude), 
140, 216, 219, 230, 232. 261, 
263 

Soc. anon, des aci6ries et forges 
. de Firminy, 407 
Soc. anon. ‘Oe carbone," 981 
Soc. anon. Cava, 841 
Soc. anon, des rombustibles in- 
dustriels, 839 * 

Soc. anon, des distilleries des 
Deux* Sevres. 201 
Soc. anon. dVxplosifs et de 
produits cbimiques, 139, 329, 
355, 387. 510 

Soc. anon, pour I’industrie 
chimique k Bale, 143, 153, 
263, 367, 832 

Soc. anon, des mines d'Orbag- 
noux, 1027 

Soc. anon, le petrole synthet* 
ique, 126, 260, 263 
Soc. anon, de la Thyoleine, 
1036 

Soc. des carburants syntb6t* 
iques, 135 

Soc. d'Hectrochimie. 394 
Soc. d*6tudes cbimiques pour 
I’industrie, 295 

Soc. d’6tudes et d’exploitation 
des mati^rea organiques. 873 
Soc. d’dtudes et realisation dite 
‘*Er6al,” 215 

Soc. d*6tudes sctentifiques et 
d'enterprises industrielles, 
151, 869. 872 

Soc. francaise de c.^talyse 
g6n6ralis6e. 511, 536, 876. 
937 

Soc. des produits cbimiques ct 
mati6res colorantes de Mul* 
house, 1019, 1084 
Soc. des usines cbimiques 
Rhone-Poulehc, 586, 682 
Soc. des usines du Rh6ne an* 
ciennement Gilliard, Monnet 
et Cartier, 682, 704, 705. 
765, 776. 919 


Soc. industrielle des derives de 
Tacetylene. 677, 886 
Soc. indtistriellc des hydrocar* 
bures et derives, 150, 152, 
225 

Soc. internationales des com* 
bustibles liquides, 943 
Soc. Pag^s Camus ct Cie., 407 
.See. Kicard, Allenet et Cie., 201 
Society of Chemical Industry 
in Basle, see Soci6te poiir 
Tindustrie chimique a B41c 
Socoiiy-Vacuum Corp., 898 
Soddy. 143 
Soil and Hennig, 680 
Soest, van, 191 
Sokolov, 14. IS, 981 
Stikovnin, 481 
Solontno. 300, 529 
Solvay l*roccssc.<i Co., 776 
Somerville, 553 
Sommerfeld, von, 552 
Sonnenfeld, 875, 892, 893 
Sontag, 437 
Sorensen, 715 
Sorgato, 266, 267 
Sorokin and Belikov, 644, 659 
Sors, 777 

Soshestvenska, 463 
Souktip. 858, 862, 865 
Soule, 1134 

South Metropolitan Gas Co., 
553 

Souther and Gruse. 398 
Southern Carbon Co., 238 
Sowa, Hinton and Nicuwland, 
566, 596 

Spady, 429, 430, 1009, 1010, 
1061 

Spallino, 556 > 

Spalwing, 1082, 1083 
Spanier, 61, 62, 64, 428 
Sparkless Cleaner Co., 554 
Sparre, 727, 795 
Sparre and Masland, 727 
Spausta. 1143 
Spear, 210 

Spear and Moore, 210, 212, 
. 248, 251 

Spence, 53, 73, 129, 176, 178. 
179, 483, 591, 599, 632, 877, 
886, 929 

Spence and Kistiakowsky, 851, 
886 

Spence and Taylor, 877 
Spencer, 279, 425 
Spencer and Crewdson, 813 
Sper, 699 
Sperry, 583 

Spijker, van’t, and van Wes- 
ten, 1129, 1134 

Spilker, 563, 621,’ 63S, 648, 657, 
747, 1128, 1145 
Spilker and Schadc, 563 
Spindler, 182, 750, 872 
Spitz, 950. 998 
Spring, 494 
Squibb, 407 

Squibb, K. R., & Sons, 567 
Stadler, 671 
Stadlinger, 1005 
Stadnilrov and Dond6, 1084 
Stadnikov and Vozzinskaia, 
909, 910 

Stadtberger-Hutte A.-G., 462 
Staegemann, 1027 
Stager, 30. 911 
Stager and Bohnenblust, 908 
Stagner, 33. 459. 631, 813, 894, 
901, 902. 903, 977, 1012, 
1013, 1025, 1085, 1143 
Stably, 433 

Stainer and Lauwaet, 368 
Staley, 113 

Stallkamp, 729, 794, 797 
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SUmUrd Alcohol Co.* 334„ 349, 
350, 3$1. 352, 359. 389 
Standard Devdcmment Co.. 841 
Standard-I. G. Co.. 291. 951 
Standard Oil Co. of California, 
203, 243, 444, 456, 458, 459, 
804. 839, 842, 903, 1017, 
1031, 1090 

Standard Oil Co. of Indiana, 
16. 100. 142, 201, 435, 478, 
485, 494, 511, 537, 550, 553, 
609, 613. 699. 731, 913. 983, 
991, 1016, 1021. 1026, 1027. 

1028, 1029, 1031, 1064, 1067, 
1068, 1085, 1089 

Standard Oil Co, of New Jer¬ 
sey, 10. 190, 285, 349, 359 
Standard Oil Co. of New York, 
903 

Standard Oil Co. of Ohio, 898 
Standard Oil Development Co., 
34, 35, 136. 152, 216, 238, 
291, 325, 329. 351, 354, 359, 
366, 367, 372, 373, 388. 394. 
395, 401, 414, 424, 426. 427, 
440. 443, 458, 502, 516, 566. 
614. 741, 810. 813, 828. 834. 
835, 873, 897, 933, 937, 951, 
986. 990. 1002, 1013, 1014, 
1016, 1017, 1024, 1026, 1027, 

1029, 1030, 1031, 1054. 1066. 
1068, 1086. 1088 

Standard Telephones & Cables, 
Ltd., 624 
Stanier, 553 

Stanley. 193, 195, 196. 200. 
304, 308, 309, 311, 313, 339, 
340, 345, 560, 590. 591, 593, 
594 

Stanley and Nash, 40, 106, 121, 
148. 166, 169, 219, 256, 276 
Stansfield. 986 
Stanton, 495 
Stapelfeld, 629 


aiariK, jo 

Starke. 256, 260. 1035 
Starke and Starke, 295 
Starkel, 1035 
Starkweather, 425 
Starr, 215 
Stas. 782 
SUud, 556 

Stand and Webber. 553 
Staudinsrer, 156, 160. 413, 548, 
575, 610, 612, 633, 641, 656, 
657. 660 

Staudinyer and Bretisch, 612 
Staudinger and Brunner, 601 
Staudinger. Brunner and Feisst, 
680 

Staudinger and Bruson, 621, 
623, 657 

Staudinger, Endle and Herold, 
75, 79, 155 

Staudinger and Feisst, 815 
Staudinger and Heuer, 611 
Staudinger and Klever, 154, 
635 

Staudinger, Kreis and Schilt, 
645 

Staudinger and Lautenschlager, 
611. 619, 893 

Staudinger, Muntwyler and 
Kupfer, 643, 645 
Staudinger and Rheiner, 621, 
657 

Staudinger and Schweitzer. 548 

Steacie. 870 

Stegemann, 197, 597 

Stegemeyer, 1029 

Steigerwald, 182 

Steik. 813 

Steimmig, 619 

Steimmig and Kittwer, 496 


Steimmig and Ulrich. 541 
Stein, 401, 622, 624, 651, 
652 

Steinbrecher, 498 
Stein fels, Frederic, Soc. anon., 
Fabrique de Savona, 553 
Steinhauser, 709. 815 
Steinitz, 271, 701, 706 
Steinkopf, 36 

Steinkopf and Freund, 195, 
1050 

Steinkopf and Kirchhoff, 684 
Steinkopf and Winternitz, 229 
Steinschneider, 228 
Stenzel, 17 
Steopoe, 946 

Stepanenko, 919, 921 4 

Stepanov, 413 
Stepanyan, 127 
Stephan, 154 

Stephens, 856, 859, 892, 899, 
926 

Stephenson, 678 
Stepski, von, 155, 852. 867 
Stern. 107, 277, 629 
Stetzenko and Buman. 935 
Stevens, 977 
Stevens and Gruse. 902 
Stewart. 142,. 413 
Stewart and De Free. 456 
Stewart and Bdlund, 465 
Stewart and Fowler, 46^ 
Stewart and Hanson, 757 
Stewart and Olson, 274 
Stewart and Smith, 469 
Stiepeb 1069 
Stine. 779 
Stirton, 807 
Stobbe. 611, 612. 613 
Stobbe and Dunnhaupt, 621, 
640. 657. 891 

Stobbe and Posnjak, 591, 611, 
612 

Stobbe and Reuss, 621, 657 
Stock 1066, 1090 
Stockholms Superfosfat Fabriks 
Aktiebolag, 407 
Stockings, 850, 852, 858, 867 
Stockman, 112 
Stohrel, 629, 630 
Stoeneacu, 28, 1144 
Stoll. 83 

Stoll and Burckhardt, 1011 
Stoll and Schintz. 83 
Stoltzenberg and Erdmann, 
1099 

Stonaker, 1031 
Stone and Welmter, 697 
Storch, 43. 121, 147, 279, 280, 
282, 284, 285 

Storch and Golden, 32. 282 
Storm, Bull & Co.. 294 
Stormonth, 609 
Story, 438, 1017 
Story and Kalichevsky, 1148 
Story, Provine and Bennett, 
901 . 

Story and Snow, 30 
Strache, 932 
Strache and Porges, 992 
Strange, 157, 404, 517, 626 
Strange and Kane, 323, 328 
Stratford, 194, 199, 516 
Stratford and Doohan, 426 
Stratford, McIntyre and Moor, 
426 

Stratford and Moor, 35 
Stratford* Moor and Pokomy* 

Stratta and Vernazza, 265, 595 
Strauss, 701, 706, 739, 740, 
809, 817 
Streb, 222 


Stribling, 1022 
Strosacker. 471, 705 


Strosacker, Kennedy and Pel- 
ton, 678 

Strosacker and Pelton, 678 
Strosacker and Stephenson. 678 
Stroas, 1150 
Strout, 101 

Strout and Lyder, 243 

Strunnikov and Seryakov, 1026 

Stryker. 993 

Stuart and Stuart, 906 

Stubbs, 926, 976, 977 

Stuer and Grob, 426, 470, 683. 

684, 886 
Stupp. 917 
Sturgis, 439 
Stutz and Shriner, 451 
Subkow, 841 

Sucharda and Mazonski, 330 
Sudborot^h, 466, 580 
Sudenorff and Kroger, 549 
Sudfeldt & Co.. 1015, 1017 
Suida, 126. 135. 315, 323, 328, 
355, 538, 539. 715 
Suida and Poll, 741 
Suida and Wesely, 466, 1118 
Suknevich and Chilingarian, 
343 

Sullivan, 983, 1029 
Sullivan and Adams. 1027 
Sullivan. Voorhees. Neeley and 
Shankland. 201, 606. 613 
Sullivan, Voorhees. 0.ik and 
Barnard. 201, 613 
Sulser, 672 
Sumpter, 903 

Sun Oil Co., 939, 995. 1066, 
1067. 1068. 107.3. 1082. 1089 
Sutherland, 144. 328, 890 
Sutherland and Maass. 326, 
328 

Sutton, 361 
Suydam, 67. 155, 156 
Swallen. 406 
Swann, 506. 856. 926 
Swann, Howard and Reid, 
840 

Swann Research, Inc., 189 
Swann, Snow and Keyes, 305, 
314, 318. 324 
Swanson. 225. 228 
Swarts, 707, 712 
Swartz, 1086 

Swearingen. 847, 875, 879 
Sweeney, 609 
Sydnor, 100 

Synthetic Ammonia & Nitrates, 
Ltd., 142, 230, 582 
Sytch, 767 
Szankowski. 1021 
Szarvasy, 207, 208. 701. 784 
Szarvasy and Bensel, 208 
Szayna, 76, 96, 195, 591, 593, 
598, 606 

Szayna and Ehrlich, 21 
Szego. 922. 925 
Szemzd, 545 
Szidon, 998 
Szukiewicz. 265 

T 

Tabart, 547 
Taber, 190 
Tada, 844 

Tageeva and Starik. 36 
Takano. 25 
Takenaka, 280 
Tako, 673 
Taksa, 1025 
Tallmadge, 699 
Tallyn, 414 

Tammann and Pape. 619 
Tanaka, 693 

Tanaka. Horiuchi and Oyama, 
1089 



Tanaka 


NAME INDEX 


1180 


Tanaka and Kuwata, 1063, 
1076 

Tanaka and Nagai, 1065, 1072, 
1073, 1075 

Tanaka, Nagai and Ishida, 
1072 

Tanatar, 83, 505, 918 
Tandberg. 516 
Tank. 154, 157 
Tanneberger, 40, 159 
Tanner, 676 
Tannich, 937 
Tanzen, 180 
Tapia, 540 

Tapley and Gisey, 481 
Taradoire, 890 
TarasoT. 1142 

Tarasov and Selcdzhicv. 103 
Tarasova, 198 
Tarczynskt, 218 
Tarup, 217 

Tasaki and Yamamoto, 28 
Tate. 1016 
Taubadel. 612 

Taube, Schepss and Ktikenthal, 
549 

Tauch, 835. 990 
Tauson, 1004 

Tauss, 25. 583. 607, 987, 1132 
Tauss and Pfeiffer, 1132 
Tauss and Wolf. 11 
Taveau, 342, 354, 366. 387, 
1015, 1026 

Taylor, 34, 47, 209, 229, 232. 
277, 283, 371, 444, 451, 461, 
462, 593. 701, 861. 877, 980, 
1143 

Taylor and Emeleus, 571 
Taylor and Riblett, 850, 851 
Tailor and Kinkenbach, 511, 

Taylor and Russell, 849 
Tcherniac, 497 
Teichner, 933, 934 
Tci and Komatsu, 761 
Tellegen. 556 
Temple, 360 
Te Nuyl —see Nuyl, te 
Terada, liirata and Utigasaki, 
36 

Terry, 412, 506 
Terry and Craig, 1017 
Terry and Eichelberger, 918 
Terzian, 215 
Tesch, 831 

Testoni and Mascarelli, 683 
Texaco Development Corp., 
411, 412, 613 

Texas Co., 191, 342, 366, 387, 
411, 835, 952, 996, 999, 1066 
Thai, 611 
Thau, 432 

Thau and Bertelsmann, 338 
Thee, 982 
Theilnemher, 476 
Thenard, 265, 595, 861 
Thermal Industrial & Chemical 
Research Co., Ltd., 863 
Thermatomic Carbon Co., 210, 
212 214 

Thicli 155, 579, 591, 634, 640, 
641, 643, 646, 657, 658, 738, 
740, 804, 805, 891, 947 
Thiele, Balhorn and Albrecht, 
658 

Thieme, 238 

Thierfelder and von Mering, 
398 

Thierry, 450, 453 
Thiesson, 235 
Thoenes, 429 

Thole. 30, 165, 444, 895, 1012, 
1136 

'^ol^ Birch and Scott, 536 
Attiile and Card, 444 


Thomas, 16. 22. 24. 31, 407, 
516, 549, 759, 764. 774, 921 
..Thomas and Carmody, 203, 
624, 657 

Thomas and Hochwalt, 516. 
624 

Thomas and Hochwalt Labora-. 
tories, 624 

Thomas and Setrum, 16 
Thomas Carbon Black Co.. 243 
Thompson, 293. 361, 425, 762, 
763. 772, 821. 828 
Thompson and Bailey, 823, 825, 
826 

Thompson and Hinshelwood, 
877,-964 

Thomsen and 0*Laughlin, 1088 
Thomson, 59, 75, 410 
Thomson and Thomas, 516 
Thordarson, 462 
Thornton, 969 
Thornton and Latta, 1149 
Thorpe. 24, 292, 297, 360, 634, 
643, 665, 737, 868. 1036 
Thorpe and Young, 60, 736, 
737 

Thorssell. 209 
Tichy, 125 

Tidewater Oil Co., 188 
Tidman, 323, 324 
Tietze, 645. 646, 647 
Tiffencau, 546, 547, 558. 612 
Tiffeneau and Levy, 547 
Tikhomirova, 607 
Tilden, 154, 625 
Tilden and Shenstone. 579 
Tilden and Sudborough, 580 
Tilicheyev, 65, 80, 87, 89, 92, 
95, 97, 101, 103, 104, 108, 
520, 588, 813 

Tilitscheyev and Dumiskaja, 
1009, 1014, 1035, 1136, 1137, 
1140 

Tilicheyev and Feigin, 79, 96 
Tilicheyev and Kuruindin, 192, 
561 

Timmermans, 481. 482, 483, 
485 

Timmermanns and Hennault- 
Roland, 719 
Tims. 18 

Tinker, 117, 144, 469 
Tissier, 725 
Titus, 231 
Titz, 84 

Tiutiunnikov, 934, 1063 
Tizard, Chapman and Taylor, 
701 

Tizard and Marshall, 1134, 
1137, 1138, 1142, 1143 
Tobin, 360 
Tocher, 60, 61 
Tock, 855 

Tohl and Eberhard, 775, 780 
Tolloczko, 272, 714 
Tolloczko and Kling, 690, 694, 
713 

Tompkins, 673, 714 
Tongberg, 619 

Tongberg and Fenske, 22. 25 
Tongberg, Pickens. Fenske and 
Whitmore, 602 
Tonnies, 579 
Tormey. 29 
Toussaint, 379 
Towne, 1133 
Townend, 235, 240, 846 
Townend and Scott. 964 
Townsend. 766 
Traube. 337, 342 
Traube and Justh, 322, 324, 
337, 1035 

Traun. H. Forschungt- 

laboratorium Oes.. 142, 158, 
160, 863. 989 


Trautz and Winkler, 84, 370 
Travers. 667, 1099 
Travers and Hockin, 47 
Travers, Hockin and Pearce, 
47 

Trebin, 15 
Treibs, 949 

Treibs and Schmidt, 891 
Trenner and Taylor, 457 
Treppenhauer, 223 
Tretolite Co., 456, 564. 1027 
Tribe. 478. 480, 640. 663, 1144 
Triggs. 228 

Trillat. 405, 514, 530, 860 
Trillaf and Cambicr, 512, 530 
Troitski, 919 

Trenov and Laduigtna, 1053 
Troostwyk, van, 65 
Troostwyk, van, and Lauweren- 
burgh, 468 

Tropsch, 276, 279. 281, 663 
Tropsch and Dittrich, 1007, 
1103, 1104, 1118, 1120 
Tropsch and Kassler, 490, 491 
Tropsch and Mattox, <1124 
Tropsch and Roelen, 862 
Tropsch and Simek, 1141 
Tropsch and von Philippovich, 
1118 

Trtimpler, 453 
Truesdell, 21, 422 
Truskier, 813 
Trusler, 553 

Trusty, 92, 449, 458, 459, 1151 
Tschelintzev —see Chelintzev 
Tscherchevsky —see Cherchev- 

sky 

Tscherepenikov —see Cherepen* 
nikov 

Tschernozhukov —see Cherno- 

jookov 

Tschetschukov —see Chechukov 
Tschilingarian —sec C.hilingar> 

ian 

Tschirkov —see Chirkov 
Tsohitschibakin —see Chichi* 

babin 

Tschufarov —see Chufarov 
Tubize Artificial Silk Co. of 
America, 429 
Tucker, 663 
Tutunnikov, 934, 1063 
Tufts, 149, 256, 257 
Tuichinin and Ivanov, 934, 935 
Tulleners, 30, 69, 168, 177, 

195, 221, 329 
Tupholme, 1000 
Turek, 842 

Turner, 449, 450, 451, 452, 

734, 737, 1150 
Turova-Pollak, 198 
Turowicz, 162 
Tuttle, 35, 409, 410 
Tweddle, 226 
Twiss and Jones, 553 
Twiss and Murphy, 248 
Twitchell, 434, 1014, 1025 
Twitcheli Process Co., 554, 
1015, 1017, 1018, 1023, 1024. 

1025, 1026, 1028, 1029, 1030 

Twomey, 86 
Typke, 909 
Tyrcr, 220, 287 
Tytschinin and Butkov, 908 
Tz, 228 


Ubbelohde, 1046, 1085 
Ubbelohde, Malaxa, Agthe and 
Guchmann, 35 
Uehara, 17. 1104 
Ueno and Kimura. 231 
Ufer, 930 
Ugarte, 107 



1181 


NAME INDEX 


Webier 


Uhde. 163 
Uhlinger, 210, 212 
Uhrmacher, 149, 256, 257 
Ulbrich, 858, 944, 948, 998 
Ullmann, 401 
Ulrich, 541, 552 
Unger, 197 

Union Carbide Co., 141, 142, 
221, 256, 259. 339, 470, 479. 
509, 520, 582, 718 
Union Chimique Beige, Soc. 

Anon., 289, 290 
Union Oil Co. of California, 
822, 841, 1085, 1086 
United Alkali Co., Ltd., 764 
United Gas Improvement Co., 
150, 215, 349 

U. S. Bureau of Aircraft Pro¬ 
duction, 349 

U. S. Bureau of Standards, 
SIS, 1113, 1144 

U. S. Industrial Alcohol Co., 
470. 472 

Universal Oil Products Co.. 34. 
188, 228, 243, 444. 446, 449. 
461, 568. 586, 609. 837. 843. 
898, 902. 903, 998 
Unruh, von, 862 
Untiedt, 510 
Urman. 841 

Ushakov and Zelinsky. 767 
Usher and Venkateswaran, 932 
Cosines de Melle, 410 
Uspenskaya, IS 
Uspcnski, 15 
Utigasaki, 36 

V 

Valec, 733 
Valenta, 34, 1143 
Valli-Donau. 364, 365 
Valyasko and Kosenko, 672 
Van Alphen, 555. 556 
Van Daltsen. 679 
Vandaveer, 1104 
Vandcnbcrghe, 1142 
Van der Beck. 921 
Van der Laan, 756, 777. 778 
Van der Pyl, 16 
Van de Wallc and de Lans- 
berg, 672 

Van der Werth, 1022 
Van Dyck. 1116. 1117 
Vanghelovich, 912 
Vanier de Saint-Aunay, 266, 
268, 269, 589, 594, 668 
Van Loon, 511 

Van Name and Maryott, 761 
Van Natta, 520 
Van Note, 16 
Van Peski, 126. 135. 388 
Van Schaack. 398, 402 
Van Schaack Bros. Chemical 
Works. 402. 528 
Vanselow, 920 
Van Soest, 191 

Van*t Spijker and van Wes- 
ten, 1129, 1134 
Van Troostwyk, 65 
Van Troostwyk and Lauweren- 
burgh, 468 

Van Westen, 63, 636, 640, 658. 
1129, 1134 

Van Winkle, 598, 601 - 
Varenne, 226 
Varlamov, 943, 955 
Vanentrai>p, 950 
Varshavski and Yakubovich, 
576 

Vaughan, 616 

Vaughn and Nieuwland, 672 
Vavon, 412 
Vedekin, 995 
Vclculescu, 22. 1035 


Velikovski. 1086. 1088, 1090 
Velltnger and Hemmer, 1029 
Vellinger and Radulesco, 898, 
902 

Venable, 742 
Venkateswaran, 932 
Venuto, 236, 239. 254 
Verein Chemisehe Fabrik 
Kreidl, Heller & Co., 926, 
939 

Verein fur chemisehe Industrie 
A.-G., 513, 682. 862 
Verein fOr Chemisehe und 
Metallurgiscbe Produktion, 
922 

Vereinigte Chemisehe Werke, 
1069 

Vereinigte Stahlwerke A.-(«., 
107, 291 

Verley, 513, 563, 871 
Vermeylcn, 771 
Vernazza, 265, 595 
“Vernisol” (Soc. anon.) fab- 
rique de Vernis et pnoduits 
isolants pour Tindustrie 41ec- 
trique 4 V'evey (Schweiz). 
1086 

Versicol Corp., 609 
Vesely, 433 

Vesselovsky and Kalichevsky, 
427, 436, 447 
Vieille, 220, 945 
Vielitz, 1056 
Villiger, 780 

Vinogradov-Volzynski, 604 
Vinther, 214 

Virobyantz and Artemiev, 1062 

Virobyantz and Sentzov, 1126 

Vivas, 715, 730 

Vlasenko, 1014 

Volker and Belohoubeck, 529 

Voerkelius, 295, 296 

Vorlander, 520, 532 

Vogel, 220, 271 

Vohl, 60, 1008 

Voigt, 672, 675, 722 

Voituret, 424 

Voituron, 151, 872 

Volf and Shevlyakov, 21 

Vollmann, 653 

Vollrath, 779, 780 

Volmar and Hirtz, 265, 266 

Volwiler, 497 

Voogt, 1018 

Voorhees, 201, 550, 606, 613, 
829, 897, 1029 

Voorhees and Eisinger, 894, 
896 

Voorhees and Youtz, 142 
Vorbrodt, 778 
Voronov, 143 
Votocek knd Vesely, 433 
Vozzinskaia, 909, 910 
Vuiborova, 1064, 1082 
Vutborova and Kalininskaya, 
424 

Vuishetravski, 1025, 1064 
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—, of hydrogen sulphide from gases, 423, 424, 425 
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—, butadiene from, 634, 635 
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—, by ethane oxidation, 834, 867 
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—, by hydrolysis of ethylene chlorohydrin, 496 

—, by isomerization of ethylene oxide, 546 

—, by methane-carbon dioxide reaction, 867, 932 
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—, carbon monoxide from, 885, 886, 887 

—, catalytic dehydrogenation of, 413 

—, crotonaldchyde from, 637, 676 
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—, effect on combustion of ethane, 850 
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—, from ethyl alcohol, 345, 869 
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—, reduction, with hydrogen, 675 
—, vapor-phase production of, 676 
—, uses of, 675 

Acetaldehydedisulphonic acid, from acetylene, 679 
Acetaldehyde-glycol mixture, acetal from, 513 
Acetals, butadiene from, 157 
—, from acetylene, 678 


Acetals, from aldehydes, 371 
—, from vinyl ethers, 679 
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o-Acetgmidophenol, antioxidant, for lubricating 
oils, 908 
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—,—, hydration of olefins, 300, 312, 315 
—. —, partial oxidation of wax, 943 
—, —, polymerization of isoprene, 626 
—, dehydration by dichloroethylene, 675 
—, dehydration by propylene dichloride, 480 
—, emulsifying^ agent, for ethylene absorption in 
sulphuric acid, 343 

—, esterification of amyl alcohol by, 795, 796 
—, — sec.-butyl alcohol by, 395 
—olefins by, 327, 330, 331 
—, ethylidene diacetate from. 682, 683 
—, extraction with isopropyl ether, 370 
—, extraction from gasoline, 902 
—, from acetylene, 667, 677, 886, 887, 888, 933 
—, from butylene ozonides, 883, 884 
—, from p-cymene, 926 
—, from 1,3-dimethylcyclopentane, 856 
—, from ethylene, 814, 876, 877, 932 
—, from ethylene glycol, 513 
—, from hexadecane, 959 
—, from ketene, 414 
—, from methane and carbon oxides, 932 
—, from naphthenic acids, 1085 
—, from paraffin wax, 944, 946 
—, from petroleum distillates, 937 
—, from propylene. 883 
—, from saponification of nitriles, 684 
—, from stearic acid, 959 
—, glacial, polymerization of styrene by, 612 
—, —reaction with ketene, 414 
—, —, reaction with olefin oxides, 540 
—, oxidation of acetaldehyde to, 675, 870, 932 
—oxidation of ethyl alcohol to, 932 
—. production of acetone from 406, 407 
—, reaction with acetylene, 681, 683 
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Acetic acid, reaction with olefin oxides, 538 
<jr*, — a-pinene, 890 
—, — sulphur trioxide, 683 
—— transformer oils. 910 
, — vinyl acetate, 682 

separation of wax acids by distillation with, 
954 

solvent for ozontdes, 882 
solvent, in bromination of olefins, 321 
•», use, in oxidation of mineral oils, 936 
—,—, — paraffins, 990 
—f —, plastics formation, 628, 629 
—, vinyl acetate from. 681 
Acetic acid'boron fluonde compound, 596 
Acetic anhydride, catalyst, for polymerization of 
isoprene, 626 

—, —, oxidation of alkylbenzenes, 926 
oxidation of ethyl benzene, 856 
—, from ethylidene diacetate, 682 
—, from ketene, 414 
, from vinyl acetate, 682 
—. oxidation of a-pinene in. 891 
—, production of ketene from, 413 
—, reaction with boron fluoride 596 
—, reaction with dioxan 556 
—. reaction with ethylene oxide. 540 
—t and sulphoacetic acid, selective solvent for 
aromatics, 34 
vinyl acetate by, 681 
Acetins from trichloropropane, 799 
Acetone, allylene from, 411 
—, as a fuel, 412 

—azeotropic mixtures with organic liquids, 409 
by butane oxidation, 835 

—by decomposition of ter-butyl hypochlorite, 399 
—, by dehydrogenation of isopropyl alcohol, 374 
—, by fermentation of carbohydrates. 404 
—, by oxidation of ter-butyl alcohol. 397 
—, — ^as oil, 840 
—, — isopropyl alcohol. 349 
— isopropyl ether, 371 
•—. — paraffins, 857 

—, condensation with olefins, 411, 574 
—, determination of, 368, 369 
—, dienes from, 633, 637 
—, diisobutylene from, 410 
—, effect on oxidation of benzaldehyde, 980 
—, electrolysis of, 413 
—, extraction of carbon blacks, 253 
—, extraction of sulphonic acid, 1014, 1015 
—, for airplane dopes, 349 
—, from acetic acid, 407, 667, 677 
—, from acetylene, 408, 677 
—, from allene, 301 
—, from l-chloro-2-hydroxypropane, 500 
—, frmn diisobutylene ozomde, 884 
—, from ethyl alcohol, 406, 407 
—, from ethyl alcohol, acetylene and steam, 677 
—, from isopropyl alcohol, 349, 362, 363, 367, 
405 

—, from methane and carbon oxides, 932 
—, from naphthenic acids. 1084, 1085 
—, from propylene glycol, 529 
—, from propylene oxide, 546, 547 
—, from secondary alcohols, 408 
—, hydrogenation of, 412, 413 
—, ionone from, 412 
—, ketene from, 414 
—, methylaeetylene from, 411 
—.oxidation of cyclohexene in, 892 
—, pinacol from, 411, 637 
—.production of, 404-408 
—, properties of, 408, 409 
—, reaction with amalgams, 411, 637 
—, — boron fluoride, 596 
—, •—cyclopentadiene, 658 
—, — mercaptans, 433 
—t — olefins, 411, 419 
—, resin precipitant, 624 

—, solvent in electro-chemical oxidation of toluene, 
927 

—, solvent for acetylene, 151, 260, 665 
—, solvent for ethylene, 141 
—, Sttlphonal from, 412 
—^.synthesis of indigo from, 412 


Acetone, thermal decomposition, 413 
—, use'in plastic formation, 628 
—, use in prevention of emulsions, 1026 
—, use in purifying hydrogen, 230 
—, utilisation of. 411 
Acetone-air, inflammabilitv limits, 963 
Acetone-aluminum chloride complexes, 600 
Acetone peroxide, from isobutylene ozonide, 884 
Acetone-sulphur dioxide, separation of diolefins by, 
142, 160 

Acetonitrile, from acetylene, 683, 684, 685, 886, 

887 

—,from ethylene and ammonia, 571, 572 
—, reaction with boron fluoride, 596 
Acetophenone, acetylene fi^, 152, 262 
—, from cumene, 756 
—from ethyl benzene, 856. 926, 1056 
—, reaction with cyclopentadiene, 658 
Acetoxime, determination of isopropyl alcohol or 
acetone, 368 

2*Acetoxycyclohexene, 587 
Acetylacetonates, catalyst in cracking, 107 
—oxidation catalyst, 936 

Acetyl chloride, condensation with olefins, 415, 
503, 568, 569 

—.esterification of chlorohydrins with, 497 
—, reaction with ter-butyl alcohol, 392, 399 
—, — 1,4-diphenylbutBdiene, 654 
—. — naphthenes, 197, 417, 568, 1056, 1057, 1058 
Acetyl chloride, sulphuric acid mixture, sulpnation 
of olefins with, 1034 
2-AcetyH-methylcyclopentane, 197 
Acetyl value, effect of oxidation on, 936 
—, oxidized white oil. 859 
Acetylation of dioxan. 556 
Acetylene, 147-153 
—.absoration of. 664, 1034, 1122 
—.acetaldehyde from, 664, 666. 667, 870, 885- 

888 

—, acetaldehydedisulphonic acid from, 679 
—.acetals from, 678 
—, acetates from, 677 
—^.acetic acid from, 667, 677, 886-888, 933 
—.acetone from, 677 

—, acetonitrile from, 683, 684, 685, 886, 887 
—, action of nitric oxide on, 299 
—, action of silent discharge on, 265, 267, 268 
—^.action on copper, 665 
—.addition reactions of, 666-667 
—.aliphatic ketones from, 678 
—.bases from, 683, 684, 685 
—, sym-bromoiodoethylene from, 672 
—.burned for carbon black, 242 
—^(butadiene from, 155 
—, by hydrolysis of carbides, 662-664, 667 
—^,by oxidation of hydrocarbons, 235, 663 
—^pby pyrolysis of hydrocarbons, 81, 125, 135, 
184, 186, 187, 225, 663 
—, — isobutylene, 73 
—— octenes, 76 
—— propylene, 71 

—, by submerge combustion, 843, 1000 
—.carbon from, 220, 221, 223 
—.carbon oxides from, 885, 886, 887 
—^.charcoal adsorption, 143, 263 
—^.chemical properties. 666-667 
—chlorination of, 476, 672 
—.chlorine derivatives, physical properties, 467 
—, condensation from gases, 664 
—, condensation with carbon monoxide, 267 
—, — halides, 679-681 
—— hydroxy-con^unds, 678-679 
—. — organic acids, 679-681 
—.conversion to acetaldehyde, 664, 666. 667, 
870, 885-888 
—, — acetone, 408, 677 
—— aromatics, 165 
—^.cuprene from, 671, 672 
—.cyanides from, 293, 295 
—decomposition of, 220, 221, 223, 234 
—.determination of, by absorption, 1094. 

—, trans-l,2-dichloroethylene from, 672 
—, diehloroacetaldehyde from, 683 
—^.diethyl acetal from, 678 
—, divittylaeslylene from, 670 
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Acetylene, effect on pyrolysis of propane, 128 
—, endotbennic nature of, 665 
—, ethyl alcohol from, 676, 679, 887 
—, ethylamine from, 684 
—, ethylene bromide from, 675 
—, ethylidene diacetate from, 682, 683 
—, ethyl mercaptan from, 685 
—, explosive nature of, 665, 666 
—, formaldehyde from, 885, 886, 887 
—, formation of sulphur dyes, 430, 431 
—, formic add from, 885, 886, 887 
—, from aliphatic hydrocarbons. 152 
—, from amylene-hydrogen, silent discharge, 266 
—, from anthracene, 219 
—, from anthracene oil, electric arc, 258 
—, from aromatic hydrocarbons, 149 
—, from asphalts, electric arc, 262 
—. from benaene, electric arc. 259 
—, —, silent discharge, 269 
—, from calcium carbide, 221 
—. from coal, electric arc, 262 
—. from coal-gas, electric arc, 258, 260 
—, from coal-tar, electric arc, 258 
—,irom coke-oven gas, electric arc, 258 
—, from copper acetylide, 663 
—, from ethane pyrolysis, 43, 44, 147, 149 
—electric arc, 257 
—g —, silent discharge, 264 
—, from ethylene, cathode-ray, 274 
—,—.electric arc, 257, 260, 262 
-‘.—.pyrolysis, 66, 68. 147, 149, 187 
—, —, silent discharge. 264, 265, 269 
—, from ethylene dichloride, 473, 680, 816 
—, from ethylene-methane-hydrogen-nitrogen mix¬ 
ture, 153 

—, from fuel oil, electric arc. 259 
from gasoline, 872 
from halogenated hydrocarbons, 663 
—, from hexane, electric arc, 257 

from, hydrocarbon mixture, glow discharge, 274 
—from hydrocarbon-nitrogen reaction, 295 
—, from hydrocarbons, electric aVc, 256, 257, 259, 
260, 261, 262, 663 

—, from hydrogen in carbon arc, 663 
—, from kerosene, 872 

—from methane, electric arc, 256, 257, 259, 260 
—,—.glow discharge, 275 
—.--pyrolysis, 38. 40-42, 121, 136. 147-151, 166- 
169. 176, 186, 219, 296, 871, 872 
—, — silent discharge, 264, 268 
—, from methane-carbon dioxide reaction, 283 
—, from methane-ethane-hydrogen mixture, 151 
—, from methane-ethylene, electric arc, 260 
—, from methane-hydrogen, 260, 263 
—, from methane-oxygen mixture, 151 
—, from natural gas, electric arc, 258 
—, from natural gas pyrolysis, 167 
—, from propylene pyrolysis, 188 
—, from tars and resins, electric arc, 262 
—. from unsaturated carboxylic acids, 663 
—.glyoxal from, 885, 886, 887, 888 
—, hydration, catalysts for, 676 
—, hydration, to acetaldehyde, 675-678, 870 
—, hydrocyanic acid from 296 
—.hydrogen from, 220, 221, 223, 887 
—, hydrogen halide addition. 471, 472, 477, 478 
—, hydrogenated, silent discharge, 266, 267, 269 
—, in cracking gas, US 
—, industrial utiUzation| 667 
—, intermediate, formation of aromatics by pyrol* 
ydis, 66. 81, 148, 162, 169 
—, —, formation of hydrogen cyanide, 296, 299 
—, isoprene from, 159 
—, liquid condensation products, 684, 685 
—, manufacture of, 662, 664 
—, mechanical separation of, 262 
—, metal acetylides from, 678 
—, methionic acid from, 1034 
—.methods of production, 150-152 
—, monoethylamine from, 684 
—, mustard oils from, 685 
—.nitriles from, 684, 685 
—.oxidation of. 220, 222, 223, 857, 885-887 
—.photochemical polymerisation of, 667 
—, physical properties,, 664 


Acetylene, polymerization of, 81, 82, 106, 667- 
672 

—, —, by o-radiation, 273, 595 
—, —, by cathode-ray, 274 
—,—, by electric discharge 610, 668 
—, —, hy mercury light, 272 
—, —, by silent discharge, 264, 267, 268 
—* —* ultraviolet light, 667 

—, —, effect of copper, 82 
—, production of carbon black from, 234 • 

—, purification and separation from gas mixtures, 
664 

—.pyrolysis of, 38, 81, 82, 176, 180, 181 

—, reaction with acetic acid, 681 

—, — acetylene tetrachloride, 673 

—, — amines, 683, 684 

—, — ammonia, 299, 683-685 

—, — ethanol. 678 

—, — ethylene, 585 

—, — fuming sulphuric acid, 679 

—— halogens. 672, 675 

—, — hydrogen cyanide. 684 

—, — hydrogen sulphide, 426, 684 

—, — hypocnlorous acid, 683 

—, — methane, 684 

—— nitric acid, 683 

—. — oxides of nitrogen, 298, 887, 888 

—, — ozone, 887 

•—, — phosphorus pentachloride, 685 
—, — sodium hydroxide, 677, 678 
—, — sulphur, 684 
—, reactions in silent discharge, 267 
—g removal from mixtures by fractional distilla¬ 
tion, 1116 

—. separation by freezing, 153 
—, separation from gas mixtures, by solid absorb¬ 
ents. 152, 153 

—, by solvents, 150-152, 260, 262, 664 
—, sodium acetate from, 678 
—, solubility in various solvents, 665 
—, storage of, 664 
— sulphur comfiounds from, 685 
—, tetrahydroquinoline from, 684 
—, thermal stability of, 81, 82 
—, thermodynamic effect of temperature on pro¬ 
duction of, 162 

—, thermodynamic stability of, 92, 94, 147, 256, 
663 

—, thiophene from, 684, 887 
—.titration of, by bromine, 1121 
—, 1,1,2-trichloroethane from, 680 
—, use in purifying hydrogen, 230 
—, vinyl chloride from, 680 
—, vinylsulphuric acid from, 679 
—.yield from methane, 872 
Acetylene-air, inflammability limits, 961, 962 
Acetylene-benzene equilibrium, 148 
Acetylene black, 221, 222. 242 
—, properties of, 250 
Acetylene dichloride, 674, 675 
Acetylene halides, 667 

Acetylene hydrocarbons, action of (vione on, 930 
—from amylene, silent discharge, 267 
—, from natural gas, electric arc, 258 
—, in petroleum, 11 
—, isomeric, from allenes, 616 
Acetylene-olefin mixture, pyrolysis of. 158. 187 
Acetylene ozonide, 887 
Acetylene polymers, bromides of, 267 
—, distillation of, 669 
—, nitro derivatives. 267 
—, oxygen derivatives, 267, 268 
—reaction with silver nitrate, 268 
Acetylene-propylene mixture, isoprene ' from, 158. 
159 

Acetylene-sulphur dioxide, condensation in silent 
discharge, 267 . 

Acetylene tetramer, by polymerization of acety¬ 
lene. 669 

Acetylene trimer, by silent discharge, 268 
Acetylene tetrabromide, 659 
—, conversion to acetylene, 663 
Acetylene tetrachloride, acetylene dichlorides 
from, 674 

—.chlorination of, 715 
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Acetylene tetrachloride, conversion to acetylene, 
663 

—, formation of, 666, 61H) 

, reaction with acetylene, 673 
—, reaction with xylene, 674 
—, solvent for wax, 948 

Acetylen/lamine, polymerised, from methane, 264 
Acetylides, from acetylene, 678 
, stability of, 666 

2-Acetylpentane, from n-pentane and acetyl chlo¬ 
ride, 417, 1057 

M-Acetylstyrene-p-carboxylic acid, 928 
Acheson grai^hite, heats of combustion, 249 
Acid absorption of olefins, 354 
Acid anhydrides, as antidetonants, 835 
—, effect on properties of wetting agents, 1024 
—, from oxiaation of paraffins, 943, 987 
—, production of, 412 
—, reaction with alcohols, 943 
—, — boron fluoride, 596 
—, — olefin oxides, 540 

Acid bismuth orthophosphate, catalyst, butadiene 
formation, 159 

Acid cadmium phosphate, polymerization catalyst, 
144 

Acid chbrides, action on ter-butyl alcohol, 397 
—, conversion to aldehydes, 197, 198 
—, condensation with hydrocarbons, 417 
—, condensation with olefins, 419 
—, esterification of chlorohydrins, 497 
—, esterification of wax alcohols. 998 
—, reaction with tertiary alcohols, 392, 399, 403 
—, use in Friedel-Crafts reactions, 1056. 1057 
Acid concentration, effect on rate of absorption of 
olefins, 347 

—, effect on hydration of olefins, 300, 301, 312 
Acid extract, alcohols from. 355 
—, definition of, 485 
—, from cracking gas, 350 
—, halogenation of, 485 
—, hydrolysis of, 349, 354 
—, isolation of nitrogen compounds from, 822 
—production of, 350 
Acidic polyesters, from glycols, 521 
Acidity, of Russian petroleum, effect of boiling 
mints, 1062, 1063 

Aridity testa, for petroleum products, 1153 
Acid number, voltolized oils, 271 
—determined with isopropyl alcohol, 365 
—, naphthenic acids, 1063, 1082 
Acid refining of distillates, 1005, 1006, 1007 
—, of petrolram, sulphonation of acids in, 1065 
Acid resins, in acid sludge, 353 
Acid sludges, alcohols from, 353 
—, as pickling inhibitors, 434 
—, from lubricating oils, 1012 
—, separation of, from tars, 353 
—, sulphonated compounds from, 1023 
—.sulphonic acids from, 1013, 1014, 1015, 1016 
—.use in varnishes, 1030 
Acid sulphates, of nitrogen bases. 826 
—, use in condensation of phenols and alcohols, 
399 

Acids, by air-oxidation of crude distillates, 1017 
—, by alcohol sxidation, 843 
—, by hydrocarbon oxidation, 834, 835, 836, 837, 
838, 840, 843, 931-939, 987, 990 
—, by hydrolysis of ozonides, 844 
—, by oxidation of alde^des, 870 
—, — halogenated paraffins, 931 
—, — hexane, 868 
—, — methane, 864 
—, — olefins, 871 
—, — paraffin wax, 931, 997 
—, — petroleum distillates, 830, 868 
—, by* vapor-phase oxidation, 1001 
—, carboxylic, in crude petroleum, 30 
—, production from hydrocarbons, 935 
——, synthesis of, from aromatic hydrocarbons, 
932 

—.catalysts, for hydration of olefins, 300, 301, 
303, 318, 348 

• isomerisation olefin . oxides, 546 
isomerization styrene oxide, 558 
—t—^.polymerisation of diolefins, 618, 619 


Acids, combination of olefins with, 320 
—, esterifying action on olefins, 303, 320 
—, final extraction of olefins from hydrocarbon 
mixtures by, 349 
—, from Caucasian oil, 934, 935 
—, from gas oil distillate, 1063 
—, from hydrocarbons, 939 
—, from lubricating distillate washings, 939 
—, from methyl ethei, silent discharge, 264 
—, from petroleum benzines^ 938; 939 
—, from petroleum wax. utilization of, 830 
—, from spindle oil, 939 
—, hydroxy, from paraffin wax, 1024 
—, ignition temperatures of., 968 
—, in sludges, 1013 

—t isolation from alkali naphthenates, 1070-1072 
—, organic, addition to acetylene, 666 
—, —, by combustion of fuels, 978 
—, —, effect on antiknock value, 984 
—, —, from petroleum hydrocarbons, 933 
—, —, from residual cracking gases, 183 
—• —t production by combustion of gases, 981 
—, —, reaction with olefin oxides, 540 
—, prevention of gum formation in gasolines, 
897 

—, produced by combustion of hydrocarbons, 973, 
981 

—, purification of catalysts with. 224 
—, reaction with boron fluoride, 596 
—, refining of oxidized paraffins by, 955 
—. separation from aldehydes. 937 
—, separation of nitrogen compounds from, 828 
—, unsaturated, from paraffin hydrocarbons, 939 
—, water-soluble, from petroleum, 937 
Acid-tars, sulphonated products in, 1065 
—, from lubricating oils, 1012 
Acid-treated oil, washing with sodium hydroxide, 
1065 

Acid treatment, of petroleum distillates, preven¬ 
tion of emulsions, 1026 
Acid wash oils, definition of, 347 
Acidulated hydrosilicates, catalysts, conversion of 
alcohols to ethers, 521 
Acridine, from pitch, 227 
Acridine dyes, 860 

Acridines, inhibitors, in pickling solutions, 829 
Acrolein, alkylallenes, from, 632 
—, as antidetonant, 983 
—, by hydrocarbon oxidation, 838, 868 
—, reaction with butadiene, 651 
—, reaction with olefins, 568, 652 
Aerolite resins, from naphthenic acids, 1086 
Acrylic acid, addition of sulphites, 574 
—.esters of, 570, 571 
—, from gasoline, 902 
—, polymers of, 586 
—, production of. 570, 571, 586 
—, reaction with diolefins, 652 
Actinic light, activating hydrocarbon chlorination, 
687, 700, 714, 730 
—, effect on vinyl esters, 679 
—, use in halogenation. 745 
Activated aluminum, cracking catalyst, 106 
Activated carbon, adsorption of ethylene, 143 
—j catolyst, esterifying olefins by hydrogen 

halides, 324 

—,—, oxidation of oils, 936 

pyrolysis of benzene homologues, 146 
—.hydrolysis of amyl chlorides. 797 
Activated charcoal, absorption of hydrogen sul¬ 
phide, 425 

—adsorbent, acetylene separation. 153 
—, catalyst, hydrolysis of amyl chlorides. 794 
—, —, methane chlorination. 690. 698, 701 
—r —# pyrolysis of paraffins, 134 
—, hydrolysis of ethyl chloride, 787 
—separation of olefins with, 143 
—, use in production of ethylene, 126 
Activated hydrogen, hydrogenating agent, 266 
Activated molecules, in butadiene polymerization, 
618 

Activation energy, for decomposition of hydro¬ 
carbons, 98 

Acyclic olefins, from cracked gasoline, 145 
Acylation, of olefin oxides. 538 



1189 


SUBJECT INDEX 


Aleoholf 


1«4 Addition compoundsi from conjugated diole- 
lint, 641. 642 

Addition compounds, from ethyl iodide. 453 
— from tbioethers. 450, 451 
Addition products, of olefins, 160 
Addition reactions of diolefins, 641 
Adhesion tension, carbon blacks, 249 
Adhesives, from halogenated paraffins, 742 
—, from soya'bean protein, 742 
—, sulphur compound mixtures as, 456 
Adipic acid, from cyclohexane, 1048 
—, from cyclohexanol, 634, 929 
—, from cycli^exene, 892, 893 
—, from xylene, 629 

Adsorbent charcoal, catalyst, natural gas chlo* 
rination, 691 

—, purification of istmropyl alcohol, 359 
Adsorbent earths,^ refining with, 1065 
Adsorption, by silica gel, 1116 
—, of dyes by carbon blacks, 248 
—, of mercaptans, 445 
—, of methane, 143 
—, of petroleum, bv earth strata, 36 
—, relationship with adhesion tension, 249 
—.separation of hydrocarbons by, 1115 
—, separation of olefins by, 143 
Adsorption agents, extraction of sulphur com* 
pounds by, 459 

Adsorption equilibrium, carbon black, 253 
Adsorptive capacity, of carbon blacks, 248 
Agglomeration, of carbon particles, 245 
Agitation, effect on, ethylene absorption sulphuric 
acid. 343 

Air, analysis of, 1095 ^ 

—, catalyst, cyclopentadiene polymerization, 621 
—, effect of, preparation of cuprcne, 672 
—.oxidizing agent, 831 
—.ozonized, oxidation of hydrocarbons, 915 
—, reaction with hydrocarbons, 220, 221 
removal of carbon. 206, 220 
—, use in coke production, 228 
—, use in decomposition of hydrocarbons, 213, 
215, 217 

—, — oils and tars, 208, 209 
—, used in hydrocarbon'chlorine combustion, 224 
Air>hydrocarbons, explosive mixtures of, 220, 221 
Air-hydrogen, combustion of, as source of heat, 
207 

Air jets, determination of gasoline gum content 
by, 895 

Air-methane, combustion of, as heat source. 207 
—, explosive limits, 861 

Air oxidation, of aromatic hydrocarbons. 914-930 
—of Galician spindle oil, 934 
—, of Grozny paraffin, 941 
—, of hydrocarbons, 941-946 
—, of methane, 217 
of olefins. 871, 876 

>- 7 , of .paraffin hydrocarbons, 871, 872, 873 
—, of wax, 960 

—, refining of transformer oils, 910 
Airplane dopes, acetone for, 349 
Alfaertite, nitration of, 1054 
Albumin, polymerization of isoprene by, 627, 628 
—, purification of ichthyolsulphonic acids by, 1037 
Alcohol, analysis of butadiene by. 1122 

by hydrolysis of ethvlchlorosulphonate, 322 
—,— ethylsulphuric acid, 304, 321 
—, converted to ether, 346 
—• decomposition *by metallic chlorides, 343 
—denaturants for, 455, 520, 614, 685 
—, effect on chlorohydrin formation, 490 
effect on oxidation of petrolatum, 941 
—.effect of silent discharge on, 264 
—, emulsifying agent, ethylene absorption. 343 
—.extraction of ichthyolsulphonates, 1037 

, — oxidation products from transformer oils, 
911 

—, —- oxidized paraffins, 953 
—for breaking emulsions, 1025 
—, for prevention of emulsions, -1026 
—,from ethylene, 301, 305-312, 323, 334, 335, 
338-340, 598 

—, — in coal-gas, 339, 355 

in coke-oven gas, 338, 339 


Alcohol, from ethylene, in refinery gases, 336, 337 

—, from oil-fonning gas, 333 

—, from olefins in illuminating gas, 333 

—, oxidation of, 915 

—, purification, by olive oil, 333 

—, reaction with acid anhydrides, 943 

—, — ethylene dichloride, 682 

—, recovery of, 355 

—separation of ichthyolsulphonic acids by, 1036 

—, — wax acids by distillation with, 954 

—, solvent in lacquers, 1030 

—, — oxidation of toluene, 927 

—, treatment of Baku gas oil with, 934 

—, use in insecticides, 1028 

—, — plastic formation, 629 

—, — resin precipitation, 624 

Almholjc plumbite, removal of mercaptans by. 

Alcoholic potash, condensation of phenols and 
alkyl chlorides by, 400 

—, polymerization of 2,3-dimethyl-1,3-butadiene 
with, 625 

—, reaction with butadiene tetrabromide, 644 
—, removal of sulphur by, 427 
Alcoholic sodium hydroxide, reaction with chloro- 
prene, 639 

Alcohols, addition to acetylene, 666 
—^.aliphatic, condensation with mesityl oxide, 411 
—, —, conversion to acetone, 408 
—.antidetonating properties of, 97? 

—, antioxidants, for lubricating oils. 907 
—, aromatic, oxidation of, 926 
—.butadiene from, 155, 633, 635 
—. by hydrolysis of alkyl halides, 319. 323, 686, 
781-785, 788, 790. 794 

—f — of sulphuric acid extract, 349, 35.1, 354 
—by oxidation of hydrocarbons, 831, 834, 835, 
837, 840, 843. 1061 
—, — methane, 864 
—, — paraffin wax, 857, 943, 944 
—. — petroleum oils, 868, 987, 989, 990. 991 
—, — pinene, 889 
—, by vapor-phase oxidation, 1000 
—, chlorohydrin ethers from. 489 
—combustion, effect of nitrogen, 976 
—, condensation with olefins. 568 
—.cyclic, production of, 389, 744 
—.decomposition by submerge combustion, 843 
—, dehydrogenation of, 858 
—, detergents from, 1024 
—, esterification by hydrogen halides, 324 
—.extraction of acid sludges, 1014, 1017 
—, — petroleum with, 838 
—, — sulphonic acids with, 1018, 1025 
—, from acid extract, 355 
—, from acid sludge, 353 
—, from alkyl chlorides, 686 
—, from amylene, 313 
—, from ceresin, 950 
—, from chloroparaffins, 338, 712 
—, from coal, 333 
—, from coke-oven gas, 354 
—, from cracked petroleum. 351 
—, from cracking gas, 349, 350. 355, 388, 830 
—, from • cracked gasoline, 349 
—. from cycloparaffins. 1010 
—, from ethylene homologues, 354 
—, from gaseous olefins, 332, 355 
—, from Grignard compounds, 812, 813 
—, from heptanes, 313 
—, from hexenes, 313 
—, from hydrocarbon-air combustion, 973 
—, from isobutylene, 300 
—, from isoprene, 650 
—, from mercaptans, 436 
—, from naphthenic acid esters, 1072 
—, from oil gas, 353 

—, from olefins, 10, 219, 320, 329. 353, 355, 559, 
1092. 1126 

—,—.free energy equation, 301, 302, 303 
—• from paraffins, 951 
—from petroleum, 937 
—, from propylene, 319 
—from residua! cracking gases, 183 
—from stearic acid, 959 
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Alcohols, from sulphooic acids, 1007, 1011 
—, from water vapor and hydrocarbons, 274 
—, higher, from myl alcohol, 344, 345 
—, —^ separation from polymerized oils, 389 
ignition temperatures. 968 
—, in oxidized hydrocarbons, 991, 992 
—, number of isomers, 401 
—, olefins from, 564, 871, 873 
oxidation of, 843, 868'870 
—, pharniacoloi(!y of. 393. 394, 

—polyhydric, esterification with methylene tetra* 
hydro^tbalic anhydride, 653 
use in insecticides. 1027 
polyroertzed, condensation with olefin oxides, 
538 

—, reaction with boron fiuoride, 596 
—, — hydrohromic acid, 393 
—, — vinyl ethers, 679 
—.saponification of nitriles, 684 
—, aulphated, as detergents, 1022 
—, sulphur compounds in. 351*2 
—.synthesis with nitriles, 810 
—, testa for distinguishing different types, 391, 

-fS« of, 349 , , 

Alcohol synthesis, catalysts for, 302 
—.conditions tor, 305. 311 .... 

—.effect of hydrogen halides, 300, 301, 305, 307 
—, — pressure,' 301, 305 
—, — temperature, 301, 305, 311 
—, free energy equations, 305 
—, reaction velocity, 305 
AlcoUte, specifications for, 455 , 

Aldi^yde-acids, by hydrocarbon oxidation, 836, 
837 

—from liquid hydrocarbons, 937, 938 
—.separation of, 837, 938 
Aldehydes, by combustion of ethane, 850 
—fuels, 978 

—. — hydrocarbons, 852, 981 
—, by nydrolysia of ozonides, 831, 844, 882, 
939 

—, by oxidation of alcohols, 391, 843, 868*870 
—, — n*hexane, 868 

—, — hydrocarbons. 831, 834, 835, 836, 837, 838, 
843, 861, 987, 990 
—, — methane, 864 
—, — petroleum oils, 868, 

—, by vapor-phase oxidation, 1001 
—.catalysts, polymerization of styrene, 611 
—, condensation with monochloroacetic esters, 534 
—, conversion to acetone, 408 
—.effect on antiknock value, 984 
—, extraction of, 939 
—, from acid chlorides. 197, 198 
—, from alkylbenzenes, 1056 
—, from amylene, 879 
—, from chlorohydrins, 533 
—, from ethylene, 307 
—, from hydrocarbons, 937, 938 , 

—, from hydrocarbon-air combustion, 973 

—, from hydrocarbon oils, 1026 

—, from olefins, 871, 882 

—, from olefinic gasolines, 502 

—, from oxidation of pinene, 889 

—, from oxidized distillates, 993 

—, from paraffin wax, 857, 941 

—, from residual cracking gases, 183 

—, from triacontane, 958 

—.ignition temperatures, 968 

—, in oxidized hydrocarbons, 991, 992, 996 

—, isomerization of olefin oxides to, 546 

—. nitration of naphthenes, 1048, 1051, 1052 

—, oxidation to acids, 870 

—. reaction with cyclopentadiene, 658 

—, — ethylene oxide. 556 

—, — mercaptans. 433 

—, removal from oxidation products, 992 

—, separation from acids, 837, 937 

—, sulphur dyes from, 431 

Aldol, from acetaldeliyde, 634, 635 

—.intermediate in preparation of iaoprene, 159 

Algae, as source of petroleum, 36 

Alginie acid, 999 

Alicyclie hydrocarbons, pyrtdyaia of, 158 


Aliphatic acids, by oxidation of nitrogen bast 
fractions, 820 

—.catalysts for oxidation of mineral oils, 936 
—t dehydration of, 480 
—, esterifying olefins with, 328 
—.extraction with isopropyl ether, 370 
—from naphthenic' acids, 1072 
—.oxidation of paraffin wax, 950 
—, production of, 940 
—, synthesis from nitriles, 810 
Aliphatic chlorides, effect on properties of wetting 
agents, 1024 

Aliphatic diamines, preparation of, 818 
Aliphatic ethers by dehydration of alcohols, 370 
Aliphatic hydrocarbons, acetylene from, 152 
—.aromatic hydrocarbons from, 152, 165-177 
—, ffuorinated hydrocarbons from, 709 
—ignition temperatures. 968 
—, oxidation of, 937 
—, pyrolysis of, 188 
Aliphatic ketones, from acetylene, 678 
Aliphatic mercaptans. pyrolysis of, 457 
Aliphatic nitriles, ^drolysis of, 811 
Aliphatic olefins, eff^ on gasoline, 901 
Aliphatic oxygenated compounds, iodoform from, 
707 

Alizarine, from anthraquinone, 924 
Alkylated aromatics, production of, 562-56S 
Alkali borates, aromatization catalysts, 183 
—, catalysts, condensation of alkyl chlorides, with 
carbon monoxide, 815 

Alkali carbonates, action on monochloroparaffin, 
740 

—, aromatization catalysts, 182 
—, removal of carbon monoxide from hydrogen, 
233 

Alkali-cellulose, treatment with ethylene chloro- 
hydrin, 742 

Alkali ^anamides, formation of, 297 
Alkali fluorides, fluorinating chlorinated hydro¬ 
carbons with, 708 

Alkali formates, hydrolysis ethylene dichloride 
with, 506 

Alkali fusion, of chlorinated petroleum, 740 
Alkalj hydrolysis, of acid extract, 352, 353 
Alkali hydroxides, catalysts, hydration of ethy¬ 
lene. 312 

—, use in hydrolysis of methyl chloride, 783, 783 
Alkali hypochlorites, use in sweetening, 444 
Alkali metals, catalyst activators, decomposition 
of hydrocarbons, 223 

—, catalysts, chlorination of hydrocarbons, 714 
——.production of synthetic rubl>er, 629 
—, —, reaction of diolefins with nitrogen bases, 
656 

Alkali naphthenates, as antidetonants, 983 
—, isolation of acids from, 1070-1072 
Alkali oleates, as antidetonants, 983 
—.oxidation catalysts, 936 
Alkali oxides, catalyst activators, decomposition 
of hydrocarbons, 223 

—. catalysts, polymerization of diolefins, 618, 619 
—,—.oxidation of methyl alcohol to formalde¬ 
hyde, 868 

Alkali phenolates, ethers from ethylene chloro- 
hydrin with, 497 

Alkali phenoxides, reaction with alkyl chlorides, 
809 

Alkali phosphates, aromatization catalysts. 183 
—. catalysts, reaction of alkyl halides with car¬ 
bon monoxide, 815 

Alkali polysulphides, plastics from, 474, 475 
Alkali resinates. oxidation catalysts. 936 
Alkali salts, stabilizers, oxidation of hydrocarbons, 
915 

Alkali silicates, aromatization catalysts, 183 
Alkali sludges, 1066, 1068 
Alkali solutions, removal of peroxides from gaso¬ 
line. 901 

Alkali sulphonates, as antidetonants, 983 
--.as detergents, 1022, 1023. 1024 
AlkaliM, absorbents for hydrogen cyanide, 298 
—.carbon dioxide from gases by, 289, 290 
—.catalysts, oxidation of paraffins, 951 
—, —, oxidation of paraffin wax, 960 




Alkalies, effect on hydrolysis of olefin dihalides, 
SOS 

—, for separating diolefins, 160 
, reaction with chlorine, 490 
—, — ethylene chlorohydrin, 496 
—, — halogenated paraffinsV 742, 818 
—, refining of oxidized wax with, 953, 954, 955 
—, refining petrolatum with, 934, 1036, 1027 
—, use in hydrolysis of amyl chlorides, 790, 791 
—.—- tanning composition, 1031 
Alkaline-earth alkyls, catalysts, polymerization of 
diolefins, 619 

—'borates, aromatization catalysts, 183 

— chlorides, catalysts, chlorination of hydrocar¬ 
bons. 701, 702, 713 

— cyanamides, catalysts, carbon monoxide-am¬ 
monia reaction, 298 

-, production of, 571 ■ 

— cyanides, formation of, 297 

— fluorides, fluorinating chlorinated hydrocarbons 
with. 708 

— hydroxides, use in hydrolysis of methyl chlo¬ 
ride. 781, 782, 783, 784, 785 

— oleates, oxidation catalysts, 936 

— oxides, catalyst activators. 289, 290 

-, catalysts, oxidation of methyl alcohol, 868 

-. —, polymerization of diolefins, 618, 619 

— phosphates, aromatization catalysts, 183 

— IK)lysulphides, plastics from, 474, 475 

— resinates, oxidation catalysts, 936 

— salts, catalysts, pyrolysis methane, 150 

— silicates, aromatization catalysts, 183 
Alkaline-earths, catalyst activators, 223 
—, catalysts, chlorination of benzene. 766 

—, —, dipropyl ketone from butyraldehyde, 416 
—, removal of carbon dioxide from hydrogen. 232 
—, sat)onification of wax acids with. 953 
—, stabilizers for oxidation of hydrocarbons, 915 
Alkaline solutions, absorption of hydrogen cya¬ 
nide in, 298 

-—.of olefins, electrolysis of, 511. 

Alkalinity tests, for petroleum products, 1153 
Alkaloids, purified with isopropyl alcohol, 364 
—, relation to hydroaromatic bases, 819 
Alkylacetylenes, from oil gas, 116 
Alkyl acid thiosulphates, from mercaptans, 437 
Alkyl amino alcohols, 543 
Alkylallenes, from acrolein, 632, 633 
Alkvlamines, stabilizing chlorinated hydrocarbons, 
704 

—, production of, 571, 572, 806 
Alkylated compounds, of aronuitic hydrocarbons, 
559-564 

Alkylation, of ammonia, 806, 807 
—, of aromatic hydrocarbons, isomerization re¬ 
action, 809, 810 

—, —, use of ter.-butyl alcohol, 398, 399 
—, of aromatic substances, 374, 375, 810 
—, of ketones with olefins, 574 
—, phenols by alkyl halides. 810 
Alkylbenzene-benzene mixture, pyrolysis of, 147 
Alkylbenzenes, oxidation, 859, 925, 926 
—, reaction with chromyl chloride, 1055 
Alkyl bisulphites, from sulphite-olefin reaction. 

Alkyl bromides, from alkyl sulphates, 325 
—, from olefins, 323 
—, hydrolysis of, 787, 788 

Alkyl 2-bromoethyl ethers, alkyl vinyl ethers 
from, 682 

Alkyl chlorides, alcohols from, 686 
—, alkylation of phenols with, 810 
—.carboxylic acids from, 814, 815 • 

—.condensation with carbon monoxide, 815 
—, from alcohols, 371, 392 
—, from alkyl sulphates, 325 
—, from olefins, 323. 330 
—.hydrolysis with steam. 782, 783, 784, 785, 787 
—, importance, in chemical synthesis. 800 
—, mercaptans from, 811 
—, nitration, -814 
—, primarjr amines from, 807 
—, pyrolysis of, 802 
—, reaction with alkali phenoxides, 809 
—, reaction with magnesium, 812-813 


Alkyl chlorides, .tendency of decomposition, 804 
, use in synthetic lubricating oils, 810 
Alkyl disulphides, determination of, 1152 
—.reduction to mercaptans, 1152 
Alkyl dithiosulphates, from mercaptans, 437, 438 
Alkylene cyanohydrins, preparation of. 545 
Alkylene oxides, with carlwxylic acids, 519, 541 
—, condensation with hydrocarbons. 1059. 1060 
—, — polyhydfoxy compounds. 522 
—, reaction with oxidized montan wax, 541 
—. see also Olefin oxides. 

Alkyl esters, from olefins, 313, 318 
—, from orthosulphuric acid, 313 
—. hydrolysis of, 300 

Alkyl halides, alkylation of phenols by, 810 
—, by esterification of alcohols, 371 
—, carbohydrate ethers from, 809 
—, catalysts, condensation of olefins with phenols, 
566, 567 

—, reactions with ammonia. 806 
—. — phenols. 399, 400 
-.decomposition into olefins, 801-805 
—from alkylsiilphuric acids. 714 
—, from ethylene, 318 
—, from halogen acids, 306 
—Grignard compounds from, 812, 813 
—.hydrolysis of. 319. 781, 782. 783, 784, 785, 
786,' ’92, 793 

—, interchange of halogiens, 800 

—isomerization phenomena, 805, 806 

—, nuclear alkylation of aromatics by. 809-810 

—, olefins from. 564 

—, order of chemical reactivities, 800 

—, reactions of, 800, 801 

—, reactions with ammonia, 806 

—, — inorganic salt.s, 810-812 

—, — mercaptans. 449 

—, — metallic cyanides, 810 

—, — thioethers, 451 

Alkyl hypochlorites, formation of, 392, 399 
Alkyl iodides, catalysts, tetraethyl lead produc¬ 
tion, 813 

—, hydrolysis of, 787, 788 
—, reactions with mercaptans, 449 
—, — thioethers, 451 
Alkyinapthalenes, from napthalene, 810 
Alkylnaphthalenesulphonic acids, as detergents, 
1022 

Alkylolamines, use in breaking emulsions, 1026 
Alkyl phenyl ethers, rearrangement by boron 
fiuoride. 596 

Alkyl sulphates, corrosion by, 422 
—, organic acid esters from, 324 
Alkyl sulphides, action of sodium hypochlorite on, 
459 

—, adsorption by nickel oxide, 462 
—, corrosion by, 422 
—.determination of, 1152 
—, from olefins and hydrogen sulphide, 585 
—. to sulphones, 459 
Alkylsulphonic acids, 1005. 1011 
—. from sulphite-olefin reaction, 575 
Alkylsulphuric acids, alkyl esters from, 325, 327 
—, intermediate formation of, 590 
Alkvlsulphuric esters, from amylenes, 313 
—, from hexylenes, 313, 384 
—, from olefins. 320, 325, 329. 347, 350, 354, 
376, 383, 804, 1126 

—.hydrolysis of, 319, 352, 353. 356, 1005 
Alkyl trisulphides, corrosion by, 438 
Alkyl vinyl ethers, preparation of, 682 
Alkyl vinyl ketones, production of, 419 
Alkynes, 662 

Alleman process, naphthenic acids from, 1082, 
1089, 1091 

Allene, acetone from, 301 

—, by dehalogenation of allene dibromides, 632, 633 
—, from propylene dibromide, 481 
—, in cracking of hydrocarbons, 1 S3 
—, in pyrolysis of acetylene, 668 
—, metnylacetylene from, 632 
—, polymerization of, 272, 273, 614-616 
—properties of, 632 
—t pyrolysis of, 614, 615 
—, removal from acetylene, 664 
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Allene dibromtdet, ddimlogenation to aUene. 633 
Allene homologuei, from olefin dihalidet, 483, 
485 

Allene tetrabromide, properties of, 632 
Alloyi, catalvsts, pyrolysis of hydrocarbons, 224 
for crackina tnbes, 175 
Allyl alcohol, from propylene oxide. 547 
hydration to propylene glycol, 300, 529 
—.to glycerol, 494, SOS, S06, 510 
Allyl bromide, brominatkm of, 633 
from propylene dibromide, 480 
—.hydrogen bromide addition, 480, 481 
Allyl chloride, from propylene dichloride, 480 
—, glycerol dtchlorohydrin from, 799 
—.hydration by sulphuric acid, SOO 
—, 2-hydroxy*l*cfaloropropane from, 500 
Allylcrclohexane, pyrolysis of, 75, 85. 86 
Allyl iodide, hydrogen iodide addition. 481 
Allylene, by pyrolysis of paraflSns. 135 
—, from acetone, 411 

—.from amylene-hydrogen, silent discharge, 266 
—, from hydrocarbons, 152 
—.reaction with sulphuric acid, 1128 
Alpha particles, 255, 268, 269 
Alpha radiation, action on cyclopropane, 273, 599 
—, action on olefins, 272. 273. 595, 599, 602 
—, action on paraffins, 272-274 
—, ell^ similar to semi-corona discharge, 269 
—.mfluence in origin of petroleum, 36 
—.polymerisation of olefins, 589 
Alpha-rays, refining hydrocarbons with, 274 
Alum, ammonium manganic, oxidation catalyst, 
920 

Alumina, action on ethylene, 305 

of olefins with phenols. 

S66p 567 

—,—.epnvemion of isopropylethylene to tri- 
methylethylene. 74 

conversion of 2-pentene-4-ol to piperylene, 
637 

propylene glycol to propion- 

aldehyde, 530 

—~ cracking naphthenic acids. 1085 
—,—, dehydration of amyl alcohol, 636 
—, —, dehydration n-butanol, 481 
—, —, dehydration of pinacone, 637 
—. —, for butadiene from ethanol, 635 
—, —, for diolefin-ammonia reaction, 656 
—, —, for replacement of alcohol radical, 395 
—.—.hydration of olefins, 310, 314 
—Ihydrolysis of phenyl halides. 767 
—, —, isomerization of araylenes, 603 
—, —, isomerisation of olefin oxides. 419. 546 
—, —, isoprene from unsymmetrical-dimethyU 
allene, 632 

methane-steam reaction, 289, 290 
—, —, nitric oxide-hydrocarbon reaction, 299 
—,—, olefin-chlorine addition, 469 
—. —. polymerization of olefins, 599, 603 
—, —, preparation of isopropyl alcohol, 370 
~”80r chlorinated hydrocarbons, 802, 

—, catalyst activator, methane-steam reaction, 280 
production of acetone, 408 

effect, on hydration reactions, 303, 

3v4» 305 

—. effect on pyrolysis of methane. 39 
Alumina gel, catalyst, for acetylene-ammonia re¬ 
act^, 664 

AluminatM, catalysts, diphenyl production, 189 
Alumino-silicate refractories, catalysts, pyrolytic 
formation of naphthalene. 184 
Aluminum, activation of, 106 
^565^^^**' condensation of olefins and aromatics, 

—, —, Isomerization of olefin oxides, 547 
—,—, mrthane-carbon monoxide reaction, 932 
oxidation of aromatics, 917, 921, 925, 929 
—,—^.oxidation of methane, 863 
—,—, oxidation of mineral oils, 936 
—,—.oxidation of olefins, 878 
—. —. i^uction of olefin oxides, 549 
—.caking catalyst, 113 
—catalytic action of aluminum chloride, 
202 


Aluminum, effect on distillation of butadiene, 641 
—, —ignition temperature of hydrocarbons, 967 
—oxidation of petroleum, 905, 951 
—— oxidation of transformer oihh 909 
—, extraction of sulfdiur compounds by. 462 
—, in hydrocarbon-sulphur reaction, 429 
—. oxidation catalyst, 838 
—.polymerization catalyst, 610, 629, 630 
—, purification of hydrocarbons with, 188 
—^.pyrolysis catalyst, 47. 128, 157, 187 
—.removal of gasoline gum by, 902 
Aluminum alliqrs, catalysts, methane-steam re¬ 
action, 291 

Alumimim amalgam, catalyst, halogenation of aro¬ 
matics, 770 

Aluminum benzoylacetone, as antidetonant, 983 
Aluminum borate, catalyst activator. 291 
—, oxidatbn catalyst, 833 
Aluminum bromide, action on cyclohexane, 198 
—, bromination catalyst. 749. 750. 753. 754. 778 
—V catalyst, formation of ethyl bromide. 324 
—.eraefclRg American gasoline with. 190 
Aluminum carbide, hydrolvsis of, 662 
Aluminum carbonate, catalyst activator, 291 
Aluminum chloride, adsorption of ethylene by, 
195 

—, action on alcohols, 343 
—, — aromaties. 199, 200, 202 
—, —cvcloparaffins. 194, 197-199 
—. —oWins, 194-197 

—paraffin hydrocarbons. 193-194 
—^,ss allcylstiott catalyst, 809 
—, as driiydrogensting agent, 200 
—.carbonization of hydrocarbons by, 191 
—, catalyst, carbon monoxide-hydrocarbon reac¬ 
tion, 417, 418 

—,—^.condensation of hydrocarbons and alkylene 
oxides. 545. 1059 

—hydrocarbons with acetyl chloride, 417 
——isoprene with diolefins. 657 

—olefins and acid chlorides, 415, 419, 568, 
569, $70, 654 

——ofcfini with aromatics, 559-565 
—, — olefins with diolefins, 624 

—olefins with phenols, 566. 567 

phenols and alkyl chlorides, 399, 400, 
401 

—, —, esterification of olefins with hydrogen 
chloride. 322. 323, 329 
—, —, hydroeirbon-sulphur reaction, 429 
hydrolysis of methyl chloride, 782 
—,ln cracking, 106, 107 
—,—^.isomerization of cyclohexane, 87 
—f—^.polymerization of diolefins, 603, 618, 619, 
624 

polymerisation of olefins, 80, 144, 190, 

194, 200-204, 570. 589, 590. $93. 594, 597, 598. 
600. 608, 609, 610. 613. 1050 

—.chlorination catalyst, 690, 730, 749, 758, 759 
763, 764, 765, 775, 780 
—^cracking with, 64, 164, 190, 193, 194. 196, 
198. 201 

decomposition rate, 191 
—, extraction of sulphur compounds by, 459 
—, lubricating oils from olefins by, 197, 200 
—^ mechanism of cracking with, 190, 192 
—.oxidation catalyst, 837, 840, 920, 930. 939, 
940, 947 

—^.preparation, 192, 193 
—, production of gasoline, 190-193 
mechanism of reactions, 191 
—, reactions with cracked petroleum distillate, 203 
—.rearrangement of hydrocarbons by, 19l 
—t refining hydrocarbons with, 609 
—.use in condensation reactions, 1056-1060 
Aluminum cbloride-aeld chloride complex. 569 
Aluminum chloride-hydrocarbon complexes, 192, 

195. 198, 582, 609 

Aluminum compounds, catalyst activators, for 
methane-steam reaction, 291 
—^.of acetophenone, as antidetonants, 983 
—, stahniser promoters Of oxidation, 915, 917 
Aluminum el^redes, use of, 263 
Aluminum halides, bafogenatlon catalysts, 746> 
7SSf 76Sg 7fl0 
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Aluminum hydrosilicate, catalyst, glycolacetate 
production, 519. 520 

Aluminum hydroxide, catalyst, chlorination of 
aromatics, 761 
—, — stabilizer, 345 
Aluminum'mercury couple, 760, 771 
Aluminum naphthenates, 1083, 1089, 1090 
Aluminum nitrate, nitration of hydrocarbouz with. 

1046, 1048. 1049. 1054 
Aluminum nitride, formation of. 294 
Aluminum oleate, oxidation catalyst, 936 
Aluminum oxide, aromatization catalyst, 186 

catalyst activator, for hydrocarbon-steam re¬ 
action. 280, 281, 289, 290 
—, catalyst, ammonia-carbon monoxide reaction. 
298 

—, —, butyl sulphide pyrolysis, 457 
—, —, esterifying alcohols by hydrogen halides. 
324 

—, —, higher alcohols from ethanol, 345 
—, —, hydration of ethers, 783 
—,—(hydration of olefins, 311 
—, —, in cracking, 202 
—, —, methane-steam reaction, 288, 292 
—, —. pyrolysis of hydrocarbons, 83, 84. 85, 221, 
223 

—, —, vapor-phase hydration of acetylene, 676 
—, effect on cracking with aluminum chloride, 
191 

—, extraction of sulphur compounds with, 459, 
461 

—, dehydrogenation catalyst for alcohols, 635 
—.oxidation catalyst. 834, 863. 887, 893, 917. 922 
Aluminum phosphate, catalyst, condensation of 
olefins with phenols, 566, 567 
—, —, conversion of 1-butene to 2-butene, 72 
—, —, hydration of ethylene, 308 
—. oxidation catalyst, 833 

Aluminum resinates, from acid-treated lubricants. 
995 

—, oxidation catalysts, 936 

Aluminum salts, extraction of sulphur compounds 
with. 460 

•—.of oxidized paraffin, 995 
—, separation of aldehyde-acids by, 938 
Aluminum silicate, catalyst, polymerization of 
propylene. 599 

Alttnunum soaps, antioxidants for transformer 
oils, 909 

Aluminum stearate, catalyst, oxidation of paraffin 
wax, 947 

Aluminum sulphate, action on ethylene, 305 
—, action on petroleum acid sludge, 1024 
—, catalyst, chlorination of aromatics, 761 
—, —isomerization of olefins, 74. 603 
—, —, polymerization of olefin oxides, 548 
—,—.production of acetone, 414 
—, dehydrogenation of alcohols with, 330, 370 
—recovery of sulphonic acids, 1015 
Aluminum sulphonates, for breaking emulsions, 
1026, 1027 

—, from acid sludges, 1015 

Alundum, use in pyrolysis of hydrocarbons, 207 
Amalgams, reaction with acetone. 637 
—t removal of sulphur from distillates. 427 
American carbon black, analysis of, 246 
American gasoline, cracking by aluminum chloride, 
190 

American kerosene, pyrolysis of, 61 
American lubricating stocks, naphthenic acids, 1082 
American natural-gas msoline, analysis of, 17, 18 
American oils, autoxidation of, 893 
—, decomposition by aluminum chloride, 198 
American oil shale, sulphur in. 462 
American petroleum, butadiene from, 158 
—, hydrocarbons in, 23, 24, 30 
—.naphthenic acid contend 1063 
—. straight-run gasoline from, 20 
American straight-run gasolines, analysis of, 21 
Amides, extraction with petroleum ether, 954 
—.montan wax acids, 1002 
—, reaction with boron fluoride, 596 
—.synthesis with nitriles. 810 
Amineolefin method, determination of naphthenic 
acid structure^ 1077 


Amines, aliphatic, pyrolysis of. 617 
—. alkylation of, 807 
—.antioxidants for lubricating oib, 907 
—, aromatic, condensation with formaldehyde, 860 
——.pyrolysis of. 617 

—, by function of C-chloro-N-dichloroamines, 578 
—, — nitro compounds. 1042, 1043, 1050-1052, 

—. catalyst for production of plastics, 630 
—.condensation with alkyl halides, 896 
—, — olefins, 571, 572 
—t — nitrosochtorides. 580 
—, — unsaturated compounds, 585 
—formation of aldehyde resins, 999 
from ethylene chlorohydrin, 498 
—, from Kimmeridge shale oil, 463 
—, ignition temperatures, 968 
—, inh^iitors of polymerization, 630 
—, reaction with acetylene, 683, 684 
—, — ^.^'-dichlorodiethyl ether. 498 
—— diolefins. 656 
—, — ethylene chlorohydrin, 497 
—, —- ethylene oxide, 541, 544 
. T— propylene chlorohydrins, 501 
—— propylene glycol, 557 

—, secondary, condensation with olefin oxides, 543 
—, separation of diolefins by. 641 
—, solubility of, 808 

—.stabilizer in production of sulphones, 656 . 

—, synthesis from nitriles. 810 
—, tertiary, catalyst, condensation of olefin oxides, 
538 

—, washing and wetting agents. 498 
—, water-soluble, detergents from, 1023, 1024 
Amino alcohols, 543 

Aminoazo bases, stabilization of gasoline, 897 
Amino-aeobenzene, stabilizing chlorinated hydro¬ 
carbons, 704 

P-Aminobrazoic acid, esterification with, 497 
p-Aminobenzoic ester, novocain from. 496 

1- Amino-2-chloroethane, 578 

Amino compounds, in motor fuels, 1054 
2'Aminocyclohexanol, preparation of, 543 
4-Amino-3-cyclohexyl-toluene, 572 

2- Aminocyclopentanol, 543 

Amino derivatives, from propylene chlorohydrins, 
501 

Amino ethers, from i5,/3'-dichlorodiethyl ether. 
498 

Amino group, alkylation of, 573 
Aminomercapto compounds, 434 
p-Aminophenol, antioxidant for lubricating oils, 
907 

—, condensation with glycol, 817 
—, production of, 767 
—, stabilization of gasoline, 897 
—.wetting agent from, 817 
Aminophenylcyclobexane, 572 
Aminotrimethylcarbinol. 542, 558 
Ammonia, (aqueous) absorption of hydrogen sul¬ 
phide. 424, 425 
—, alkylation of, 806. 807 
—, ammonolysis with, 807 

—, anhydrous, selective solvent for butylene-butane 
mixture, 140, 141 
—, — solvent for acetylene. 152 
—.catalyst, chlorination of toluene, 773 
—-, —, reaction olefin oxides and polyhydric alco¬ 
hols, 538 

—.condensation of ethylene by, 571 
—f condensation with alkyl halides, 806 
—. — olefins, 571, 572 
—— unsaturated compounds, 585 
—.effect on electric decomposition methane, 259, 
260 

—^.ediylation of, 806 

—, from nitrogen bases, 820 

—. from nitric oxide-hydidcarbon reaction, 299 

—. from nitrogen-methane reaction, 208 

—^.hydrocyanic acid from, 216 

—, impurity in acetylene, 664 

—^.liquid, determination of aromatics with, 1141 

—desulphurization of petroleum oils, 458 

—^.—.extraction of mercaptans, 436 

——. for purifying hydrogen, 230 

—k—.solvent for acetylene, 664 
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AmmoTita, nitrogen^hydrogen for synthesis of, 838 
—, nitrogenous paraffin derivatives by, 817 
—, purification of sutphonic acids, 101-8 
—, reaction with acetylene. 683, 684, 685, 887 
—, — /J,i8'-dichlorodiethyl ether, 498 
—, ■— butadiene, 656 
—, — carbon monoxide, 297*298 
—, — diolefins, 656 
—, — ethylene, 571 
—, — ethylene oxide, 541, 542, 551 
—, — formaldehyde, 861 
—, — hydrocarbons, 292-293, 295*297 
—olefin oxides, 542, 543. 557, 558 
—, — sulphonic acids, 1023 

—. removal of carbon monoxide from hydrogen, 
231, 232, 233 

—. separation of wax acids with, 954 
—, solvent butylene-butane separation, 143 
—, stabilizer for formaldehyde. 874 
—, stabilization of gasoline, 897 
—, stabilizing agent for formic acid, 861, 862, 
863 

—.synthesis from hydrogen and nitrogen, 215 
—, toxicity of, 709 
—, use in cracking, 993 

—, — electrolytic purification of naphthenic acids. 
1069 

—, — oxidation of ethylene, 882, 883 
—, —• oxidation cf oils, 937 
*—, — removing sulphur oxides, 988 
Ammonia-acetylene reaction, 299, 666 
Animoniacal cuprous chloride, reagent, 1094 
Ammonia-carbon reaction, 295 
—, equilibrium in, 296 
Ammonia-ethylene reaction, 299, 571 
Ammonia-ethylene dichloride polymerization, 474 
Ammonia-hydrocarbon reaction, 296, 297 
Ammonia synthesis, hydrogen-nitrogen mixtures 
for, 285, 286 

Ammonium bifluoride, treatment of petroleum resi¬ 
dues with, 598 

Ammonium bisulphite, addition to olefins, 575 
—, reaction with 2,3'dimethylbutadiene, 655 
Ammonium carbonate, catalyst, chlorination of 
hydrocarbons. 730 

—, saponification of wax acids by, 953 
Ammonium chloride, catalyst, preparation of 2- 
chlorobutadiene, 638 

—, preparation of vinyl chloride, 680 
—, reaction with ethylene ozonide, 883. 

—, removal of gum from gasoline, 903 
—, use in polymerization of acetylene, 669 
Ammonium cyanide, from ammonia-methane, elec¬ 
tric arc, 259 

—, recovery of hydrogen cyanide as, 298 
Ammonium formate, from ethylene ozonide, 883 
Ammonium lead tetrachloride, reaction with ben¬ 
zene?, 764 

Ammonium mercaptides, 436 
Ammonium molybdate, catalyst, reaction of ethyl¬ 
ene and ammonia, 571 
—, dehydrogenation catalyst, 186 . 

—, reduction by hydrogen, 571 
-—.titration of lead nitrate by, 1151 
Ammonium naphthenate. plant spray, 1090 
Ammonium persulphate, oxidation catalyst, 920 
Ammonium salts, catalysts, divinylacetylene from 
acetylene by, 670 
—, from nitriles, 684 

Ammonium sulphate, from ammonia, hydrolysis of 
ethylsulphuric acid, 343 
—, from petroleum oils, 458, 459 
Ammonium sulphide, from petroleum oils. 458 
Ammonium tetrathionate, absorption of hydrogen 
sulphide, 424 

Ammonium thiosulphate, absorption of hydrogen 
sulphide, 424 

Ammonium vanadate, oxidation catalyst, 929, 930 
Ammonolysis, with anhydrous ammonia, 807 
Amorphous carbon, carbon black, 247, 250 
Amvl acetate, from amyl chloride, 782, 792. 793, 
794 

—.from amylene, 330 
—, from monochloropentane, 726, 727 
—, properties, 797, 798 


Amyl acetate, stabilization of gasoline* 897 
sec.-Amyl acetate, 402, 403 - 

sec,-Amyl alcohol, by hydration of olefins, 129, 
387, 401 

—, dehydration of, 394 
—, esterification of, 395 

—, properties of, 401, 402 . , . , , , 

ter.-Amyl alcohol, by hydration of methylethyl- 
ethylene, 381, 387 , 

—• by hydrolysis of tertiary amyl chloride, 387 
—, dehydrogenation of, 405 
—, from olefins, 129 
—, esterification of, 798 
—, properties and uses, 403 
—, stability to bromine, 392 
Amyl alcohols, by hydration of pentenes, 380, 381, 
382 387 

—, composition of synthetic mixture, 797 
—, effect on pyrolysis of amyl chlorides, 803 
—, from monochloropentanes, 789, 790, 791, 792 
—, from pentane, 726, 727, 729 
—.impurities in, 351, 352 
—, number of isomers. 797 
—, production, 790, 791, 792, 793 
—, properties, 797 
—, purification of, 796, 1018 
—, stabilization of gasoline, 898 
sec.-Amyl-p-aminophenol, stabilization of gasoline, 
897 

Amylbenzene, production of. 562 
—, reaction with bromine, 1131 
Amyl benzoate, from amylene, 330 
Amylbenzoyl-o-benzoic acid, 565 
ter.-Amyl bromide, 806 
Amyl bromides, isomerization of, 806 
sec.-Amyl chloride, from pentane, 721 
ter-Amyl chloride, by trimethylethylene chlorina¬ 
tion, 483, 484 
r-, from amylenes, 387 
—, esterification with potassium acetate, 793 
—, properties of, 403 
—, rate of esterification, 793 
Amyl chlorides, by chlorination of pentanes, 731» 
788 

—, conversion to amyl acetate, 782, 792, 793 
—, decomposition to amylenes. 789, 794, 803 - 
—, decomposition in liquid phase, 803 
—, from amylene, 330 
—, from fatty acids, 721 
—, from pentanes, 723, 724, 726, 729, 730 
—, hydrolysis of, 789, 790, 791, 792, 794. 795 
—, properties of, 721 

—, rate of hydrolysis, 789, 790, 791, 793 
—.reaction with sodium cyanide, 811 
—, secondary, 647 
Amylcresols, production of, 567 
n-Amyl cuprous mercaptide, 445 
n-Amyl cyanide. 811 

Amylcyclohexanes, decomposition by aluminum 
chloride, 199 

Amyl dichloracetate, from amylene, 330 
Amylenes. absorption of oxygen, 889 ' 

—, acid absorption of. 345, 380 
—, addition of organic acids, 330 
—, addition to .nitrosyl chloride, 579 
—.alcohols from, 313 
—.aldehydes from, 879 
—, alkylsulphuric esters from, 313 
—, amyltoluene from, 561 
—, by oxidation of n-hexane, 867 
—»by pyrolysis of ethylene, 67 
—, — hexadecene, 76 
—, — n-hexane, 60 
—, — tsoprene, 79 
—, — mineral oils, .133 
—, — wax, 60 
—, from amyl alcohol, 636 
—, carbon oxides from, 879 
—, chlorination *of, 483-485 
—^.condensation with tsoprene, 657 
—cresol, 567, 568 

—, critical inflexion temperature. 967. 

—, decomposition by silent discharge, 267 
—^.decomposition in electric arc, 257 
—.double compound with mercuric acetate, S83 
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Amylenes, fornution in hydrolysis of amyl chio- 
ride, 796 

—, formation of, S99, 852 
—. formic acid addition, 330 
—, from amyl chlorides, 803 
—, from butyl chlorides, 722, 723 

from cracking gas, 139, 140, 144, 355 
—, from ethylene, 594 

—, from monochloropentanes, 789, 790, 791, 792, 
793, 794 

—.from propyl chlorides, 722, 723 
—, from propylene, 879 
—, hydration, by acids, 300, 318 
, hydrogen chloride addition, 330 
—, lubricants from. 202 
—, methylethylethjrlene from, 881 
—, minimum ignition temperature. 967 
—. oxidation of, 836, 879 
—, peroxides from, 879 
—, polymeriaation of. 598, 602-604 
—, polymerization by aluminum chloride. 195, 202. 
1050 

—, — sulphuric acid, 380, 382 

—, — zinc chloride, 330 

—, polymerization products of, 589 

—, pyrolysis of, 77, 80 

—, reaction with ammonium bisulphite, S7S 

—, — boron fluoride, 596 

—, —hydrogen persulphide, 585 

—, — hydrogen sulphide, 584 

—I — hypobromites, 503 

—, — methyl alcohol and aluminum chloride. 196 
—, — ozone, 885 
—, — selenium oxychloride, 577 
—, — sulphur dioxide, 575 
—, rearrangement by silent discharge, 267 
—, separation of, 142, 144, 380 
—, stabilizing chlorinated hydrocarbons, 704 
—, tnmethylethylene from, 881 
Amylene bromohydrins, 503 
Amylene chlorohydrins, 502 
Amylene dichloride, by trimethylethylene chlorina¬ 
tion, 483. 484 

Amylene fraction, absorption in sulphuric acid, 

Amylene hydrate, from amylene, 380 
Amylene-hydrogen, action of silent discharge, 266 
Amylene ozonide, 885 
Amylene-succinic. acid, 568 

Amyl esters, toluol tolerance of nitrocellulose solu¬ 
tions, 798 

—, uses of, 797, 798 

Amyl formate, from amylene, 330 

—, properties of, 798 

—. purification, 796 

ter.-Amyl hypochlorite, 403 

ter-Amyl iodide, from methylethylethylene, 329 

Amyl ketol, 416 

Amyl mercaptan from distillates, 448 
—, eflfect of metallic salts on, 446 
—. pyrolysis of, 457 
—, treatment with sulphuric acid, 437 
Amyl nitrite, as kUock inducer, 986 
—, reaction with nitric acid, 580 
p-ter.-Amylphenol, formation of, 399, 566 
—, properties of, 400 
Amyl phthalate, 794, 795 
Amyl propionate, propetties of, 798 
Amyl salicylate, from amylene, 330 
Amylsulphonic acid, properties of. 1011 
Amyltoluene, reaction with bromine, 1131 
—, production of, 561 
Amyl trichloracetate, from amylene, 330 
Amylxylend, reaction with bromine, 1131 
Anaerobic fermentation, as a mechanism of pe¬ 
troleum formation, 36 
Anaesthetics, 70S, 710, 715 
Analytical fractionating columns, 1110 
Analysis, af^Ji^cability of methods, 1126 

—, of carbon blacks, 214 
—^,of coal gas, llOl, 1116 
—, of cracked gasolines, 117 
—, of cracked natural gas, 212 
—, of cracking gas, 1092 


Analysis, of cokes, 227 

—, of gaseous 'unsaturated hydrocarbons, 1120- 
1122 

—, of gases by absorption, 1093fl095 
—,of hydrocarbons. 1095-1104, 1113, 1116 
— ,o£ isomeric butenes, 1122 
—, of natural gas, 1092, 1116 
— ,o{ refined petroleum oils, 1125 
—, of ternary mixtures of hydrocarbons, 1113 
—,of unsaturated gases, 1122-1124 
—, Podbielniak apparatus, 1108, 1109 
—, with iodine chloride. 574 
Anethol, reaction with boron fluoride, 596 
Anhydrides of montan wax acids, 1002 
Aniline, as an antiknock, 966,. 983 
—, as oxidation inhibitor, 909, 980, 984 
—, ectodensation with ethylene, 571, 572 
—**--:1.4 dihydronaphtha|ene. 572 
—, critical solution temperature determinations in, 
1136 

—.determination of aromatics with, 1137, 1138, 
1141 

effect on active oxy^n, combustion of fuels, 
978 

—b — gas-phase oxidfition, 980 
—, — ignition temperatures, 969 
—, — oxidation hydrocarbons, 853 
—, from chlorobenzene. 767 
—, precipitation of sulphonic acids, 1018 
— .purification of naphthenic acids with, 1067 
—, reaction with acetylene, 684 
—, — bisnitrosates, 580 
—, — trimethylethylene chlorohydrin, 503 
—, selective solvent for hydrocarbons, 160, 597, 
640, 1143, 1145, 1146 

—, separation of ichthyolsulphonic acids with, 
1037 

—, stabilization of gasoline by, 897, 898 
—, sulphur dyes from, 431 
—, treatment of naphtha, 455 
—. use in oxidation of paraffins, 945 
Aniline-cobalt complexes, 572 
Aniline equivalent, 985 

Aniline hydrobromide, reaction with isoprene al¬ 
cohol, 636 

Aniline hydrochloride, condensation with cyclohex- 
enc, 572 

Aniline points, 1137-1139, 1142 
Aniline salts, effect on pyrolysis of alkylbenzencs, 
147 

4-Anilinobiphenyl, stabilization of gasoline by, 
^97 

Anilinoethanol, from ethylene chlorohydrin, 498 
Animal charcoal, catalyst, methane chlorination, 
690, 696, 697, 698 

Animal oils, solubility in isopropyl ether, 370 
Anisaldehyde test for isopropyl alcohol with, 368 
Anisol, carboxylation of, 930 
Ansolvo acids, deculorization of wax acids by, 
952 

—, polymerization of olefins with, 594 
Anthracene, acetylene from, 219 
—, anthraquinone from, 924, 925, 930 
—, as antidetonant, 983 
—, as oxidation inhibitor, 984 
—, as a tanning compound, 1031 
—, by acetylene pyrolysis, 82, 180 
—, by butadiene pyrolysis, 79 
—, by 2'butene polymerization, 602 
—, by 2-butene pyrolysis, 73, 180 
—by cumene pyrolysis, 88 
—, by ethane pyrolysis, 46 
—, by ethylene pyrolysis. 66, 69, 177 
—, by isobutene pyrolysis, 73, 179 
—, by isoprene pyrolysis, 79 
—, by methane pryolysis, 168, 169 
—, by natural gas pyrolysis, 167 
—, by propylene pyrolysis, 17.9 
—, by pyrolysis of aromatics, 88 
—by pyrolysis of petroleum distillates, 86, 162, 
176 

—, condensation with olefins. 565 
—from 9.10-dihydroanthracene, 200 
—, from pitch, 227 
—, hydrogen from, 219 



SUBJECT INDEX 


1196 


Anthracane 


Afitlintcm, oxidation of, 916, 924. 925, 928 
•—tl^tliaUc anhydride from, 925 
, pyrolrtM of, 89 

—, reaction with monocblorioated wax, 741 
, •taUliaation of gasoline by, 897 
Anthraeene oil. decomposition,* electric arc, 257 
Anthracite, cataWat, pyrolysis of aromatics. 146 
Anthraqninone, from aromatics, 924, 925 
, from ^thaiic anhydride, 922 
—.oxidation catalyst, 926, 936 
—production of, 653, 924*925 
—.stabilisation of gasoline by, 897 
Anthraquinone dyes, 434, 924 
Antidetonants, 979. 984 
Antifreese liquids. 367. 515, 786 
Antiknock materials. 966. 983 
—.aromatic hydrocarbons, 161. 166 
—.by pyrolysis of gaseous olefins, 186 
—, effect on rate of *oxidation, 981 
—.tetraethyl lead*cthylene dibromide, 478 
Antiknock yalue, increased by oxidation, 991, 993 
—, of cracked gasoline, 92, 110 
—, of polymerised ethylene, 593 
Antimonates, aromatization catalvsts, 186 
—^.dehydrogenation catalysts, 405 
Antimonides. dehydrogenation catalysts, 405 
Antimony, chlorination catalyst, 475, 698 
—.hydration catalyst, 536 
—>, oxidation catalyst, 511, 876 
—^.pyrolysis catalyst, 135, 136, 189 
—, reaction with vinyl compounds, 680 
—, removal of |faso1ine ram by, 902 
Antimony chloride, catalyst, condensation of ole* 
fins with aromatics, 569 

—.chlorination catalyst, 569, 471, 699. 749. 775 
—.cracking with, 193 
—^.polymerization catalyst. 618, 619, 623 
—, pyrolysis catalyst. 189 
—. reaction with hydrocarbons, 1061 
—, stabilisation of gasoline by, 898 
Antimony halides, bromination catalyst, 768 
—.polymerization catalyst, 594 
Antimony oxide, catalyst, for carbon monoxide* 
hydrogen reaction, 232 

Antimony pentachloride, by chlorination of 
antimony trichloride, 701 

—, catalyst, preparation of fluorinated hydrocar* 
bons, 707, 710 

—. chlorination catalyst, 673, 690, 691, 764, 770. 
778 

—.chlorinating agent, 687, 701, 717, 735, 738, 
756, 764 

—.separation of paraffin hydrocarbons with, 1146 
Antimony pentoxide, oxidation catalyst, 943 
Antimony salts, catalysts, methane chlorination, 
698 

Antimony sulphide, adsorption of mercaptans, 446 
Antimony tribromide as catalyst, esterifying 
propylene by hydrogen bromide, 327 
—, preparation fluorinated hydrocarbons. 707 
Antimonv trifluoride, fluorinating carbon tetra* 
chloride, 707, 710 

Antimony vapor, effect on ignition temperatures, 
979 

Antioxidants, effect of, esterifying propylene by 
hydrogen bromide. 327 
—, in textile oils, 1029 

—, prevention of gum formation in gasolines, 896, 
897, 898, 903 

—use in polymerization of diolefins, 628 
Antiseptic properties, of isopropyl alcohol, 363 
365 

—, of naphthenic acids, 1082 
—, of thymol. 375 

A^safranine, stabiliration of gasoline by, 897 
Appalachian oil, n*hexane from, 24 
Arachidtc acid, from petroleum distillates, 1063, 
1076 

—from paraffin wax, 944 

Aralkyl mercaptans, 437 

Argon, analysis and separation of, 1099 

Arkansas cokes, analyses of, 227 

Aromatic atcohols, oxidation of, 926 

Aromatic amines, antidetonating properties, 977 

—.condensation with formaldehyde, 860 


Aromatic bases, separation of, 825 
Aromatic^ content, of cracked gasolines, 117, ilS, 
119 

Aromatic equivalent, of gasoline, n42 
Aromatic ethers, musk-like odor of, 400 
Aromatic sulpbonic acids, from naphthene, 1009, 
1010 

—.decomposition of, 1146 . .... 

Aromatic tars, by pyrolysis of trimethylethylene, 
75 

Aromatic vinyl ethers, preparation of, 682 
Aromatics, absorption of, 1095 
—.action of aluminum chloride on, 199*200 
—^.alkylation of, 573, 8li. 

—, antiknock properties of, 977, 980 
—.as antiknock materials, 161, 166 
—. bacterial oxidation of, 1004 
—, bicyclic derivatives in pctri^cum, 33 
—, breaking emulsions with, 1027 
—, by acetylene polymerization, 667, 668 
—, by acetylene pyrolysis, 82. 176, 180, 181 
—, by benzene-ethylene pyrolysis, 177 
—, by butadiene pyrolysis, 176 
—.by butane pyrolysis, 171-174, 185 
—, by butene pyrolysis, 179, 180 
—, by cracking, 103, 162, 163, 164, 837 
—, by’ crude oil pyrolysis, 188 
—.by cyclohexene pyrolysis, 85. 155 
—, by dehydrogenation of cycloparaffins, 33, 97, 
163, 164, 176, 181. 182, 187. 1144 
—.by ethane pyrolysis, 46, 47, 65-69, 170-173- 
183, 185 

—.by ethane-propane pyrolysis, 44. 49, 163. 170 
—, by ethylene-acetylene pyrolysis, 180 
—.by ethylene pyrolysis, 66-69, 171, 177, 178 
—, by gasoline oxidation, S35, 836 
—, by heptane-octane pyrolysis, 61 
—, by hexadecane pyrolysis, 63, 76 
—, by n*hexane pyrolysis, 60, 173 
—, isobutene pyrolysis, 73, 179, 180 

—, isopentane pyrolysis, 175 

—.by methane pyrolysis, 40, 147, 161, 166-172, 
176. 182-189 

—, by naphthene oxidation, 838 
—, by natural gas pyrolysis, 91, 161, 167. 172, 
182, 184 

—, bv olefin pyrolysis, 97, 99, 173, 176-180, 182 
184-187, 188 

—, by paraffin wax pyrolysis, 175, 176 
—^.by pentane pyrolysis, 58, 171, 172 
—.by propane pyrolysis, 49, 171*173, 185 
—, by propane-butane pyrolysis, 163 170 
—, by propvlene pyrolysis. 70. 71, 178, 179, lfc« 
—F by pyrolysis of diolefins, 79 
—^.hv pyrolysis of paraffins, 64, 97, 152, 161, 
165*177, 182-186. 188 

—.by pyrolysis of petroleum distillates, 86, 91, 
133, 161*165 

— by oxidation of petroleum, 842 
—by secondary pyrolytic reactions of olefins, 
81 

-—*, by water gas*gaseous olefins pyrolvsis, 187 
—. catalysts in pyrolytic formation of, 162, 163 
—.concentration of, 1145 
—, condensation of. 97 
—.condensation with aluminum chloride, 202 
—, — alkvlene oxides, 1059 
—, cracking of, 96 

—.determination of. 1126, 1134-1143 
—, from coal gas, 166 
—, from coal-tar, 87, 161 
—, from cokc'oven gas. 166 
—. f’-om cracking tar, 88 
—.from gaseous hydrocarbons. 172, 173 
—, from methane-propane-butanes. 173 
—, from oil gas manufacture, 161 
—, from olefins and hydrogen sulphide, 425 
—.from nctroleum, 11, 20, 30, 33, 34, 36, 1146 
—. vum formation in, 902 
—, ignition temperatures. 968 
—.in acid sludge, 27, 28 
—.|n-cracky gasoline. 116. 117, 118. 119, 1126 
—. in gasoline produced by aluminum chloride, 
191 

—, in kerosene, 26, 27, 28 
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Aromatics, in nataral^gas taaollne, 18 
—^in straight-run gasoline, 20, 21, 22, 2S, 

isopropylation of, 374, 37S 
mechanism of chlorination, 7S6 
nitration of, 3S3, 1040, 1053, 1054, 1143 
—, nitration of aide chains, 1046 
—, oxidation of, 914*930 
—, polynuclear hydrocarhons from, 199 
—.production of, 106, 124, 182*188 
—, pyrolysis of, 87*90, 147, 188 
—• reactions in formation of, 162 

reaction with mercuric acetate, 1132 
—, — sulphuric acid, 1134 
—, reactivity with halogens, 755 
—, refining by oxidation, 987 
—.removal from kerosene, 1143 

removal of, by fuming sulfuric acid, 164 
-o, separation from naphthenes, 33 
—, — paraffins, 33, 1146 
—, — petroleum, 1145*1146 
—.solubility in aniline, 1145 
—, — benzyl alcohol, 1141 
—, — scc.-butyl alcohol, 394 ^ 

—.solvents for 1143 

—, sulphonation of. 1006. 1035*1036, 1136 
—, thermal stability of, 87. 89, 95, 97 
Aroinatization, of olefins, 89 
Aromatization catalysts, 182, 183, 186, 187 
Arsenates, catalysts, condensation of olefins with 
aromatics, 564, 571 
—. dehydrogenation catalysts, 405 ^ 

Atsenic, catalyst, diphenyl production, 189 
—.glycol production, 511 
—hydrocarbon pyrolysis, 135, 136 
—, chlorination catalyst, 758, 775 
—, hydration catalyst, 536 
—, oxidation catalyst, 432, 833, 876 
*, ]Hi1ymerization catalyst, 623 
—..removal of gasoline gum by, 902 
Arsenic oxide, oxidation catalyst, 922 
Arsenic salts, reaction with acetylene. 667 
Arsenic sulphide, adsorption of mercaptans, 445 
—. catalyst, diphenyl production, 189 
Arsenides, dehydrogenation catalyst, 405 
—, oxidation catalyst, 834 

Artificial asphalt, by oxidation of hydrocarbons, 
940 

Artificial musk, 400 
Artificial silk, use of acetone, 370 
Arylalkylated aromatic compounds, 564 
Arylalkyl ethers, production of, 740, 808 
Arylamtnes, alkylated, production of, 573 
Arylamino alcohols, 543 

Arylamino derivatives, of naphthenic acids, 1-019 
Aryl chlorides, hydnilysis to phenols, 767, 785 
Aryldiazonium fluoborates, 597, 611 
Arylethanols, 545 

Aryl*substituted alkylenes, glycols from, 510 
Aryl-substituted olefin oxides, isomerization^ 547 
A^^bsubstituted olefins, ease of polymerization. 

Asbestos, catalyst, esterification of olefins, 326, 
327 

—, —, ethylene bromide from vinyl bromide, 478 
Asbestos fiber, treatment with turpentine, 890 
—.oxidation catalyst, 917, 919 
Ash content, carbon black, 212, 244, 246 
—, of petroleum products, 1153 
Ash. petroleum, analysis of, 31 
Asphalt, artificial, by oxidation of petroleum resi¬ 
dues, 830, 831, 841, 842 
—, coke from, 228, 229 
—.cracked by submerged combustion, 1000 
—decomposition, electric arc, 262 
—, emulsified with petroleum sulphonic acids, 1026 
—, from acid sludges, 1015 
—, from lignite Ur, 949 
—, from olefin-sulphur reaction, 429 
—, from oxidation of lubricating oils, 903 
—, from tars, 1013 
—, in petroleum, 11 
—, insulating materials from, 740 
—^.oxidation of, 993 
—, purification of, 16 


Asphalt, pyrolysis of, 133 
—.solubility in sec.-hexyl acetate. 402 
Asphalt content, , of oils, 229 
—.voltolized oils, 271 
Asphalt distillates, nitration of, 1053 
Asphalt emulsions, stabilizers for, 994 
Asphalt oils, use as color coats, 1030 
Asphaltic material, from oxidation of lubricating 
oils, 903 

—, in naphthenic acids, 1067 
—, in sludges, 1013 

—g removal bv sulphuric acid, 1012, 1064 
Asphaltenes, from crude oils, 950 
—in lubricating oils, 904 
—, removal from transformer oils, 910 
Astringents, use of isopropyl alcohol in, 362 
Atomized oil, thermal decomposition, 234 
Aurainine dyes, 860 

Auric chloride, action on monovinylacetylene, 
669 

—, chlorination catalyst, 775 
Austrian oils, decomposition bv ahitninum chloride, 
198 

Autoxidation, catalysts for, 890 
—, definition of, 889 
—.effect on polymerization, 619, 893 
~,of olefins. 654, 881 
—, of pinene, 889 

—.of petroleum distillates, 831, 987 
—, reduction of rate of, 890 
AvtatioU gasoline, analysis of, 1140 
Avirols, detergents, 1033 
Azeotropic mixtures, of acetone, 409 
—.ethylene chlorohydrin, 495 
—, isopropyl alcohol-benzene. 394 
—, isopropyl alcohol-isopropyl acetate, 373 
—, isopropyl alcohol-water, 359, 360, 361, 362, 
364 

—, resolution, by fractional crystallization, 1147 
B 

Bacterial oxidation, of crude oils, 1004 
Bakelite. 860 

Baku gas oil, oxidizability of, 934 
Baku gasoline, treatment with acetyl chloride, 
1056 

Baku naphtha, cyclohexane from, 23 
Baku naphthenic acids, paraffin carboxylic acids 
in, 1076 

Baku oils, oxidation of, 950 
—, treatment with sulphur, 950 
Baku petroleum, diisopropyl from, 735, 736 
—, naphthenic acids in, 1081 „ 

—t nitration of, 1043 
—pyrolysis of, 162 
—, sulphur content of, 421 
Balakhani oils, oxidation of, 950 
Barbituric acid, from bromides of naphthenic acids, 
1072 

Barium, catalyst, desulphurization of petroleum 
oils, 458 

Barium acetate, action on mercaptans, 447 
Barium acetylacetonate, catalyst, oxidation of 
paraffin wax, 947 
Barium carbide, hydrolysis of. 662 
Barium carbonate, promoter, production of ace¬ 
tone, 408 

—, reaction with trimethylethylene chlorohydrin, 
503 

Barium chloride, catalyst for diolefin-ammonia re¬ 
action, 656 

—catalyst for pyrolysis of chloro-compounds, 
635, 673, 802, 803 

—.catalyst in preparation of chloroethaneaulpho- 
nates, 474 

—.chlorination catalyst, 691 
—, molten, in hydrocarbon pyrolysis, 135 
—, oxidation catalyst, 866 
Barium cinnaraate, oxidation catalyst, 947. 1001 
Barium cyanide, catalyst for acetylene-hydrogen 
cjranide reaction, 684 
Barium hexanesulphonate, 1008 
Barium hydroxide, adsorption of mercaptans, 446 
—, production of diacetone aicidiol with, 410 
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Barium menthanedt8ulphoiMte» 575 
Barium naphthenate/ 1089 
Barium nitrate, chlorination catalyst, 691 
Barium oxide, action on tertiary alcohols, 392 
—, hydration catalyst, 677 
—, oxidation catalj^st, 944 
Barium peroxide, isoprene polymerized by, 625 
—.oxidation catalyst, 406, 843 
Bariitn\ phosphate, catalyst in formation of acrylic 
acid esters, 571 

Barium salts, absorption of hydrogen sulphide, 
424 

Barium stearate, oxidation catalyst, 945, 947 
Barium sulphate, as a “preventative catalyst/' 
414 

—, catalyst for oxidation of mercaptans, 441 
Barium sulphonates, 575 
Bars, metallic, ignition of gases bv, 968 
Baryta, effect on methane pyrolysis, 39 
Batchite, 691, 797 

Batwing flame, for carbon black production, 236 
Bauxite, absorption of hydrogen sulphide, 425 
—, catalyst, conversion of 1-butene to 2-butene, 
72 

—, —, for acetylene-hydrogen sulphide reaction, 
426. 684 

—, —, for preparation of thiophene from acety¬ 
lene. 684 

—, —, for reaction of vinyl acetate and alkyl- 
amines, 656 

—, preparation of aluminum chloride from. 193 
—, purification of phthalic acid with, 923 
Beeswax, condensation with carbyl sulphate, 1033 
—, hydrogen from, 209 
—, oxidation, with sodium hydroxide, 950 
—, pyrolysis of, 209 

-—, substitutes, by chlorination of montan wax, 
740 

-, by paraffin oxidation. 952, 972 

—. wetting agents from, 1033 
Belgium, sources of carlion dioxide in, 236 
Bentonite, treatment of petroleum with, 460, 
609 

Benzal chloride, 755 
—, by chlorination of toluene, 769-773 
—, uses of, 776 

Bcnzaldehyde, autoxidation of, 851, 853, 920, 
921 

-—, from benzal chloride, 776 
—, benzoic acid from, 921 

—, by oxidation of toluene, 39, 838, 914-916, 918- 
922, 927, 928, 930 
—, from benzene, 920 
—, from ethyl briizene, 1056 
—, oxidation of, 858, 979, 980 
purification of, 364, 920 
—, reaction with boron fluoride, 596 
—, reduction of benzoyl chloride, 1057 
—. selective solvent for separation of paraffins 
and naphthenes. 35 

Benzanthrone, phenyl-o-ketonaphthalene from, 200 

Benzene. 423, 659, 1136 

—, acetylene from, 149 

—, action of ozone on, 930 

—, addition products with nitrogen dioxide, 832 

—, adhesion tension, carbon blacks, 249 

—. adsorption by charcoal, 261 . 

—, alkyl derivatives from, 560-562 
—. as antidetonant, 964, 983 
—.azeotrope with isopropyl alcohol, 351, 394 
—, bacterial oxidation, 1004 
—, bromination of, 767, 768 
—, by condensation of ethylene with butadiene, 
44 

—, by decomposition of tricfalorocyclohexane, 817 
—, by dehydrogenation of cyclohexane, 83 
—, by oxidation of petroleum, 842 
—, by polymerization of butenes, 602 
—, by pyrolysis of allylcyclohexane, 86 
—, — butadiene, 79, 177 

—butane, 53. 171, 174, 185 
—, — n-butane-isobutane, 57 
—,— l-butene, 72, 180 
—, — 2-butene,. 73, 180 
—, — coal gas, 166 


Benzene, by pyrolysis of coke-oven gas, 166 
—, — cumene, 88 
—, — cyclohexane, 84, 85, 181 
—, — cyclohexcne, 67, 85 
—ethane, 170, 171, 185 
—, — ethane-propane, 44, 170 
—, — ethylene, 45, 46, 47, 66, 69, 169, 177, 180 
—»— gaseous paraffins, 175 
—, — hexane. 59 

—, — hexatriene, 177 . . 

hydrocarbons, effect of carbon-hydrogen 
ratio, 174 ^ 

—, — isobutylene, 73, 179. 180 
—, — isoprene, 79 

—, — methane, 38, 40, 41, 42, 166, 167, 168, 171, 
184 

' -, — methane-propane-butane, 173 
—, — natural gas, 167, 172, 184 
—, — olefins, 187 
—, — paraffin wax, 176 
—, — pentane, 171 

—, — petroleum distillates, 86, 162, 163, 165, 
176 

—» — 4;pheny 1-1-butene. 89 
—, — propane, 171, 177, 185 
—. — propane-butane, 170 
—— propylene, 70, 71, 179 
—, — toluene, 88, 89 
—, — xylene, 88, 89 

—.chlorination of, 702. 713, 755, 756, 758, 761- 
765 

—. —» hydrogen chloride from, 767 
—, compression strength, 978 
—, condensation with alkylene oxides, 1059 
—. — cyclohcxanol. 564 
—, — hexene, 1128 
—, — monochloroacetonc, 777 
—.critical solution temperature, 1136 
—, decomposition in electric arc, 257, 259 
—, decylbenzene from, 562 
—determination of, with bromine, 1122 
—, diluent in polymerization of cyclopentadiene, 
623 

—.diphenyl from, 199 
—, distillation of chlorohydrin with, 494 
—, ditolyl from, 199 

—, effect on active oxygen, combustion of fuels, 
978 

—, — aniline point. 1137 
—, — on butyl sulphide pyrolysis, 457 
—, — chlorohydrin-formation velocity, 489 
—, — oxidation of bcnzaldehyde, 980 
—, ethylated compounds from^ 560 
—, evaluation of transformer oils, 911 
—.extraction of thiophene from, 460 
—, — sulphonates, 1017 
—, formation of emulsions, 1026 
—, from acetylene, 81, 82, 180, 181, 261, 667, 
668 

—, — coal gas. 161 

—, — coke-oven gas, 161 

—, — p-cymene, 200 

—, — gasoline, 914, 915 

—, — hydrocarbons and hydrogen sulphide, 425 

—, — naphthenic sludge, 1035 

—i — oil gas, 116 

—, — petroleum distillates, 33 

—, — petroleum tars, 873 

—, — toluene, silent discharge, 267 

—•,— 1,3,5-tricblorocyclohexane, 749 

—, — xylene and aluminum chloride, 200 

—, hydrogenated in silent discharge, 264 

—^.hydrogenation of, 181, 460 

—, in compression product, blau gas, 119 

—, in straight-run gasoline, 22, 25, 26. 27 

:—.isolation of. 1145 

—, isopropylation of, 374 

—, lacquer diluent, 1030 

—. miscibility with ethylene chlorohydrin, 495 

—, nuclear polychloro-derivatives, 764 

—^.oxidation of, 927 

—, — cyclohexene in, 893 

—, paraffin derivatives, 562 

—, photochemical chlorination of, 757 

—, polymerized by silent discharge, 269 
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Benzene, purifieation of» 18S| 6S3 
-'.pyrotyfit of. 88. 89. 188. 189. 227 
—»reaction with ammonium lead tetrachloride. 
764 

—, — antimony chloride. 764 
—. — bromine, 1131 
—, — ^loridea, 764 
—t — chlorine, velocity of, 7S7 
—, — crotonylene. 1128 
—, — cuprene, 672 
—, — cyclohexene. 561 
— dlolefins. 204 
—, — ethylene, 560 
—, — ethylene oxide, 545 
—, — ferric chloride, 764 
—. — hexene, 563 
—, — isoprene, 204 
—, — manganese dioxide, 764 
—, — monochlorinated wax, 74l 
—, — nitrogen pentoxide, 1044 
—, — propylene, 560, 561 
—— sulphur monochloride, 764 
—, — sulphuryl chloride, 764 
—, refining by oxidation, 987 
—.removal of, from mixtures, 1116, 

—, secondary standard for knock rating, 985 

—, separation of ichthyolsulphonic acids by, 1036 

—, — wax acids with, 954 

—, solvent in chlorohydrin formation, 493 

—. sulphur dyes from, 431 

—, thermal chlorination of, 762. 763 

—, thermal stability of, 90 

—, used in purifying hydrogen, 230 

Benzene-acetylene equilibrium, 148 

Benzene-air, ii^ition of, 973 

—, infiammability limits. 961 

Benzene content, of cracked gasoline, 118 

Benzene-l,3-di8uiphonyl chloride, 1009 

Benzene-ethylene reaction, conditions affecting. 

560 , ^ 

Benzene homologues, dehydrogenation of, 146 
from Persian petroleum, 34 
-■.reaction with bromine, 1131 
Benzene nucleus, effect, preparation resins, 204 
Benzene ring, existence in nitrogen bases, 820 
Benzcnestearosulphonic acid, fat-hydrolyzing 
agent, 1025 

Benzenesulphonic acid, catalyst for formation of 
acetic anhydride, 682 
—,— hydration of olefins, 348, 385 
—, esterification of ethylene by, 322 
—, formation of, 1006 
—, from cycloparaffins, 1010 
—.properties of, 1011 
—. purification of isopropyl alcohol, 360 
—. separation of higher alcohols from oils with, 
389 

Benzenetricartioxylic acid, from lignin, 949 
Benzenoid hydrocarbons, action of ozone on, 930 
Benzerythrene, by benzene pyrolysis, 227 
Benzidine, purified with isopropyl alcohol, 364 
—, stabilization of gasoline with, 898 
Benzine, as an extracting agent, 953, 954, 955 
—, autoxidation of, 893 
—, by acetylene pyrolysis, 668 
—, by action of aluminum chloride on petroleum. 
193 

—, gnm formation of, 902 
^—, hydrogen from, 209 
^—, oxidation of, 938 
—, pyrolysis of, 149, 209 
Benzoic acid, 1082 

—, adsorptive capacity of carbon blacks for, 248 
—, addition to amylene. 330 
—. as antidetonant. 983 
—, by hydrocarlion oxidation, 35, 838 
—, by oxidation of hydrocarbons with benzoyl 
peroxide, 1061 

—, effect on oxidation of benzaldehyde, 980 
—, from acetylene polymers, 268 
—, from benzene, 930 
, from benzyl alcohol, 921 
—. from cuprene, 671 
—, from ethylbenzene, 921, 926 
—, from lignin, 949 


Benzoic acid, from naphthalenes. 922 
—.from toluene. 915. 916, 918,. 919, 921, 922, 
928, 929 

—, manufacture, 776 
—^.oxidation catalyst, 943 
—t purified with isopropyl alcohol. 364 
—. reaction with ethylene oxide. 541 
—reaction with nitrosen pentoxide, 1044 
Benzoic esters, from alkvl sulphates, 325 
Benzoic phthafic glyceride, 996 
Benzoin, distributing agent made from, 367 
Benzonaphthol, purified with isopropyl akohol. 
364 

Benzonitrile, selective solvent for separation of 
paraffins and naphthenes, - 35 
Benzophenone-aluminum chloride complex, 600 
Benzoqu^ne, condensation with diolefina, 650. 
651, 653 

—, from benzene, 917, 925, 927 
Benzotrichbride. formation of, 769, 770, 776 
Benzoyl choriib, from benzaldehyde, 197 
—. reaction with cyclopcntane derivatives, 197 
—,—; 1,4-diphenylbutadiene, 654 
—, — naphthenes, 1056, 1057, 1058 
—. — olefins, 569, 570 

—separation of paraffins from naphthenes with. 

Benzoyl nitrate, use in nitration, 1046 
Benzoyl peroxide, catalyst, polymerization of 
butodiene, 626, 629, 630 
—, —polymerization of divinvl ether, 682 
—t —, polymerization of vinylacetylene, 670 
—, effect on oxidation of benzaldehyde. 980 
—, effect on propylene-hydrogen bromide reaction, 
327 ■'* 

—, reaction with hydrocarbons, 1061 
Benzyl abietate, 395 
Benzyl alcohol, as antidetonant, 983 
—^.determination of aromatics with, 1141 
—, effect on oxidation of benzaldehyde, 980 
—, from benzyl chloride. 920 
—, — toluene, 922 
—.oxidation of. 915, 919, 921 
—, solvent for determining critical solution tern* 
peratures, 1136, 1141 
—, toxicity of, 362 

Benzylamine, reaction with propylene oxide, 557 
l-Benzylamino-2-propanol. 557 
Benzyl bromide, produetbn of, 777, 778 
Benzyl chloride, from toluene, 755 
—, oxidation of, 919, 920 

—^yroduction of, 769, 770, 771, 772. 773, 774, 
—, uses of, 776 

Benzyl disulphide, in adhesives, 456 
Benzyl mercaptan, pickling inhibitor, 434 
—, pyrolysis of, 457 
—, stability of, 457 

Benzylmorphinc salts of alkylsulphonic acids, 1011 
Benzyl nitrate, oxidation oi hydroaromattes with, 
930 

Benzyl sulphide, in adhesives, 456 
Berb^onic acid, pre|>aration of, 824. 825 
Beryllia, catalyst, oxidation of alcohols, 406 
—, effect on pyrolysis of methane, 40 
Beryllium carbide, hydrolysis of, 663 
Beryllium carbonate^ aromatization catalyst, 182 
Beryllium, catalyst activator, 280, 288 
—, catalyst, for production of ethylene, 125 
—,—.pyrolysis of benzene homologues, 146 
Beryllium compounds, catalyst, production of 
diphenyl, 189 

Beryllium halides, refining oils with,- 597 
Beryllium oxide, as catalyst, carbon monoxide- 
hydrogen reaction. 232 
—, pyrolysis of methane, 150 
Beryllium phosphate, catalyst, hydration of 
ethylene, 308 

Beta-rays, action on gaseous hydrocarbons. 274 
—, refining hydrocarbons with, 274 
Bicyclic hydrocarbons, in kerosene, 28 
Bicyclic monocarboxylic acids, in priroleum, 1073 
Bicyclo-(0,3,3)-octane, 86 
5,5-Bipyrazoune, 652 
^fi'-Bisiodomercuridiethyl ether, S83 
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BtttnarclE brown, 1029 

Bismuth, absbrption of hydrogen sulphide, 425 
—, catalyst, chlorination of benzene. 758 
—t —, formation of butadiene from >rinyl com¬ 
pounds, 680 

—,—glycol production, 511 

methane-steam reaction, 285 
—,—.preparation of olefin oxides, 536 
—,—, vapor-phase hydration of acetylene, 676 
Bismuthates, dehydrogenation catalyst for al¬ 
cohols, 405 

Bismuth bromide as catalyst, esterification of 
olefins, 323, 324, 327 

—, ethylidene bromide from vinyl bromide, 478 
Bismuth chloride as catalyst, chlorination of 
toluene, 775 

esterification of olefins with hydrogen chloride, 
322, 323, 326. 715 
—.hydration of propylene, 314 
Bismuth compounds, catalysts for absorption of 
propylene, 355 
—, formation of nitrites, 684 
—, hydration of ethylene, 355 
Bismuth-copper, catalyst, oxidation of alcohols, 
869, 870 

Bismuth halides, catalyst, polymerization of 
cyclopentadiene, 623 
—, refining oils with. 597 
Bismuth nitrate, action on mercaptans, 447 
—>, nitration of hydrocarbons. 1046 
Bismuth oxychloride, catalyst, hydration of 
propylene. 314 

Bismuth vanadate, oxidation catalyst, 919, 921, 
922 

Bismuth vapor, effect on ignition temperatures, 
979 

Bisnitrosates, 580 

Bisulphates, catalysts, hydration of ethylene, 312 
Bisulphite compounds of ketones. 1084 
Bisulphites, reaction with styrene, 575 
Bitumen, hydrogen from, 209 
—, pyrolysis of, 209 
—, solvents for, 614 
Bituminous coal, pyrolysis of, 129, 133 
Bituminous products, source of petroleum, 36 
Bivalent lead compounds, as antidetonants, 984 
Blast-furnace stove, use of, 216 
Blast gas, use in pyrolysis, 210 
Blau gas. butadiene from, 156 
Bleaching montan wax, 997 
Bleaching powder, hypochlorous acid from, 488 
—.oxidation of ethylene, 991 
—, oxidation of hydrocarbons with, 933 
—, — phosphine, ©64 
—', reaction with toluene, 776 
Blowing, of liquid hydrocarbons, 933 
, petroleum distillate, 937 
Blown asphalts, 999 
Blown wax, 994 

Blue light, activating methane chlorination, 694 
Blue-bxide, as oxidation catalyst, 938 
Bomb calorimeter test, total sulphur, 1150, 1151 
Bone black, analysis of, 246 

catalyst, hydrocarbon decomposition, 222 
Bone' charcoal, catalyst, preparation of tetra- 
chloroethane from acetylene, 673 
Borates, aromatization catalysts, 186 
—t catalysts, condensation of olefins with aniline, 
571 

—,—^.-—olefins with aromatics. 564 
{ ddiydrogenation of alcohols, 405 
—.oxidation catalyst, 834 
Borax, oxidation catalyst, 990 
—( removal of gum in gasoline with, 902 
Boric acid, absorption of hydrogen sulphide, 
424 

—.catalyst, condensations of alkyl chlorides with 
carbon monoxide. 815 

—, —for preparation of amylene bromohydrins, 
500, 503 

—.oxidation catalyst. 876, 886, 943. 1001- 
Boric anhydride, effect on ethylene absorption, 
339 

-—.oxidation catalyst, 943 
Bosk oxide, 595 . 


I naphthenes from, 25 


Borneo petroleum, bt^eli 
—.fatty acids in, 1076 
—.gases from, 18 . , 

—.naphthalene hydrocarbons in. 28^ 

—.straight-run gasoline from, 21, 22 
—, aulphonation of, 1017 , , 

—t toluene fraction, nitration of, 35 
Bomeol, from pioene, 331, 890 
—.oxidation of, 331 
Bornyl acetate, 331 

Bomyl oxalate, 331 . . , . , 

Boron chloride, catalyst, condensation of olefins 
with organic chlorides, 569 
—,—.polymerization of diolefins, 618, 623 
—.oxidation catalyst, 939-. ^ 

Boron fluoride, addition to olefins, 596 
—, condensation catalyst, aromatics with alkyl 
chlorides, 596 

—hydrocarbons and alkylene oxides, 1059 
—,—.olefins with aromatics, 559 
—,—.olefin oxides with aromatics, 545 
— t —.propylene with phenol, 566 
—,—.preparation of lubricating oils, 200 
—.cleavage of ethers by, 596 
—, compound with dioxan, 396 
—, cracking mineral oils with, 201 
—double compounds of, 597 
—, in Friedel-Crafts synthesis, 596 
—, polymerization of olefins by, 197, 589, 590, 
593, 595-598, 600, 606, 613 
—preparation of mineral oils, 201 
—.properties of, 595 
—, reaction with organic compounds, 596 
—, synthesis of, 595 
—, synthetic rubber production. 629 
Boron fluoride-acetic acid, an ansolvo-acid, 594, 
597 

Boron halides, catalysts, polymerization of olefins. 
594 

—, refining oils with, 597 
Boron oxide, dehydrogenation catalyst, 223 
Boron phosphate, catalyst, hydration of olefins, 
310, 311 

—,—• hydration of propylene, 315 
Boron trioxide, catalyst, hydration of acetylene, 
676 

—, —. aulphonation of olefins, 1034 
Boryslaw crude, oxidation of, 832 
Bouncing pin method, knock rating, 984 
Branched-chain alcohols, by hydration of olefins, 
401, 403 

Branched-chain hydrocarbons, action of chlorosul- 
phonic acid on, 1008 
—, from n-octane, 428 
—. nitration of, 1040, 1044, 1045 
—, reaction with sulphur chloride. 1060, 1061 
—.aulphonation of. 1005, 1008, 1009 
Brass, aromatization catalyst, 187 
—.catalyst, pyrolysis of pentane. 129 
—f dMvdrogenation of isopropyl alcohol with, 349 
—. oxidation catalyst, 905, 909 
Brick, catalyst, olefin chlorine addition, 469 
—, use in.pyrolysis of hydrocarbons. 210, 213, 214 
British Air Ministry test, oxidation of oils, 904 
Brittolizing, 984 

Bromid^bromate reagent, estimation butadiene, 
658^ 1120 

Bromides, catalysts, esterifying olefins, 328 
—from acetylene polymers. 267 
napbthraic acid alcohols, 1072 
Brominated hydrocarbons, hydrolyZis of, 788 
Bromination, analysis of hydrocarbons by, 1120- 
1122 

—, of benzene, 767, 768 
—, — butane, 720 
—— butenes, 482. 483 
—, — cyclohcMne, 744, 745, 746, 749, 750 
—^ — cyclohexane derivatives, 753, 754 
—. — cyclopentane. 744 
—t — cyclopropane, 746 
—ethane, 715. 716 
—ethylene, 465. 466, 477 
—, —n^us paraffins, catalytic, 693 
—, — isobutane, 721 
—isobutene, 483 
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Bromination, of isopentane, 726 
—, — isopropyl alcohol, 374 
—, — methane, 706, 707 
—, — niethylcyclohexane, 751 
—, — oil gas, 480 
—, — olefins, 465, 466 

—,-, rates of, 465. 466, 1124 

—, — paraffins, 706 
—, — pentane, 723 
—f — propane, 718 
—, — —.iron catalyst, 718 
—, — toluene, 777 

—,-, photochemical, 778 

Bromine, addition to benzene, 768 

—, addition compounds with thioethers, 450, 451 

—, catalyst, chlorination toluene, 775 

—, —, chlorination of cycloparaffins, 744, 745 

—.determination of, 1121 

—,—sulphur with, 1151 

—, estimation of butadiene by, 1120 

—, olefin determination with, 464, 465 

—, promoter, i^lymerization of stytene. 611 

—, reaction with acetone. 409 

—, — acetylene, 675 

—, — benzene, 1131 

—, — benzene homologues. 1131 

—,—butadiene, 641, 643 

—, — conjugated diolefins, 642-645 

—, — cycloparaffins, 616, 1131 

—, — ethylcyclohexane. 616 

—, —ethylene. 321, 467, 477 

—, — iodomethanes, 707 

—, — isoprene, 643 

—, — mercaptans, 432, 433 

—, — naphthenes, 1131 

—•, — naphthenic acids, 1083 

—, — nitrogen bases, 820, 821, 824 

—, — pentane, 723 

—, — polymerized olefins, 592 

—, — sulratituted cyclopropane, 1131 

—, — tertiary alcohols, 392 

—, — thiophanes, 453 

—, — trimethylene sulphide, 453 

—, — trimethylquinoline. 824 

—, reagent for absorption of hydrocarbons, 1094 

—, use in synthetic rubber production, 629 

Bromine hydrate, role in bromination, 465, 477 

Bromine numbers, 1128, 1130 

Bromine-sensitized oxidation of olefins, 876 

Bromine water, absorption of ethylene by, 1122 

—.determination of benzene by, 1122 

—, ethylene bromohydrin from ethylene, 499 

—, reaction with conjugated dienes, 648 

—, — ethylene, 488 

Bromoacetone, from isopropyl alcohol, 374 
Bromobeitzene, carboxylation of, 930 
—, formation of, 768 

—, reaction with nitrogen pentoxide, 1044 
o-Bromobenzoic acid, froni.o-bromobenzene. 929 

1- Bromobutadiene, reaction with hydrogen bro¬ 
mide, 647 

2- Bromobutadiene, from monovinylacetylene, 669 
—, polymerization of, 670 

l-Bromobutanol-2, 501 

Bromobutene, reaction with sodium ethoxide, 483 

1- Bromo-l-butene, 482 

2- Bromo-l-butene, 482 

2-Bromo-2-butene, 483 
—, from butane. 720 
Bromocyclohexane. from cyclohexane, 750 
l'Bromo-2,3-dimethylpropane, from isopentane, 726 

2- Bromo-2-methylbutane, 726 

3- Bromo-3'methyl-l-butene, 645 

3-Bromo-2-methyl-l-propene, 637 
Bromoform. by methane bromination, 706, 707 
—, conversion to acetylene, 663 
Bromoform, from acetone, 409 

—, germicide, 706 
Bromoheptane, 742 
Bromohexane, 742 

Bromohydrin formation, reaction velocity, 499 
—temperatures for. 499 
Bromohydrins, preparation of. 540 
—, separation of olefins as, 144 
Bromoiodoethylene, from acetylene, 672 


Bromoiodomethane, from diiodomethane, 707 
Bromomaleic acids, from thio|>henik 917 
Bromomethylbutanei from tertiary amyl bromide« 
806 

Bromomethylbtttene, from isoprene, 636, 645 
1-Bromo-l-methylcycbpropaoe, from methylcyclo- 
propane, 746 

Bromomethyl ethyl ketone, 501 

3-Bromopentane, from 2-pentette, 330 
Bromopentanes, production of, 723 
Bromopropylenes, from propylene dibromide, 481 
Bromothymol blue, 550 
Bromotoluene, production of, 777, 778 
—, bromobenzoic acid from, 929 
Bronze, aromatization catalyst, 187 
Brown-coal oils, sulphonated, 1019 
Brown-coal paraffin, oxidation 6f. 956 
Brown-coal residues, oxidation with nitric acid, 
1003 

Brown-coal tar, burning oils from, 202 
Brown-coal tar oils, sulphonated. 1061 
Brown soap, bleaching, by hypochlorite, 942 
Brucine, stabilization of gasoline, 898 
Brucite, removal of hydrogen sulphide. 423 
—, use in sweetening, 443 
Burma kerosene, p<ymene from, 28 
Burma oils, 1146 

Burma peti^eum, aromatics from, 25 
—, pentaethylbenzene from, 28 
Burner ti^, of lava, 241 
Burning oils, from Iwown-coal tar, 202 
Burningopoint, definition, 1152 
Burton process, cracking, 109, 405 
Bustenari petroleum, suTphonation of, 1035 
Butadiene. 633-635 
—, absorption by sulphuric add. 641 
—, by acetylene-olefin pyrolysis, 187 
—, by catalytic dehydration of alcohols, 635 
—, by coal-gas oxidation, 834 
—, by condensation of ethylene, 44, 46 
—, by hydrocarbon pyrolysis, 64, 158. 176 
—, oxidation of pentane, 852 
—, by vapor-phase cracking, 129 
—, condensation with ethylene, 44, 67 
—olefins, 155, 156 
—, — quinone, 653 
—, crotyl bromide from, 645 
—.cyclohexene from, 155, 156 

— derivatives, polymerization of, 614 
-, reaction with sulphur dioxide, 576 

—.determination of, 658, 659. 1120, 1122, 1124 
—, — butylene in presence of, 1123 
—, dibromtdes from, 641, 643 

— 1,4-dibromide, 649 

— dibromohydrins, 646 
—, dimers of, 620 

—, effect of methyl substitution on polymerization 
of. 627 

—, from acetaldehyde, 634, 635 
—acetals, 157 
—, — acetylene, 155, 668 
—.—alcohols, 155, 157, 159, 635 
—, — amylene, 80 
—, — butane, 156, 174 
—. — n-butane-isobutane mixture, 57, 159 
—. — n-butanol, 157, 633, 634 
—, — sec-butanol, 157 
—, — 2-butene dibromide, 633 
—, — butenes. 72 

—, — 1,3-butylene idycol. 157, 159, 634 
—, — crotyl bromide, 634 « 

—cyclohexane. 84, 134, 156, 157, 158, 181, 
182 

—, — cyclohexanol, 157 
—, — cyclopentane, 157 
—— diacetylene, 159 
—, — 2.3-dibromobutane, 634 
—, — dichlorobutane, 803 
—, — 1.4'dichlorobutane, 634 
—, — dipentene, 157 
—,—esters, 157 
—, — ethane. 47 
—, — ethanol, 634, 635 

—.—ethylene, 66, 67, 68, 80. 81. 155, 156. 176^ 
262. 876 
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Butadiene, from fusel oil. 15$. 157 
—* — glycols, 157 
—, — hexadeeene. 76 
—. — hexane. 155 
—»— hydrocarbons, 152 ■ 

—. — illuminating gas. 155 

—— isobutylene, 155, 160 

—, — isopentane, 175 

—, — isoprene, 79 

—, — methane, 40, 41, 147, 169 

—, — methylenecyclopropane, 84 

—, — monovinylacetylene, 669 

—, — olefin oxides, 157 

—. — oleic acid. 157 

—, — pentane, 58. 155 

—, — 2*pentene. 74 

—, — petroleum, 157, 158 

—. — phenol. 634 

—, — Pintsch gas, 156 

—, — propane. 49, 50, 52. 156 

—, — propane'butane. 170 

—, — propylene, 70, 71, 156 

—, — pyrrolidine, 635 

—,—tetrahydrobenzene, 156, 157 

—, — tetramethylene diamine, 634 

—, — trimethylethylene. 75 

—, — vinyl compounds, 635, 680 

—, homologues, 647 

—, hydrogenation of, 656, 657 

—, in Uau gas, 119, 156 

—— cracking gas, 114, 115, 119, 140, 156 

—, — crude benzol. 653 • 

—, intermediate, in formation of aromatics by 
pyrolysis, 67, 154, 155 
—, isomers, from methylene dichloride, 643 
—, maleic anhydride esters of, 653 
—, metals used in distillation, 641 
—, methods of polymerizing. 616. 617, 625 
—, occurrence of, 633 
—, oils from, 617 
—, plastics from, 628, 629, 630 
—.production of, 156 
—.pyrolysis of, 79. 176, 177, 617 
—, —, effect of coke, 79 
—, reaction with acrolein, 651 
—, — ammonia, 656 
—, — benzoquinone, 651, 653 
—, — bromine, 641, 643 
—, — chlorine, 644 
—, — cuprous chloride, 641 
—, — diazoacetic ester, 652 
—, — diazomethane, *652 
—, — hydrogen bromide, 645 . 

—, — iodine monochloridc, 643 
—, — maleic anhydride, 659, 660 
—, — methyldiazomethane, 652 
—, — naphthazarin, 653 
—, — naphthoquinone, 650, 653 
—, — sulphur dioxide, 675, 676 
—, — sulphuric acid, 649 
—, — tetrahydronaphthalene, 653 
—, — toluene, 652 
—, removal from acetylene, 664 
—, separation from butylene, 641 
—, separation from isobutylene, 641 
—, separation with sulphuric acid, 160 
—, sources of, 631 

—.synthetic rubber from, 159, 626, 627, 629, 
630 

— tetrabromide. diacetylene from, 644 
-, by oil gas bromination, 480 

— —, 2, 3'dibromobutadiene from, 644 
—, — from, 644 

-.preparation of, 644, 658, 659, 1145 

-, reaction with alkalies, 644 

— tetrachloride. 644. 659 
Btttane*air. limits of inflammabili^. 972 
—, rate of fiame propagation, 975 

—, relative ignition temperatures, 965 
Butane-butene, chlorinatton of, 483 
BuUne combustion, kinetics, 848 
Butane-1, 24iol, from 1-butene dibromide, 531 
Butane-1, 3-d(ol, butadiene from. 157 
Botane-2. 3-diol, from 2-butene dibromide. 531 
n-Butane-isobtttgne mixture, pyrolysis of, 57 


Butane, absorption of, by sulphuric acid, 1118 
-'.analysis ot reformed, 292 
—.available supply, 16 
—• bromination of, 720 
—, by stabilisation of natural-gas gasoline, 129 
—.chlorination, dichlorobutane from, 718, 720 
—, —, effect of butylene, 720 
—, —, hydrochloric acid from, 718 
—.cracking of, 123 

—, decomposition, silent discharge, 268-270 
—.determination of, 1098, 1116 
—, from acetylene, silent discharge, 265 
—, — aluminum chloride and hexanes, 194 
—, — cyclohexanes, 199 
—, — ethane, ultraviolet light, 272 
—, — ethylene, silent discharge, 269 
—, — natural gas, 32 
—, — nonane by aluminum chloride, 194 
—. — olefins by aluminum chloride, 195 
—, — propane^ 52 
—, — Russian petroleum oils. 194 
—. halogenation of, 483 
—, in compression product, blau gas, 119 
—, in cracking gas, 115, 355 
—, in straight-run gasoline, 22 
—, liquefaction of, 139 
—, maximum flame temperature of, 236 
—, monochlorination in vapor-phase, 719, 720 
—, oxidation of, 835 
—, oxidation to alcohols, 990 
—, phot' chemical chlorination of, 719 
—.pyrolysis of, 53-58, 123, 130, 134, 135, 174, 
183, 185 

—, —, reaction coefficients, 57 
—, reaction with nitrosyl chloride, 1055 
— t —sulphuric acid, 1007 
—, reforming with steam. 292 
—.separation of, from mixtures, 1101, 1116 
—, thermal chlorination, monochlorobutane by, 
719 

—, velocity constant of thermal decomposition of. 
99 

n-Butane. 17 

—.chlorination of, 718, 719, 788, 792 
—, dehydrogenation of, 53, 129 
—, demethanation of, 53 
—, from monovinylacetylene. 669 
—. in natural gas, 12, 14, 15 
—, isomeric butyl chlorides from, 719 
—, mechani.sm of pyrolysis, 45, 55, 63 
—, non-explosive oxidation of, 852 
—, polybrominated products from, 720 
—.pyrolysis of, 53. 63, 71, 171, 172, 173 
—, —, primary products, 53. 54, 55, 63 
—, —, secondary products, 54 
—, reaction with carbon monoxide, 417 
—, — phosgene, 1058 
—, — sulphur, 428 
—.utilization of, 15, 16 
Butane-1.2,3,4-tetracarb6xylic acid, .639 
n:Butanol, . by hydrolysis of butyl chloride, 
788 

—, catalytic dehydration of, 481 
—. condensation with naphthalene, 564 
—, dehydration of. 379 
—, from acetaldehyde. 675 
sec.-Butanol, esters, from 1-butene, 328 
—, from butene-2. 316 
—, from methylcyclopropane, 1009 
ter-Butanol, by hydrolysis of ter-butyl chloride, 
788 

—, from isobutylene, 601 

Butanols, by fermentation of carbohydrates, 404 
—, formation of, 547 
1-Butene^ absorption in sulphuric acid. 358 
—, additive power with mineral acids, 325, 328 
—, bromination of. 465 
—, W polymerisation of ethylene. 589 
—, bv pvrolvsis of n-butane, 129 
—, cnlorinatfon. of, 481 
—iconveraion to 2-butene. 71, 72 
—. eaterifi»tion by hydrogen chloride, 328. 329 
—. from chlorobutanes, 802 
from ethylene^ 595 
—.silent discharge, 266, 269 
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1-Butene, hydration of. 313. 379. 394 
—isomerisation of* 603 
—, polymerisation of. 602 
—. pyrol;rsis of. 71, 179. ISO 
~, reaction with bromine. 482 
—. — hydrogen sulphide. 584 
—. — hypobromous acid, 501 
—. — hypochbrous acid, 501 
—, — with nitrogen trichloride, 578 
—, — sulphuric acid, 390 

velocity of snlphuric acid absorption, 377 
2 Butene. 316-318 

—, additive power with acids, 328 
—, bromination of. velocity coefficient. 465 
—> by pyrolysis of methylcycbpropane, 83 
—, esterification by hydrogen chloride, 328, 329 
—.hydration of, 313, 316-318, 378, 379, 394 
—. isomerisation of, 603 
—, isomers of. 547 
—, ketones from. 318 , 

—. polymerisation of, 316| 317, 318. 600, 602 
—, polymerised, by o-radiatbn, 273, 602 
—, pyrolysis of, 71, 73, 179, 180 
—, reaction with nitrogen trichbride, 578 
—, — osone, 844 
—, — selenium oxychloride, 577 
—, — sulphuric acid, 377. 390 
cis-3-Butene, from chlorobutanes, 802 
trans-2-Butene, from chlorobutanes. 802 

1- Butene dibromide, physical properties of. 482 

2- Butene dibromides, 482 
2-Bvitene dichbride, 481 

1-Butene dihalides, optical isomers of, 481 
Butene halohydrins, properties of. 501 
ButenyItetrahydronaphthalene, 653 
Butene oxide, properties. 557 

1- Butene oxide, isomerisation of, 547 

2- Butene oxide, properties of. 558 
Butenes, see also Butylenes 
Butenes, 659 

—, analysis of, 1122 

—, bromination of, 482, 483, 1123 

—, by decomposition of diamylene, 604 

—, — dehydration of n-butanol, 379 

—, — dehydration of isopropyl alcohol, 379 

—, — oxidation of ti-hexane, 867 

—, — pyrolysis of butanes, 57, 174 

—, classification of, 383 

—, condensation with naphthalene, 563 

—, from methylcycbpropane, 1009 

—, hydration of, 376-379, 386. 387 

—, isomers, separation of, 328 

—, polymesised by sulphuric acid, 378, 379 

—, pyrolysis of, 179 

—, reaction with chlorine, 481 

—, — hydriodic acid, 320 

—, — sulphuric acid, 376-379, 386, 387 

—.separation of, 1122 

'Butkow test, evaluation of transformer oils, 911 
Butyl acetate, to modify odor of isopropyl alcohol, 
365 

—, preparation of, 358 
n-Butyl acetate, in lacquers, 396 
sec.-Butyl acetate, 798 

—, constant-boiling mixture with sec.-butyl al¬ 
cohol, 394 

—, production of, 395 
—, properties of, 395, 396 
Butyl alcohol, by butane oxidation. 835 
—, condensation with ethane-sulphonic acid. 1033 
—, converted to higher alcohols, 345 
—, detergents from, 1024 
—, from butenes, 328, 355, 356 
—, oxidation of, 869, 870 
—, stabilization of gasoline, 898 
—, sulphonation of olefins in, 1033 
—, wetting agents from. 1033 
n-Butyl alcohol, from ethyl alcohol-hydrogen, 345 
—, hot wire ignition curves, 969 
—, purification of slack wax. 398 
—.toxicity of, 393, 394 
aec.-Butyl alcohol, butadiene from, 157 
—.by hydration of butenes, 376-379, 386, 387, 
394 

—, by hydrolysis of sec.-butyl chloride, 788 


sec.-Butyl alcohol, dehydrating agent, .094 
—, dehydration of, 394 
—, dehydrogenation of, 379 
—^.esters of, 395 
—, from cracking gas, 416 
—, from olefins. 129 
—, narcotic action of, 393 
—, oxidation of, 396, 415 
—, properties, 394 

ter.-Butyl alcohol, azeotrope with water, 397 
—.condensation with cymene, 563 
—. — phenols, 399, 400 
—, dehydrogenatbn of, 405 
* —'t esterification of, 392 
—, formation of halides, 398 
—.from isobutene, 300, 316, 328, 376-378, 386, 
387 , 

—, —isobutyl alcohol, 378 
—, — olefins, 129 
—t narcotic action of, 393, 394 
—presence in commercial isopropyl alcohol, 372 
—. production of, 397, 398. 534 
—. properties of, 397 
—, reaetbn with p-cymene, 563 
—, salting out, 378 
—use in fabric detergents, 366 
n-Butylallene, preparation of, 633 
ter-Butybllene. preparation of, 485 
Butylamine, catplyst activator, 945 
Butyll^nzene, from benzene, 562, 810 
—.oxidation of, 756 
ter.-Butylbenzenesulphonic acid, 400 
n-Butyl bromide, isomertsed to isobutyl bromide, 
321, 809 

—, reaction with sodium cyanide, 810 
ter.-Butyl bromide, from isobutyl bromide, 805, 
806 

—, isobutyl bromide from. 806 
—, properties of, 398 

Butyl butyrate, by oxidation of butyl alcohol, 869 

Butylcarbitol, solvent, 528 

Butylcellosolve, solvent, 525, 1031 

Butyl chloride, by chlorination of petroleum, 719 

—.chlorination of normal butane, 718, 719 

—, from cracking gas, 144 

—, isomeric, from n-butane, 719 

n-Butyl chloride, hydrolysis of, 788 

sec-Butyl chloride, from butenes, 328 

—, l^drolysis of, 392 

ter.-Butyl chloride, 647 

—, condensed with phenol, 399, 400, 401 

—, from isobutene, 144, 328 

—, from tertiary butyl alcohol, 392, 397 

—, Grignard compound from, 812 

—, properties of, 398 

sec.-Butyl chloroaceUte, as fumigant, 396 
Butylcyclohexanes, butanes from, 199 
ter-Butyl-p-cymene. 563 
Butyldietbanolamine, 553 
n-Butyl disulphide, properties of, 452 
Butylene, acid absorption of, 354 
— by coal gas oxidation, 834 
—, by low temperature cracking, 129 
—, by oxidation of isopentane, 867 
—, — pentane, ^852 

—. by polymerization of ethylene with oxygen, 
69, 79 

—, pyrolysis of butane, 53-55, 123, 135 

—, — ethylene, 66-68. 80, 145 
—, — hexadecene, 76 
—, — hexane, 59, 60 
—, — isopentane, 58 
—, — methane, 41, 169 
—, — mineral oils, 133, 134 
—, — n-pentane, 58 
—, — 2-pentene, 74 
—, — propylene, 70 
—, — tars. 133 

—, by vapor phase cracking, 129 
—, condensation with alcohols, 568 
—, dehydrogenation of, 74 
—, formation of, 599 
—, from cracking gas, 140, 355, 631 
—.from ethvlene, 592, 593, 594, 878 
—, —, electric arc, 262 . 
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Butylene, ^rom propylene, E79 
.electric arc, 263 
from tars, 872 

in compression product, blau gas, tl9 
—,m cracking gas, 113, 114, 115 
—.liquefaction of, 139 
—, lupricants from, 202 
—t maximum flame temperature, 236 
—, polymerisation, 599 
—,—^.to naphthenes, 202 
—t —i products of, 589 
—, polymerized by boron fluoride, 595 
—, pyrolysis of, 71*73 

—, rate of absorption by sulfuric acid. 1118, 1119. 

—, reaction with hydrogen sulphide, 425 

—ozone, 883 

—, — selenium chloride, 577 

—, — sulphur dioxide, 575 

—, removal from acetylene. 664 

—.separation of, 138 

—. — isomers of, 144, 354 

—, separation from butadiene. 641 

—, separation with gas oil, 142 

—, — sulphuric acid. 144 

Butylene-air, inflammability limits. 961 

—, maximum ignition pressure, 972 

Butylene bromide, from butane, 720 

Butylene-butane, separation, 143 

Butylene chlorohydrin, 534 ^ 

1,4-Butylene chlorohydrin, formation of, 545 
Butylene dibromide, 659 
Butylene glycol monoethyl ether, 522 
1,3-Butylene glycol, dehydrogenation of, 531 
—.from aldol. 634, 635 
—, intermediate in synthesis of isoprene, 159 
Butylene glycols, 531 
Butylene halohydrins. 501-502 
Butylene oxides. 522, 531, 548 
Butylene ozonides, hydrolysis of, 883, 884 ^ 
ter-Butyl esters, from isobutene, 328 
Butyl esters, of hydroxynaphthenic acids, as anti- 
detonants, 983 

Butylethylene, sulphuric acid absorption, 383 
ter.-Butyl halides, formation of, 398 
ter.-Butyl hypochlorite, properties of, 399 
—, reaction with toluene, 774 
sec-Butyl iodide, from butenes, 320, 328 
ter.-Butyl iodide, ter.-butyl alcohol from, 397 
—, from isobutene, 320, 328 
—, properties of, 398 

Butyl mercaptan, action of sulphuric acid on, 
438 

—, reaction with alkalies, 436, 437 
—, stabilization of chlorinated hydrocarbons by. 
456 

n-Butyl mercaptan, adsorption by metallic sul¬ 
phides. 445, 446 
—, properties of, 452 
—i^r-olysis of, 457 

sec.-Butyl mercaptan, basic lead mercaptide, 442, 
443 

ter.-Butyl mercaptan, preparation of. 431 
ter-Butyl methyl ether, formation of, 568 
Butyl methyl ketone, production, 411 
Butylnaphthalene, production, 564 
ter.-Butylnaphthalene-sulphonic acid, 400 
4-ter-Butyl-p-naphthol, 400. 810 
p-ter.-Butylphenol, formation of, 399, 400, 810 
— properties ^ of, 400 
n-Butyl propionate in lacquers, 396 
Butylsalicyhc acid, 565 
Butyl sulphide, conversion to thiophene, 426 
—, from distillates, 450 
—, pyrolysis of, in benzene, 457 
—, stalntity of, 457 
Butylsulphonic acid, properties, 1011 
Butylsulphuric esters, from butenes, 328, 379 
n-Butri thioether, properties of. 452 
p-ter.-Butyltoluene, action of aluminum chloride, 
200 

see.-Butyl xanthate, 394 
ter.-Butylxylene, production of, 561 
Butyralddiyde, by oxidation of butyl alcohol, 869 
oxidation to butyric acid, 932 
—•Preparation, 345, 547, 852 


Butyric acid, by hydrocarbon oxidation, 838 
—, by oxidation of butyl alcohol, 869 
—, from paraffin wax, 944, 946 
—from stearic acid, 959 
—from triaoontane, 958 
—, oxidation of butyraldehyde to, 932 
Butyrone, 416 

Butyryl chloride, reaction with naphthenes, 1057 
Byoritsa petroleum, 26 

C 

Cabin Creek straight-run gasoline, 22-24 
Cadmium, catalyst, ammonia-acetylene reaction, 
684 

—^.chlorination catalyst, 699 
—.effect on ignition temperatures, 979 
—.reaction with vinyl compounds, 680 
—t removal of gasoline gum with, 902 
—, use as heat absorbent, 923, 924 
—, use in distillation of butadiene, 641 
Cadmium acetate, catalyst for hydration of 
monovinylacetylene, 669 
Cadmium chloride, action on mercaptans, 447 
—t catalyst, acetylene-ammonia reaction, 683 
—»—♦ pyrolysis of alkyl chlorides, 802 
—, chlorination catalyst. 690, 691 
—.determination of hydrogen sulphide with, 1151 
Cadmium metaphosphate, catalyst, hydration of 
oleflns, 303. 676 

Cadmium nitrate, chlorination catalyst. 691 
Cadmium oxide, catalyst activator, 223, 288 
—, catalyst, hydration of unsaturated hydrbear- 
bona, 309, 676 

—.oxidation catalyst, 406, 843, 917 
Cadmium oxychloride, removal of gum from gaso¬ 
line with, 903 

Cadmium phosphate, catalyst, hydration of ethyl¬ 
ene. 308, 315 

—, catalyst for polymerization of propylene, 309, 
598 

Cadmium salts, of sulphonic acids. 1027 
—, reaction with acetylene, 667 
—, use in extraction of sulphur compounds, 460 
Cadmium sulphate, catalyst, hydration of mono¬ 
vinylacetylene, 669 

Cadmium sulphide, adsorption of mercaptans by, 
445. 446 

—, catalyst, hydrocarbon-sulphur reaction, 429 
—, —, oxidation of mercaptans, 441 
—,—.pyrolysis of mercaptans, 451, 452 
Caesium carbide, hydrolysis of, 662 
Calcium, effect on ignition temperatives, 979 
—, catalyst, methane-carbon monoxide reaction, 
932 

—f —t pyrolysis of hydrocarbons. 146 
Calcium acetate, action on mercaptans, 447 
—, acetic esters from, 324 
—, catalyst, hydrolysis of ethylene dihalides, 507 
—, esterification of amyl chlorides with, 793 
—, reaction with propylsulphuric acid. 372 
Calcium aluminate, catalyst, pyrolysis of hydro¬ 
carbons, 84, 134. 146 

Calcium benroate esterification of chlorinated 
paraffins with, 796 
Calcium butyrate, production of. 416 
—, esterification of amyl chlorides with, 793, 796 
Calcium carbide, acetylene from, 221, 662 
—, effect on. pyrolysis of propane, 126 
—, from carbon and lime. 662 
—>, hydrolysis of, 221, 662 
—, removal of impurities from hydrogen with, 
231, 232 

—, vinyl halides from. 679 
Calcium carbonate, oxidation catalyst, 867 
—, reaction with chlorine, 490 
—use in hydrolysis of ethylene chlorohydrin, 
509 

—, — tnannfactnre of calcium butyrate, 416 
Calcium chloride, action on monovinylacetylene, 
669 

—^.catalysti dehydration of isopropyl alcohol, 357 
——.formation of acetals, 371 
——.hydration of ethylene, 312 
—f —, hjdrblysia of methyl chloride, 782 
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Calcium chloride, catalyst, production of allyl 
chloride, 480 

—• — i pyrolysis of chlorobutanes, 802 
—, chlorination catalyst, 699, 701 
—, double compound with isopropyl alcohol, 362 
—, effect on pyrolysis of butane, 135 
oxidation catalyst, 866 
separation from ethylene glycol, 510 
—, use in purification of chlorocycluhexanes, 748 
—use in rubber production, 629 
Calcium cinnamate, oxidation catalyst, 945, 947 
Calcium compounds, catalysts, diphenyl produc¬ 
tion from beniene, 189, 

Calcium ^cyanamide, use in production of am¬ 
monia and cyanides, 295 
Calcium fluoride, use in fluorinating carbon 
tetrachloride, 709 

Calcium hydride, determination of sulphur with, 
1151 

Calcium hydroxide, catalyst, photochemical oxida¬ 
tion, 939 

—, extraction of mercaptans with, *435 
—, use in production of diacetone alcohol. 410 
—, — formation of benzoic acid, 921 
—, — hydrolysis of methyl chloride, 782, 783, 
784, 785 

Calcium hvpochlorite, purification of isopropyl 
alcohol, 359 

Calcium naphthenate, 1088, 1089 
Calcium oleate, esterification of amyl chloride, 
793 

Calcium oxide, catalyst, conversion of 1-butene to 
2-butene, 72 

hydration of ethylene. 312 
—, —, hydrocarbon-steam reaction, 277. 288 
—■pyrolysis of hydrocarbons, 134, 135, 180, 
222 

chlorination catalyst, 690, 698 
—.dehydration of isopropyl alcohol, 357 
—, effect on polymerimition of acetylene, 82 
—t oxidation catalyst, 840, 940. 944 
—, use in hydrolysis of ethyl chloride, 787 
Calcium phosphate, catalyst, pyrolysis of hydro¬ 
carbons, 146 

Calcium phthalate, benzoic acid from, 921 
Calcium salts of nitro compounds, 1052 
Calcium silicate, effect on pyrolysis of ethylene, 
67 

Calcium soaps, anticatalyst in oxidation of trans¬ 
former oils, 909 
—, ketones from, 942 

Calcium sulphate, catalyst, ketene formation, 414 
<—, use in saponification of fats, 1025 
Calcium sulphide, use in sweetening, 426 
Calcium sulphonates, 1015, 1018, 1030 
Calcium stearate, catalyst, esterification of amyl 
chlorides, 793 

California cokes, analyses, 227 
California crude, 455 
—.naphthenic acids in, 1079, 1080, 1081 
, straight-run gasoline from, 20, 21 
California gas oil, nitrogen bases from, 828 
California gasoline, dimethylcyclobutane from, 23 
California oils, nitrogen content of, 819 
—.nitrogen bases from, 819, 820 
California petroleum, aromatic bases in, 827 
—, blown residues of, 999 
—, fatty acids in, 1076 
—, naphthalene from, 28 
—, picene from, 226 
—, sulphur content of, 421 
Cal-Odorant, 456 

Calorific values of oils, determination of, 1153 
Camphene, esterification, 331 
Camphor, as antidetohant, 983 
—.formation of 331, 415 
—, reaction with boron fluoride 596, 597 
—, stabilization of gasoline with, 897 
Camphor substitutes, from nitrated distillates, 
1052, 1053 

Camphoric acid peracid, reaction with olefins, 
1134 

Canadian gasoline, isohexane from, 24 
Canadian petroleum, thiophanes from, 452 
Caouprene bromides, 627 


Caoutchouc, properties of, 626, 627 
—, s;{rnthetic, from isoprene, 625, 626 
Capric aldehyde, formation of, 857 
Caproic acid, 811 

Caprylene, addition of acetic acid, 331 
Caprylic aldehyde, formation of, 857 
CapryUdene. 60 

Carbazole, condensation with olefin#, 573 
—from pitch, 227 
Carbazones, 569 

Carbenes, in lubricating oils, 904 
Carbide electrodes, use of, 261 
Carbide-forming metals, oxidation catalysts, 990 
Carbides, formation hy hydrocarbon pyrolysis, 65, 
106 

from metallic oxides and niethane, 663 
—«from metab and carbon. 298 
—, hprdtolvsis of, 662 

Carbide theory, of origin of petroleum, 35 
Carbitol, 528 

Carbocene, from hydrocarbon pyrolysis, 226 
Carbohydrate ethers, 809 

Carbohydrates, by oxidation of methyl alcohol, 989 
—.reaction with mercaptans, 433 
—reaction with olefin oxides. 538 
Carbon, activated, preparation of, 229 
—, by decomposition of hydrocarbons in the electric 
arc. 255-259 

—by methane oxidation, 217, 846 
—, Iv pyrolysis, formation prevented, 183, 184, 
216. 993 

—.by pyrolysis of acetylene, 82, 180, 220, 221, 
668 

—, — benzene, 88, 216 
—, —butenes. 179 
—— ethane, 47 
—, — ethylene, 65, 66, 67 
—, — heicadecene, 76, 77 
—t — isoprene, 79 
-—. — kerosene, 222, 223 

—methane, 38, 40, 41, 42. 43, 149, 168, 174, 
205, 207, 213, 215, 219, 236, 255, 256, 257, 
258, 259 

—, — methyl chloride, 802 
—, — natural gas, 167, 208, 217, 258 
—, — 2-pentene, 74 

— ’i '—petroleum distillates, 162, 163, 225, 226, 
227 

—, — propane, 49, 50, 174 
—, — propylene, 70, 178 
—, — octenes, 76 

—, by simple thermal decomposition, 207-216 
—, catalyst, addition of acids to acetylene, 680, 
681, 684 

—, —, chlorination of hydrocarbons, 672, 675, 722, 
729, 730. 775 
—, —, in cracking, 106 
——, methane-steam reaction, 280 
—f —polymerization of acetylene, 82, 106 
—, —, polymerization of amylene, 604 
—, decolorization of wax acids with, 956 
—.deposition from hydrocarbon flames, 236, 242 
—, distilling petroleum with, 163 
—, effect on pyrolysis of hydrocarbons, 70, 106, 
122, 150, 158, 167, 180, 206, 221, 222. 224 
—, factors influencing quality and yield, 214, 
236 

—, formation in methane chlorination, 686, 690, 
696, 697, 700 

—, — methane-steam reaction, 279 
—»— pyrolysis of hydrocarbons, 38, 40^3, 47, 
49, 50. 64-67, 70, 74, 76, 77, 79, 82. 88, 106, 
149, 16^ 163, 167, 168, 174, 175, 178-180, 183, 
184, 205-223, 225-227, 236, 255-259, 747 
—, from carbon monoxide, 218 
—•, from carbon tetrachloride and methane, 706 
—, from cyclopentane, 747 
—, from methane-fluorine reaction, 707 
—, from natural gas and ammonia, 216 
—, oxidation catal^, 865, 866, 870 
—, preparation of pure, 207, 224, 225 
—reaction with sulphur gases, 458 
—removal of volatile matter from. 214, 215 
—treatment of oxide ores with, 192 
—.use in purification of acetylene, 664 
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Carbon, use in purification of isopropyl alcohol 
with, 359 

—, set also charcoal 
Carbon*amnionia reaction, 295, 296 
Carbonates, catalysts, isomerisation of olefin 
oxides, 419, 547 

—, —, methane-carbon dioxide, reaction^ 932 
—, —, reaction of ammonia and olefins, 571 
—. dehydrogenation catalysts, production of alco¬ 
hols, 405 

—.oxidation catalysts, 834, 873 
Carbon black, adhesion tension of, 249 
—, adsorptive capacity of, 248, 249 
—, agglomerated, 239 

—, analyses of, 244, 245, 246, 247, 248, 253 
—, by <»anael process, 234, 237, 242, 245, 246, 
249 

—, by disc process, 234, 246 

—, by electrical decomposition, 218, 219 

—, by heated retort process, 246 

—, by incomplete combustion, 235, 238, 243, 246, 

—, by plate process, 234, 241 

—, by roller process, 234, 237, 246 

—. by rotating-disc process, 237 

—, by Thermatomic process, 210, 245 

—.chemical properties.and teats, 244, 253 

—, color of. 254 

—, c^stalline structure of, 247 

—, effect of inert gases in, 240 

—, extractable matter in, 254 

—, factors influencing yield. 238-241 

—, fixed carbon content of, 244, 246 

—, from acetylene, 234, 242 

—, from burning petroleum vapors, 238 

—. from cracking. 212, 214 

—, from ethane, 243 

—, from hydrocarbons and chlorine, 224, 225 
—.from natural gas, 15, 206, 207, 216, 217, 234, 
236, 238, 240, 242 
—. from olefins. 223 

—. from petroleum hydrocarbons, 217, 229, 242, 
243 

—, from propane, 242 
—, from residual cracking gasea, 183, 184 
—, German industry, 246, 252 
—, mphitic carbon from, 247 
—, neat of combustion, 249 
—; hiding power of, 254 
—, impurities in, 244, 246, 247 
mechanism of formation, 235 
—.occlusion of gases by, 247 
—, particle siae, 245 

—, physical proMrties and tests, 244, 253, 254 
—, production figures, 251 
—, purification of, 219 
—, specific gravity of, 244, 246 
—, surface tension of. 248 
—, testing of, 253, 254 
—, tinting power of, 250, 254 
uses. 206. 251, 252 

—, yields by various processes, 222, 223, 236, 239, 
241, 242 

Carbon dichloride, 692 
Cdrbon dioxide, acetaldyehyde from, 932 
—.acetic acid from, 932 
-—.acetone from, 932 
—, antioxidant, for transformer oils, 908 
•—.by alcohol oxidation, 843 
—, by carbon monoxide oxidation, 838 
—, by pyrolysis of lignite distillates, 133 
—, concentration in methane-carbon dioxide equi¬ 
librium. 281 

—, — methane-steam equilibrium, 277 
—, determination of gasoline gum content by, 895 
—. determination in natural gas, 1094 
—, effect on carbon black production. 238 
—, — electric decomposition of methane, 260 
—, — pyrolysis of acetylene. 82 
—, — n-amyl mercaptan pyrolysis, 457 
—, — methane chlorination, 694 
—, — pyrolysis bf acetylene, 180, 181 
—, — transformer oils, 910 
—, effect of silent discharge on, 264 
—. from carbon monoxide, 216, 217, 232, 233, 
280, 283. 286. 288, 289, 290 


Carbon dioxide, from hydrocarbons and steam, 
214, 276 

—. from naphthalenes, 922 
—, in carbon black, 247 
—,in cracking gas, 114 
—. in natural gas, 12, 13, 236, 242 
—, in producer gas, 963 

—, in reformed DUtane, 292 . . , 

—, liquefied, e^tracUon of sulphur compounds 
with, 458 

—, —, solvent for acetylene, 152, 664 
—.oxidizing agent, 206, 279, 586, 838, 863, 867, 
WO, 942 ,, ... 

—, prevention of gum formation with, «803 
—, production of methanol, 989 
—, reaction, with acetylene, 221 
—. reaction with ethylene, 586 
—, reaction with methane, 206, 279, 281*283, 863, 
867 

—, reduction to carbon, 217 
—, removal by alkali, 263, 284, 286 
—, — triethanolamine, 286 

—, removal from gas mixtures, 209, 231-233, 284, 
286, 1116 

—, separation of wax acids with, 954 
—, solid, use for cooling, 172 
—.toxicity of, 709 

—.use in chlorination of hydrocarbons, 713 
—, — polymerization of diolefins, 626, 629 
—t — preparation of chlorbhydrins, 488 
—, — purification of carbon, 225 
—— pyrolysis of hydrocarbons, 128, 146 
Carbon dioxide-hydrocarbon reaction, 281;283 
Carbon disulphide, addition to non-cuttiiig oils, 
456 

—, by cracking with sulphur, 185 
—, corrosion by, 422 

—r. effect of nitrogen on combustion of, .967 
—, formation from paraffins, 428 
—, from carbon and hydrogen sulphide, 458 
—, from hydrocarbons and hydrogen sulphide, 185, 
425 

—, from hydr^en sulphide-olefin reaction, 584 
—, from paraffin and sulphur, 956 
—, in petroleum oils, 421 
—, oxidation of. 987 
—, production, 185 

—, reaction with sec.-butyl alcohol, 394 
—, slow phosphorescent combustion of, 983 
—, use as solvent, 566, 569, 644, 1024 
—.use in oxidation of toluene, 920 
—-, — adhesives, 456 
—— crackinji gas oils, 457 
—, — extraction of sulphonic acids, 1014 
—, — vulcanization of rubber, 627 
Carbon disulphide-methane mixture, pyrolysis of. 

Carbon electrodes, use of, 208, 218, 219, 261, 
262 » 

Carbon monoxide, absorption by alkalies, 289, 
290 

—. — cuprous chloride, 160, 1094, 1095 
—, acetaldehyde from, 932 
—, acetic acid from. 932 
—. action on cuprous oxide catalyst, 357 
—, carbon from, 218 
—, combustion. 213, 214, 848 
—, —, kinetics of, 848 
—, condensation with cyclohexane, 417 
—. — acetylene in silent discharge, 267 
—, — hydrocarbons, 417 

—.conversion to carbon dioxide, 283, 285, 286, 
288, 289, 290 

—, determination of, 1094, 1095 
—, effeef on ignition of methane-air, 966 
—. from ethane. 850 


—. from octanes, 854, 855 
—, formic acid from. 931 
—. free energy of formation from methane and 
steam, 278, 279 

—.from acetaldehyde, 885, 886. 887 
—from acetylene, 885-887 
—. from amylene. 879 
—. from butylene ozonides. 883, 884 
—, from carbon, 214, 220 
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Carbon monoxide, from carbon dioxide, 216, 217, 
281 

—, from coal ^as, 208, 209 
—, from 1,3-dtmethylcyclopcntane, 856 
—, from ethylene, 874*87$ 

—, from ethylene glycol, 513 
—, from formaldehyde, 887, 888 
, from fuel, 978, 979 
—, from glyoxal, 887, 888 

from hydrocarbons, 151, 206, 208-210, 212-215, 
217, 223, 235, 239, 260, 276, 281, 283, 284, 
287, 288, 292, 425, 847, 849, 855, 874*879, 
885*887, 946, 970, 978, 979, 981, 1092 
—, —. by reaction with carbon, dioxide, 260, 281 
—, —, by reaction with steam, 210, 260, 276, 283, 
284, 287, 288, 292, 425 
—, from ketene, 413 

—, from methane, 151, 217, 277, 281, 847, 849, 
872. 874, 875, 970 , 

—, from methane-carbon dioxide, in electric arc, 
260 

—, from methane-steam, in electric arc, 260 
—, from natural gas, 212 
—.from oils and tars, 209, 213, 214, 215 
—, from paraffin wax, 946 
—, from petroleum gases, 287, 1092 
—, from propylene, 879 
—, from quinone, 916 
—, from turpentine, 891 
—, in carbon black, 247 
—, in cracking gas, 114, 115 
—, in methane-carbon dioxide equilibrium, 281 
—, in methane-.<>team equilibrium, 277 
- , in natural gas, 36 
—. in producer gas, 963 
—, in reformed butane, 292 
—, intermediate in oxidation of methane. 846, 
848 e 

—, lamp black from, 218 
—, liberation of wax acids with, 942 
—.oxidation of, 838. 874, 875 
—, oxygenated organic compounds from, 183 
—, oxidation of hydrocarbons with, 920 . 

—, reaction with acetylene, 221 
—, — ammonia, 297-298 
—, — aromatics, 1056, 1058 

—hydrogen. 184, 186, 210, 263, 861, 989 
—, — paraffins, 417, 418 
—, — steam, 232, 931 
—, reduction to methane. 210, 276, 295 
—, reduction with carbon, 217 
—, removal from gas mixtures, 142, 230, 231, 
232, 1094. 1095 

—, solubilizing effect on metallic catalyst, 342, 
343 

—, treatment of oxide ores with, 192 
—, treatment of cyclohexane with, 198 
—, use in Friedel-Crafts reactic^ns, 1056 
—, use in production of methanol, 989 
—, use in synthetic rubber production, 629 
Carbon monoxide-air, inflammability limits, 961, 
962 

Carbon monoxide-hydrocarbon, synthesis of methyl 
alcohol. 283, 288 

Carlxm monoxide-oxygen, flame propagation in, 
977 

Carbon oxides, from acetylene, 885, 886, 887 
—, from amylene, 879 
—, from butylene ozonides, 883, 884 
—, from ethylene glycol, 513 
—, from hydrocarbons, 206 
—, from methane, 277, 872 
—, from propylene, 879 
—, from unsaturated hydrocarbons, 223, 879 
—, hydrofl[enation of, 861 
—, reduction to hydrocarbons, 276 
Carbon sesqutchloride, from chloroform,. 692 
Carbon tetrabromide, by methane broniination, 
707 

Carbon tetrachloride, as fire extinguisher, 706 
—, by chlorinating coke, 705 
—, catalyst, for chlorination, 739 
—, —, pyrolysis of butane, 135 
—, effect on chlorohydrin formation, 489 
—, dewaxing oils with, 706 


Carbon tetrachloride, dichloroditfluoromethane 
from, 707, 709, 710 

—, effect on ignition temperatures, 966 
—, from hydrocarbons, 224, 225 
—, from methane. 688, 689, 690. 691, 692, 693, 
694. 695, 697. 698, 699, 700, 702, 703 
—, from methyl chloride, 697. 703, 704 
—, from methylene dichloride, 705 
—^.from natural gas, 690, 691, 692, 694, 695, 
700, 703 

—, in carbon blacks. 249 
—, phosgene from, 706 
—, physical properties of, 705 
—, reactions with methane, 706 
—, stabilization with butyl mercaptan, 456 
—, trichlorofluoromethane from,* 707, 709, 710 
—, use for reduction of inflammahiUty of isopropyl 
esters, 373 

—, use in ethylene absorption, 341 
—, uses as solvent, 493, 632, 644, 70S, 718, 730, 
882, 927, 954, 1124 

Carbon tetrafluoride, from methane-fluorine reac* 
tion, 707 

Carbon thiocarbonates, use in adhesives, 456 
Carbonyl compounds, preparation of, 223 
Carbonyl sulpnide, removal from hydrogen, 230 
Carbop^rocene, 226 

Carborundum, catalyst, pyrolysis of methane, 39 
Carborundum tubes, use pf, pyrolysis of paraffins, 
135, 215 

Carboxylic acid chlorides, from alkyl chlorides, 
814, 815 

Carboxylic acids, by oxidation of hydrocarbons, 
935 

—, catalysts, oxidation of mineral oils, 936 
—.detergency of, 935 

—from monochlorinated petroleum fractions, 814 

—, from oxidation of synthetic oils, 201 

—, from sulphonic acids, 1007 

—, from Texas crudes, 1073 

—, hydrogenated to alcohols, 990 

—, oxidation of nitrogen bases to, 827 

—, purification of, 935 

—, reaction with olefin oxides, 519, 541 

—, synthesis from aromatic hydrocarbons, 932 

Carboxylic esters, from olefins, 325 

Carbyl sulphate, condensation with beeswax, 1033 

—, from ethylene, 335, 336. 343, 1006, 1032 

Carnauba wax, acids by oxidation of, 996 

—, identification of alcohols from, 960 

—, rust-preventive from, 1031 

Carvestrene, addition to hydrobromic. acid. 331 

Carvestrene dihydrochloride, 617 

Caryophyllene series, 650 

Casinghead gas, 16 

Casinghead gasoline, pyrolysis of, 129 

Casinghead naphtha {see Natural-gas gasoline). 17 

Castor oil, as antidetonant, 983 

•—, dechlorination of petroleum products with. 804 

<—, esterification of. 539 

—, oxidation of, 997 

—, solubility in various materials, 394, 395, 798 

Catechol, carboxylation ofi 930 

—, stabilization of gasoline with, 897 

Cathode-rays, action on hydrocarbons, 273. 274 

—, action on petroleum, 274 

Caucasian petroleum, acids from, 935 

—, cyclopentane from, 23 

—, decomposition by aluminum chloride, 198 

—, dichloromethylcyclopentane from, 817 

—, methylcyclopentane from, 23 

—, naphthenes from, 430 

—, nitration of, 1041, 1047, 1049 

—.oxidation of, 933, 934 

Cellosolve, 524 

Cellosolve acetate, 524. 525 

Celluloid, use of nitrated distillates in, 1052 . 

Cellulose acetate, solubility in various materials, 

- 366, 373, 395, 402, 495, 500. 520, 524. 527, 

673 

Cellulose esters, coatings, 996 
—, solubility in ethylene glycol monomethyl ether, 
524 

—. use with isopropyl alcohol, 366 
Cellulose ethers, mixed, preparation^ 538 
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CdluloM Iqrdtoxyeltijrt etlier, S39 
Cellulose nitrate, dwydration witli sec.-butyl at* 
cobol, 395 

—solubility in various materials. 373. 396, 452. 

520, 524, 525. 527. 727. 797. 798 
—, stabilization of. 550 
Cellulose xanthate, preparation of, 742 
—t reaction with halogenated paraffins, 741 
Ceramic materials, oxidation catalysts, 872 
Ceresin, composition of, 29. 950 
—, chlorination of, 740 
—.oxidation of, 950 
—. solid acids from. 950 
—t sulphonated oxidized products of, 1001 
Cerium, catalyst activator, 288 
—> ratalyst, ainmonia*carbon monoxide reaction. 

—, oxidatibn catalyst, 942 
Cerium acet:^laeetonate. oxidation catalyst, 936 
Cerium carbide, hydrolysis of, 662 
Cerium compounds, catalysts for diphenyl pro* 
duction, 189 

—, catalysts for ethylene absorption in sulphuric 
acid. 340 

—^.oxidation catalysts, 953 
Cerium metaphosphate, catalyst, condensation of 
oleiins with aromatics, 564, 567, 571 
—,—.hydration of ethylene, 303, 307 
Cerium oxide, catalyst activator. 280. 288 
—.catalyst, methane*steam reaction, 288, 289 
—. —, for pyrolysis, 223 
—, oxidation catalyst, 406, 856, 863, 920, 926 
—, polymerization catalyst, 629 
Cerium salts, effect on oxidation of wax, 949 
Cerium stearate, oxidation catalyst, 945 
Cerium sulphate, oxidation catalyst, 928, 948 
Cerotic acid, from triacontane, 958 
Cctene, polymerization of, 606 
—, sulphonation of, 1033 
Cetyl alcohol, reaction with boron fluoride, 596 
Cetylbenzene, from benzene, 562 
Cetyl chloride, palmitic add from, 740, 814 
Chain reactions, in oxidation, 851, 877 
—55* **^*^®*^*** hydrocarbons, 47, 48, 52, S3, 

Chamotte, catalyst, hydrocarbon pyrolysis, 136 
Channel process, production of carbon black by. 

234, 237, 242. 245, 246 
Charcoal, acetylene absorbent, 263 
—aromatization catalyst, 186 
—. bromination catalyst, 716 
—, catalyst, carbon monoscide-ammonia reaction, 
298 

—, —, hydrolysis of alkyl chlorides, 787, 794 
—, —, oxidation of mercaptans, 449 
——* polymerization of acetylene. 668 
——I polymerization of olefins, 589, 594 
—, —, pyrolysis of methane, 39 
—. —• reaction of sulphur and hydrocarbons, 429 
—, catalyst stabilizer, 345 

—, chlorination catalyst, 469, 697, 698, 701, 712, 
71^ 766 

—, effect on ignition temperatures, 967 
—, effect on pyrolysis of acetylene, 82 
—, olefins absorbed by, 338 
—, oxidation catalyst. 839, 840, 879, 939, 942, 
949 

—, purifkation of isopropyl alcohol with, 359 
—, use in deeolorization of fatty acids, 1025 
—, — pyrolysis of coal gas, 210 
—, — removal of olefin polymers, 608 
—, — refining of oil, 609 
—, see also Carbon 

Charging stock, effect on cracking, 93. 98, 101, 
107, 108 

—.effect on cracked gasoline, 116, 117 
Charlton carbon black, 245. 250, 253, 254 
Chemical reactions during cracking; 92, 93 
Chewing'gum base, chloroparaffin resin as, 740 
Chinese wax, alcohols from, 960 
Chlorex, see fi.0* Dichloroetbyl ether 
Chlorides, anhydrous, prepared from heated 
oxides, 192 K F- 

—.catalysts, cblorinatiott of benzene, 766 
<—V —* esterifyihg olefins by aliphatic acids, 328 


Cblortdea. catalysts, methane chlorination, 699 
—.reaction of olefins with aromatics, 559, 

—.Slorination catalysts, 699, 722, 766 
—4 compounds with dbxan, 556 
—^.effect on pyrolysis of paraffin oils, 125 
—.oxidation catalysts, 878 
Chlorinated acetones, 373 , 

Chlorinated ethanes, properties of. 467 
Chlorinated hydrocarbons, condensation with 
naphthenes, 203 
—, detergents. 1022 , 

—, fluorinated hydrocarbons from, 708, 709 
—. from cracking gas. 485 
—, nomenclature and physical properties. 466. 
467 

—. reaction with hydrocarbons, 224, 225 
—, stabilization of, 456, 704 
—. stain-removing composition from, 742 
—.use in insulating materials, 739, 740 
Chlorinated isopentane, hydrolysis of, 788, 789 
Chlorinated ketones from nitrosyl chloride re¬ 
actions, 1055 

Chlorinated methanes, physical properties, 467 
Chlorinated oil. nitration of, 814 
Chlorinated oxidi-ed hydrocarbons, 1000, 1001, 
Chlorinated paraffin oil, catalyst, methane chlorina¬ 
tion, 699 

Chlorinated pentane, hydrolysis of, 788, 789 
Chbrinated petroleum, cracking of, 106 
—. insecticides from, 742 

Chbrinated petroleum fractions, alkali fusion of, 
740 

—.drying oils from, 738, 741 
—, use in soaps. 740 
Chlorination, acetylene. 666. 672 
—, acetylene tetrachloride, 7l5 
—, alkylbenzenes, 788 
—, amylenes, 483-485 

—.benzene, 702, 713, 750, 757, 758, 762-765 
—, —, electrolytic, 761 
—,—, photochemical, 757 
—, of butane, 483, 718-720 
—.butenes, 481 
—, hexenes, 484 
—.carbon disulphide, 705 
—, chlorobenzene, 760 
—, cracked gasoline, 485 
—, cracking gas. 485 
—.cycloparaffins, 744-753 
—decanes and higher hydrocarbons, 737, 738 
—, diisoamyl, 735 
—, of diisobutyl. 735, 737 
—, diisopropyl, 734, 736 
—, dioxan, 556 

—^.effect of catalysts on, 734 
—.ethane, 472. 688, 690, 691, 702. 712-715 
—,—.silent electric discharge. 715 
—.ethylene. 465, 466, 468-472, 475, 476, 488- 
491. 493, 1839 
—, ethylene dichloride, 475 
—, heptanes, 735, 736 
—.hexanes, 735, 736 
—, homologues of toluene, 778. 779 
-.hydrocarbons. 338, 686, 699, 702, 711, 712, 
714. 741 

—, isobutane. 720, 721 
—, isobutene, 482 
—isopentane, 723-726 
—.isopropyl alcohol. 373, 374 
—, isopropyl chloride, 717 
—, isopropybthvlene, 484 
—, kerosene, 738. 939 
—, mesitylene, 779 

methane, 686-703, 713. 784, 1039 
—. —. by oxidizing methane-hydrogen chloride, 
687, 701, 702 

—,—, effect of nitrogen, 690, 691. ,693 
—.—.higher chloronaraffins from, 692 
—, —, mechanism, 688 
—, —. photochemical. 687, 693 695, 699-701 
—. methyl chloride. 688, 697, 703, 704 
—, methylene dichloride, 705 
—. naphtha. 719 
—.naphthalene, 761 
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Chlorimtion, natural gas, 688, 690, 691, 692, 694, 
695, 697. 698, 700, 703 
—, —, effect of moisture, 691 
——, phot^emical, 688, 690. 694, 695 
—, nitrotoluene, 772 
—, nonanes, 736-738 
—octanes, 735, 737 

olefins, 464, 482, 483, 489, 492 
—.paraffin, 688, 734, 736, 737, 781 
—, paraffin wax, 686. 738. 739. 947 
—, pentanes, 721*724, TzSvJl, 7V1 
—, pentenes, 483*485 

—.petroleum distillates, 719, 724, 725, 753 
—.propane, 717-720 
—.propylene, 479 
—.propylene dichloride, 799 
—, pseudocumene, 779 
—, spindle oil, 939 
—, tetrachloroethane, 476 
—tetramethylethylene. 484 
—, tetramethylmethane. 725. 726 
—.toluene. 768, 771, 773, 776 
—,—.electrochemical, 773 
—, —, in vapor-phase, 772, 773 
—, —, photochemical, 775 
—,—.thermal. 772, 776 
—, trimethyletnylene, 483, 484 
—, with antimomy pentachloride, 735, 738 
—, with nitrosyl chloride. 1055 
Chlorine, catalyst, cracking of paraffin wax, 203 
—, —, oxidation of methane, 865. 866 
—.determination in petroleum distillates. 1150 
—, effect on chlorohydrin formation, 489 
—, reaction with acetone, 409 
—, — alkalies. 490 
—, — calcium carlwnate, 490 
—, — eyclopentadiene, 648 
—, —diolefins, 471, 642-645 
—, — divinylacetylene, 670 
—, — ethanol, 489 
—, — iodomethanes, 707 
—, — mercaptans, 432, 433 
—, —vinyl chloride, 475 
—.purification of isopropyl alcohol with, 359 
—.treatment of oxide ores with, 192 
—, use, synthetic-rubber production, 629 
Chlorine compounds, effect on pyrolysis of hydro¬ 
carbons. 224, 225 
Chloroacetic acid, 674 
Chloroacetic ester of ethylene glycol, 520 
Chloroacetic esters, condensation with aldehydes, 
534 

Chloroacetones, condensation with benzene, 777 
—, preparation, 373-374 
Chloroacetyl chloride, 675 
Chloroacetylenes, 675 

Chloro-acid chlorides, production of, 570, 571 
Chloroamine, use in olefin determination, 1131 
2-Chloro-3-aminobutane, 578 
Chloroaminophenolsulphonic acid, 767 
Chloroamylene, 483, 484 
Chloroanii, formation, 761 
Chloroanthraquinones, oxidation catalysts, 926 
Chbrobenzene, chlorination of 760 
—.from benzene, 755, 758, 759, 760, 761, 763, 
764, 765 

—, from ethylene dichloride-ammonia reaction, 807 
—, from tetrachlorocyclohexane, 749, 750 
—, properties, 766 

—, reaction with sodium hydrogen sulphide. 767 
—.uses, 766, 1027 

o-Chlorobenzoic acid, from o-chlorotoluene. 929 
Chlorobenzoylbenzoic acids, 807 

1- Chloro-2-bromoethane, from ethvlene, 472 
Chlorobromomethane, from chlonodomethane, 707 

2- Chloro-l-bromopropane, from propylene dibro¬ 
mide, 480 

4-Chloro-1,2-butadiene, from vinylacetylenC, 638, 
639 

2-Chloro-1,3-butadiene, from vinylacetylene, 669, 
670 

—, properties of, 638, 

—, reaction with hydrochloric acid, 648 
Chlorobutanea, by chlorination, 719, 721 
—, from nitrosyl chloride reactions, 1055 


Chlorobutanes, pyrolysis of, 802 
Chlorobutanols, 501 . 

Chlorotmtenes, 482, 484 
Chloroeyclohcxane, eyclohexene from, 801 
—, from ^clohexane, 748, 749 
—, from ualician petroleum, 728 
—^.properties, 748, 749 
—.reaction with cyclohexane, 1058 
2‘Chlorocyclohexanone. 504 
Chlorocyclohexyl methyl ketone, 569 
2-Chlorocyclohexyl phenyl ketone, 569, 570 
Chlorocyclopentane, 747 
Chloroeycloprbpane, 745 
Chlorodecanaphthenes, 752 
Chlorodeeanes, 737, 738 
l-Chloro-2-dichloroamino-butanei 578 
Chloro derivatives of paraffins, uses of, 739-742 
Chlorodimethylcyclohexanes. 751 
Chloroethylbenzene production. 780 
—pyrolysis of, 147 
Chloro^nes, 690, 691, 694, 695 
Chloroethanesulphonic acid, 474 
/S-Chloroethyl ether, from ethanol, 489 
^-Chlo'roethyl'iS-bydroxy ethyl ether, 540 
Chloroethylsulphuryl chloride, from ethylene di¬ 
chloride* 474. 494 

^•Chloroethyl vinyl ether, formation, 555 
Chloroform, by chlorination of methane, 688, 689, 
690, 691, 692, 694, 695. 697. 698, 699. 700, 
701. 702, 703. 70S 

—methyl chloride, 688, 697. 703, 704 
—, — methylene dichloride, 705 
—of natural gas, 690, 691, 692, 694, 695, 
698, 700, 703 

—, effect on chlorination of toluene, 773 
—, from acetone, 409 
—, from carbon tetrachloride, 70S, 706 
—, from ethyl alcohol, 343 
—t physical properties, 70S 
—, pyrolysis of, 692 
—, use as foam-producing material, 341 
—, use in dewaxing oils, 706 
—, use in extraction of sludge, 911 
—.uses, 705 

—. uses as solvent, 493, 520, 623, 643, 644, 705, 
746, 747, 920. 1035, 1036 
Chloroheptane, decomposition of. 803 
Chlorohexanes, by chlorination of hexanes. 734, 
736 

—, hydrogen chloride from, 805 
—.hydroFysis of, 791, 792, 795 
Chlorohexyl ketone, 832 
Chlorohjrdrins, distillation of, 533 
—, elimination of hydrogen chloride from, 504 
—, esterification by acid chlorides, 497 
—, esterification of rosin lv» 498 
—, from 2-hexene, 503 
—, from olefin oxides, 540 
—, from olefinic distillates, 491, 500, 502 
—, from trimethylethylene, 502 
—from unsaturated hydrocarbons, 492, 493, 540, 
559 

—, glycols from, 487 
—, olefin oxides from. 487, 533 
—, purification of, 493, 494, 495 
—, separating olefins from gases, 144 
—, technical production. 491-494 
Chlorohydrin ethers, 489 

Chlorohydrin formation, effect of various factors 
on. 489-492 

Chlorohydrocarbons, solvents from, 741 
—.uses, 686 

l-ChIoro-2-hydroxypropane, acetone from, 500 
—, ethers of, 497 
—% from propylene, 499 
o-Chloro-/3-iodopropane, 586 
Chloroisoamylene, isoprene from, 803 
Chloroisobutanes, from petroleum, 720, 721 
Chldroisoheptane, 728 
Chloroisocotanapnthenes, 751, 752 
Chloroisopentanes, 724, 725. 727 
Chloroketones, production ot, 568, 569, 570, 1056 
Chloromethanes, by chlorination of methane, 688- 
703 

—by chlorination of natural gas, 712, 714 
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Chloromethinet, propertiet of, 710 
—, thermal reactiont with methane, 692 
ChloromethylaUeae. 669 
Giloromethrlbutanei. esterification, 793 

—, from 329 

Oiloromethyl j9-chicroethyi *ether, cyclic acetal 
from, 513 

Chloromethylcycbhexanei, from methylcyelohes- 
ane, 750 

Chloromethylcyclopentanes, 747, 748 
Chloromethyl ethyl ketone, SOI 
Chloromethyl hexyl ketone, 504 
2-Chloro-4*methylpentane, 326 
Chloromethylpropanoli, 502 
Chloromethylpropenes, from isobutene, 482 
/5-Chloro-Y‘inetbyWaleryl chloride, 570 
Chloromesltylcne, 779 
Chloronaphthalene, as antidetonant, 983 
—, condensation with olefins, 563 
Chloronitroanilines, 767 
Chloronitrobutane, 814 
Chloronitrophenols, 767 
2-Chlorooctane, 735, 737 
Chloro-olefins, by chlorination of olefins, 482 
—, by hydrolysis of chlorinated paraffins, 795 
Chloroparaffins, alcohols from, 338 
—, formation, 727, 728 
—, naphthoxyparaffins from, 809 
—, phenoxyparaffins from, 740 
—, reaction with naphthols, 809 
—, reaction with potassium hydroxide, 948 
Chloroparaffin resin, as chewing*gum base, 740 
Chloropentanes, amyl •acetate from, 796, 797 
, esterification with potassium acetate, 793 
—, from heptane. 735, 736 
—, from pentanes, 721, 722, 723, 726, 730 
—.hydrolysis to alcohols, 788, 789, 790, 791, 
792, 793, 795 

isomerization of, 722, 723 
P'Chlorophenoi, 767 
4-Chloro-2*phenylanthraquinone, 807 
/S'Chloro-/3-phenylpropionyl chloride, 570 
/i*Chloro-/9-phenylvinylphosphinie acid, 685 
Chloroplatinates of nitrogen bases, 821, 826 
— thiophanes, 453 

Chloroprene. polymerization of, 639, 640 

—. preparation of. 638-640 

Chloropropanes, formation of, 373, 716 

—, uses of, 718 

o-Chloropropionic acid, 496 

/5-Chloropropionic acid, 571 

Chloropropyienes, from propylme dichloride, 480 

^•Chloropropionyl chloride, 570 

Chlorocosahe, 740 

Chlorosulphonic acid, as sulphonating agent, 1061 
—, action on ethylene, 322, 324, 337, 342, 1032 
—, — hydrocarbons, 1009, 1010 
—, — naphthenes, 1010 
—, — naphthenic acids, 1019 
—, purification of hydrocarbons with, 22, 23, 33, 
1146 

—, reactions with olefins, 322, 324, 337, 342, 1032, 
1033, 1034 

—, — petroleum asphalts, 1035 
—, sulphonation of waxes with, 1001 
—, treatment of isopropyl alcohol with, 372 
Gilorotetramethylethylene, 484 

4- Chloro-l,2,5,6-tetranydrophthalic acid. 639 
o-Chlorotoluene, o-chlorobenzoic acid from, 929 
Chlorotoluenes, preparation of, 770, 771, 774,. 775 

5- ChIoro-l,2.4-tnmethylbenzene, 779 
Chloroundecane, 737, 738 
Chloroundecanaphthenes, 752 
N-Chlorourea, $02-504 

Chlorous acid, oxidation of mercaplans with, 444 
Chlorous anhydride, action on heptylene, 504 
Chloroxylenes, 780 

Cholesterol, as source of petroleum, 36 
Chromates, catalysts for diphenyl production 
from benzene. 189 ' 

—.oxidation catalysts, 834 

use in cht^rohydrin formation, 493 
Chromic acid, catalyst for hydration of acetylene, 
676 


Chromic acid, oxidation of alcohols with, 501, 
932 

—, — hydrocarbons with, 877, 928, 1026 
, — nitrogen bases with, 820 
—, — phosphine with, 664 
—, — propylene gly.col with, 530 
—— thiophanes with, 452 
—, — wax acids with, 955 
—, reaction with diamylenes, 605 
—, — tertiary alcohols, 393 
Chromium, aromatization catalyst, 182, 185 
—, catalyst, hydration of olefins, 307, 314 
—, —, for methane-carbon monoxide reaction, 932 
—, —, methane-steam reacUon, 279, 288, 291 
—»—, polymerization of olefins 610 
—,—, pyrolysis of hydrocarbons, 41, 50, 127, 133, 
134, 136. 150, 158, 224 

—, oxidation catalyst, 833, 834, 836, 864, 870, 
872. 929, 930, 1000 

—, removal of gasoline gum with, 902 
Chromium compounds, aromatization catalysts, 
183 

—, catalysts for ethylene absorption in sulphuric 
acid. 340 

—.oxidation catalysts, 944 
Chromium naphthenate, 1089, 1090, 1091 
Chromium-nickel alloy, use in electrodes, 262 
Chromium oxide, absorption of hydrogen sulphide 
by. 425 

—, aromatization catalyst, 182 
—, catalyst activator, 223, 280, 281, 289, 290, 345 
—, catalyst, acetylene-steam reaction, 677 
—, —, carbon monoxide-hydrogen reaction, 232, 
989 

—,—.condensation of acetone with olefins, 411, 
419 

—,—.hydration of olefins, 311 
—,—, hydrogenation of benzene, 460 
—. —» pyrolysis, 122 

—, extraction of sulphur compounds with, 460 
—, oxidation catalyst, 406, 834, 836, 837, 838, 
840. 843, 849, 864^ 891, 992 
—, use in condensation of ketones with olefins, 
574 

Chromium phosphate, catalyst for pyrolysis, 146 
Chromium resinate, catalyst for oxidation, 890^ 
Chromium salts, effect on oxidation of lignite 
paraffin, 949 

—, extraction of sulphur compounds with, 460 
Chromium salts, of sulphonic acids, 1027 
—, use in electrolytic oxidation of benzene, 927, 
928 

Chromium sulphate, catalyst^ conversion of acetone 
to ketene, 414 
—, oxidation catalyst, 955 

Chromium sulphide, catalyst, hydrogenation of 
benzene, 460 

Chromyl chloride, as oxidizing agent. 832, 920 
—, reaction with hydrocarbons, 1055, 1056 ‘ 
Chrysanthemum root, extraction of, 476 
Chrysene, 82, 88, 180, 227 
Cineol. 650 
Cinnamene, 610 

Cinnamic acid, addition of sulphites, 574 
—, hydroxylation of, 505 
—, oxidation catalyst, 960 
Citraconic acid, 838 

Citraconic anhydride, reaction with diolefins, 652 
Citric acid, solubility in ter.-bu^yl alcohol. 398 
—, use as insecticide. 1027 
Civetone, 83 

Clay, catalyst, ammonia-hydrocarbon reaction, 296 
—, —, condensation of olefins and aromatics, 564 
—»—» pyrolysis, 146, 210 
—, in prtroleum. 11 
—.oxidation catalyst, 876 

Cleansing agents, by sulphonation of isopropyl 
alcohol, 372 

—, — various compounds, 1019 

—, from halogenated paraffins, 808 

—, sulphonated mineral oils. 1028, 1029 

—, sulphonated oxidized hydrocarbons, lOOl 

Coagulating agents, 1025 

Coal, alcohol by distillation, 333, 355 

—.analysis of gases from, 1101 
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Coal, aromatic acids from, 930 

—.decomposition in electric arc, 262 

—, hydrocarbons from, 933 

—, mellitic acid from, 930 

—, use in pyrolysis of hydrocarbons, 209 

Coal gas, analysis of, 1092, 1116 

—.aromatics from, 166 

—, bromination of. 480 

—, by pyrolysis. 37 

—, carbon from. 208 

—.carbon monoxide from, 208, 209 

—, cyanides from, 297 

—, decomposition of, 208, 258. 260 

—, Dessau balloon gas from. 208 

—, ethyl chloride from, 322 

—, ethylene dichloride from, 469 

—, ethylene from, 143, 333 

—, formaldehyde from, 860, 864 

—, hydrocarbons from, 161 

—, hydrogen from, 208, 230, 874 

—, methane from, 208 

—, nitrogen from, 208 

—, oxidation of, 834, 860, 864, 874, 875, 989 
—,' polymerization of, 668 
Coal oils, styrene from, 146 
Coal paraffins, oxidation of. 942 
Coal tar, aromatic hydrocarbons from, 33, 87, 
161 

—, coke from, 228 
—, cyclopentadiene from, 1145 
—, decomposition in electric arc, 257 
—.oxidation of, 839 
—, use in asphalt manufacture. 841 
Coal-tar distillates, resin formation with cracked 
distillates, 998 

Coal-tar oils, use in plastic compositions, 1031 
Coatings, drying oil-higher alcohol mixtures, 995 
—. from divinylacetylcne, 670 , 

Cobalt, catalyst, butyraldehyde-steam reaction, 416 
—, —, carbon dioxide-methane reaction. 279. 281 
—, —, decomposition of carbon monoxide. 218 
—, —, hydration of olefins, 307, 309, 314 
—, —, methane^carbon monoxide reaction, 932 
methane-steam reaction, 279, 280, 281, 287, 
289, 290. 291 

—, —, polymerization, 594, 668 

pyrolysis, 44. 50, 106, 127, 135. 136, 163, 
170. 206, 210, 218, 220, 221, 222, 223 
—, dehydrogenation catalyst. 87, 182, 405 
—, hvdroirenation catalyst. 584. 990 
—.oxidation catalyst, 833, 834, 865, 869, 870, 
872. 905. 929 

—, removal of irasoline gum with, 902 
—. use in distillation of butadiene, 641 
Cobalt acetate, action on mercaptans, 447 
Cobalt acetylacetonatc, oxidation catalyst. 936, 
983 

Cobalt borate, oxidation catalyst, 833 
Cobalt carbide, by pyrolysis of methane, 39 
—.catalyst in ammonia-carbon monoxide reaction, 
298 


Cobalt carbonate, hydrogenation catalyst, 412, 990 
Cobalt chloride, catalyst for pyrolysis of alkyl 
chlorides, 802 

—. oxidation catalyst, 938, 991 
Cohalt compounds, as antidetonants, 983 
—, catalysts for ethylene absorption in sulphuric 
acid. 340, 342 
•--.oxidation catalysts, 953 
Cobalt naphthenate, 935, 1090, 1091 
Cobalt oxalate, catalyst for hydration of ethylene, 
309 

Cobalt oxide, catalyst, diphenyl production from 
benzene, 189 

—, —, hydrocarbon decomposition. 222, 223 
—, —, methane-steam reaction, 276 
—, extraction of sulphur compounds with, 460 
—, hydrogenatiop catalyst, 232, 345, 460 
—. oxidation catalyst, 406, 847, 848, ^6, 989, 
1098 

Cobalt phosphate, oxidation catalyst, 833 
Cobalt restnate, oxidation catalyst, 890 
Cobalt salts, action with acetylene, 667 
—.effect on oxidation of paraffin, 949 
—.extraction of sulphur compounds with, 460 


Cobalt stearate, oxidation catalyst, 881 
Cobalt sulphide, caulyst for diphenyl production, 
189 

—, estslyst for removal of hydrogen sulphide, 423 
—, catalyst for hydrogenation of benzene, 460 
Cobalt sulpbonatea of petroleum oils, Uses, 1027, 
1030 

Cobaltites, catalysts, methane-carbon monoxide re¬ 
action, 932 

Coconut ml acids, esterification, 528 
Coconut oil soap, detergent from, 1024 
Coke, analyses of, 227 
—, by cracking of gas oil, 132, 133 
—f by pyrolysis of aromatics, 164 
—.catalyst for chlorination, 469, 690, 697 
—. formation during cracking, 101, 103, 104, 
105. 107, 108. no 
—.oxidation catalyst, 839, 840 
—.oxidation catalyst support, 988 
—.petroleum, production and properties, 225-229, 
234, 904 

—, —, uses, 227, 228 
—, pr^uction of cyanides from, 293 
—, use in hydrocarbon decomposition, 208, 209, 
210, 212, 213. 214, 215, 217 
Coke-oven gas, cyanides and ammonia frmn, 295 
—, decomposition in electric ire. 258 
—ethylene from, 322. 332, 338, 354, 478 
—(hydrocarbons from, 161, 166 
—..hydrogen from, 219, 230 
—'• oxidation of, 872, 989 
—.purification of, 342 
Coking, prevention of, 206 
Coking stills. 225 

Collodion, use of isopropyl alctdiol in. 365, 366 
Colophony mixture with paraffin oxidized, 997 
Color tests of oils. 1148 
Colorado oil shale, 462, 463 
Colorimetric determination of acetone. 369 
Columbium, catalyst for chlorination of benzene, 
759 

Columbium chloride, catalyst for chlorination of 
benzene, 759 

Combustion, analysis by, 1095-1098, 1103 
—, heats of, of carbon blacks, 249 
—, —, of graphite, 250 
—, increase - of pressure during, 971 
—, mechanism of, 977 

Concentration of acid, effect pn ethylene absorp¬ 
tion, 335, 336, 341, 342, 343, 347, 349 
Condensation, analysis by, 1098-1104 
Condensation, anthracene, by aluminum chloride. 


202 

—, aromatic hydrocarbons, 97, 202 
—, conjugated diolefins, 650 
—, lower olefins to higher olefins, 159 
—, naphthalene, by aluminum chloride, 202 
—, nuclear, effect of aluminum chloride on, 200 
—, olefins, with aromatic hydrocarbons, 559-565 
—, — bases, 571-573 
—, — diolefins, 624-625 
—, — middle-oil hydrocarbons, 201 
—, — organic chlorides, '568-670 
—, — phenols. 565-568 
Conradson carbon values, 904 
Constant-boiling mixtures, isopropyl alcohol- 
isopropyl acetate, 373 
—, isopropyl alcohol-water, 349, 359, 362 
—, sec.-butyl acetate-water, 395 
—, sec.-butyl alcohol-water, 394, 395 
—, ter.-butyl alcohol-Water, 397 * 

—, water-amyl chlorides-amyl alcohols, 791 
Contact, effect on ethylene absorption in sul¬ 
phuric acid, 343, 344 

Contact time, effect on hydrocarbon oxidation, 838, 
877 878. 879 

—, — pyrolysis of Mid-Continent gas oil, 132 
—, relation to yield in pyrolysis of Pennsylvania 
straight-run gasoline, 131 
Copals, from montan wax, 740 
—, solubility in various solvents, 366. 373, 500 
Cosmetics, isopropyl alcohol in, 362, 363, 364, 
365, 368 

Copper, adsorption of mercaptans by, 446 
—, aromatiaation catalyst, 186, 187 
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Copper, attack 6y acetylene, 665 
—, attack by naphthenic acids. 1082 
—. catalyst, ammonia-earbon monoxide reaction, 
298 

-r>,—.carbon dioxide*methane reaction. 281 
—, — chlorobenzene*a]nmonia reaction. 767 
—,—.dehydration of alcohols. 396, 531 
—,—.ethylene dichloride>amnionia reaction, 807 
—, —, ethylene dichloride-sulphite reaction, 474 
—, —, for bromination, 706 
—, —for chlorination, 698, 766 

.for pyrolysis, 39. 46, 47, 50, S3. 57. 58. 
65, 121. 122, 128. 129,. 134, 135, 136, 220. 221, 
222, 223. 224 

—.—.hydration of olefins. 307, 314 
——. hydrocarbon-steam reaction, 285 
—.—.hydrolysis of chlorobenzene, 767 
—,—.hydrolysis of ethylene dichloride, 506 
—. methane-carbon monoxide reaction, 932 
——, polymerization of acetylene, 82, 668, 669, 
671 

. —, polymerization of butadiene, 629 
——. preparation of ketene, 414 

, —, production of acetone from acetic acid, 
407 

—, —, production of butadiene, 635 
—, —production of p-chloro phenol, 767 
—, dehydrogenation catalyst, 83, 87. 181, 349, 
404, 405. 415 

—.effect of, in cracking, 106 
—, effect on ignition temperatures, 967 
—.extraction of sulphur compounds with, 427, 
462 

—, hydrogenation catalyst, 412, 413, 584 
—^.molten bath of, use in pyrolysis, 220 

. oxidation catalyst, 405, 406, 833, 834, 836, 

838. 847. 856, 860. 862, 863, 864. 865, 867, 

868, 869, 870. 872, 873. 875, 876. 890, 891, 

905, 908. 909, 930, 933, 934, 942, 987, 988, 

989. 990 

—.oxidation test of turbine oil. 912 
—. reaction with vinyl compounds, 680 
—, removal of gum with, 902 
—, stabilizer in production of sulphones, 656 
—• use in desulphurization of gases. 460 
—, — distillation of butadiene, 641 
—, — hydrocarbon-sulphur reaction, 429 
—. — oxidation of mercaptans, 432, 449 
—, — production of acetylene, 663 
—, — production of cyanides, 294 
—, — removing oxygen from gases, 289 
Copper acetylide, 663, 665 
Copper alloys, catalysts, methane-steam reaction, 
291 

—. oxidation catalysts, 397, 405, 406 
Copper-bismuth, oxidation catalyst. 869, 870 
Copper borates, aromatization catalysts, 183 
Copper bromide, catalyst for methane bromina¬ 
tion. 706 

Copper bronze, formation of cuprene, 672 
—itest for sulphur. 1149 
Copper chromate, hydrogenation catalyst, 990 
Copper chromite, hydrogenation catalyst, 412 
Copper compounds, catalysts for ethylene absorp¬ 
tion, 340. 341, 342. 355 
Copper cyanamide, oxidation catalyst. 833 
Copper-dish method for determination of gum 
content, 894 

Copper-dish test for sulphur compounds, 1150 
Copper electrodes, use of, 262, 263 
Copper-gold, oxidation catalyst, 869-870 
Copper halide, catalyst for polymerization of 
olefins. 594 

Copper mercaptides, properties, 445 
—.use, in sweetening. 444. 445 
Copper naphthalenedisulphonate. 314 , 

Copper naphthenates, 935, 1083, 1089, 1091 
Copper-nickel, oxidation catalyst, 869, 870 
Copper nitrate, catalyst for chlorination, 691 
Copper oxide, absoiption of h/drogen sulphide 
1v, 425 

—.action on mercaptans. 447 
—.catalyst, ammonia-dichloroethane reaction, 818 
—.cartMtt nonoxidedKydrogett reaction, 232 
—•Methyl akohol to «kcX3t» 845 


Copper oxide, catalyst, hydration of olefins, 307, 
314 . 

—»—•polymerization of acetylene, 671 
pyrolysis, 123, 221, 222. 223 
—^.combustion of gas mixtures by. 1098 
—^.dehydration of ethyl alcohol with, 303 
—.oxidation catalyst, 840, 842, 843. 848, 863, 
864, 869, 905, 918, 919, 922, 925, 926, 931, 
937, 951, 989, 992, 998 
—, reagent in determination of hydrogen, 1095 
—, removal of hydrogen by. 186 
—^.treatment of petroleums with, 459, 460 
Copper oxychloride, removal of gum with, 903 
—.use for treatment of ethylene, 492 
—, use in preparation of hypochlorous acid, 488 
Copper-palladium, oxidation' catalyst, 869, 870 
Copper phosphate, aromatization eatalyst, 183 
—•, catalyst, formation of olefin oxides, 536 
—,—.hydration of olefins. 307, 309, 314, 316 
—, —, isomerization of olefin oxides, 547 
—,—.production of trichloroethylene. 674 
Copper phosphide. 664 
Copper-platinum, oxidation eatalyst, 869, 870 
Copper-platinum-pumice, catalyst, for pyrolysis. 
128 

Copper resinate, effect on oxidation, 890 
—, use as insecticide, 1027 
Copper salts, absorption of carbon monoxide by, 
231 

—, aromatization catalysts. 182, 183 
—, catalysts, esterification of amyl chlorides. 795 
—, —, for bromination, 706 
——, for chlorination, 698, 775 
—,—, for pyrolysis of hydrocarbons, 135 
—, effect on chlorohydrin formation, 489 

extraction of sulphur compounds with, 460 
—, of sulphonic acids, 1027 
—, oxidation catalysts, 905, 949 
—, separation of diolefins with, 641 
—, stabilizers in production of sulphones, 656 
Copper silicates, aromatization catalysts. 183 
Copper-silver oxidation catalyst, 869, 870 
Copper soap, anticatalyst in oxidation, 909 
Copper sulphate, catalyst, ethylene dichloride- 
sulphite reaction, 474 
—, —, hydration of propylene, 314 
—,—, isomerization of olefin oxides, 419, 547 
—.oxidation catalyst, 919 
—, polymerization of ethylene witli, 1032 
—, use in dehydration of alcohols, 303, 357 
Copper sulphides, catalysts for diphenyl production, 
189 

—, removal of mercaptans with, 440 
Copper toluene-p-sulphonate, 314 
Copper-zinc, oxidation catalyst, 397, 869, 870 
Cork substitute, cuprene as, 672 
Corona discharge, in cracking, 271, 272 
, effect on hydrocarbon oxidation, 843 
Corrosion by sulphur compounds, 421, 422 
Corrosive sulphur compounds, tests for, 1150 
Cotton, reaction with mylene oxide, 549 
—spontaneous ignition of, 890 
Cotton fabrics, treatment with dichlorodiethyl 
ether, 498 

Cottrdl separator, for tar fog, 170 
Coumarone, polymerization of, 598 
Cracked distillates, action of sulphuric acid on, 
352, 458. 607 

—, addition of hydrogen chloride, 330 
—f aromatics in, 352 
—.nitrogen basM as stabilizers for, 829 
—^.olefins in, 352 
—(Oxidation of, 837 
—, resins from, 998 
—. sulphonttion of, 1017 
—, sulphur compounds in. 454-455 
—mercuric chloride. 454 
—.treatment with aluminum chloride, 201 
—^.velocity of thermal decomposition of, 99, 101 
Cracked gasoline, alcohols from olefins in, 352, 401, 
403 

—.analysis of. 117, 119 
—^.antiknock value of, 92 
—> composition of, 116-119 
—• iodine vilttei of, 145 
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Cracked gasoline, olefins from. 145 
—, polymerisation of. 78 
—. production figures* 91* 92 
—.pyrolysis of* 78 
—* tertiary alcohols from, 352. 403 
Cracked kerosene, oxidation of. 837. 838 
Cracked oil gas, naphtha from* 142 
Crackene. 227 

Cracking, butylenes from. 631 
—* by submerged combustion. 843. 1000 
—.commercial proeesses* 108-113 
—* corona discharge in. 271, 272 
—, development of, 10, 91, 92 
—.duration of, effect on gasoline. 116 
—, effect of mercuric chloride on catalysts in* 
202 • ‘ 

—, — uranyl chloride, on catalysts in, 202 

—.factors influencing, 100-105, 116, 117 

—* formation of aromatics during. 162 

—, growth of industry. 92 

—, heat effect of, 98 

—, in electric arc, 2SS 

—. influence of temperature, 100, 101 

—, initial temperature of, 96, 100 

—. mechanism of, 93, 95. 96. 97 

—, of aromatic hydrocarbons, 96 * 

—, of brown-coal tar oils, 201 

—.of Esthonian shale oil distillates, 164 

—. of gas oils. 98. 100, 101* 457 

—, of gasoline, 96, 98 

—, of naphthene hydrocarbons, 97 

—* of naphthenic acids. 1085 

—, of olefins. 96, 202 

—.of paraffin hydrocarbons, 96. 175, 194, 197* 
202, 208. 212-216 
—, of petrolatum, 100 
—* of polymerize hydrocarbons, 97 
—* of solar oil, 193 
—, of spray oil, 163 
—, of tars. 201 

•—.of various crude oils, 92, 101, 164, 190, 201* 
457 

—.of wax, 104, 191, 203 
—, physical chemistry of. 98, 99* 100 
—, pressures of, 92 
—, primary reactions of, 93, 96, 106 
—, reactions during, 65, 92, 93, 98 
—, secondary reactions of, 96, 101 
—, temperatures of, 92, 93, 95, 96, 192 
—, theory of, 93 

—, thermodynamic considerations of, 93-95 
—, time-temperature index of. 102, 103 
—, tube and tank process. 109 

vapor-phase, 110. 111. 112. 113, 132 
—, velocity of, 96. 98, 100. 101 
—, with acetylacetonate catalysts, 107 
—with aluminum catalvst, 113. 193 
—, with aluminum bromide catalvst, 190 
—, with aluminum chloride catalyst. 106. 107, 164, 
190. 191, 192, 193, 194, 201 
—, with aluminum oxide catalyst, 202 
—. with antimony chloride catalyst, 193 
—with boron fluoride catnlvst, 201 
—, with copper c.nt.'ilyst, 106 
, with ferric chloride catalyst, 193, 197. 202 
—, with ferrous chloride as catalyst, 197 
—, with iron catalyst. 113, 201 
—, with mercury catalyst, 107 
—. with metallic catalysts. 201 
—.with molvbdcnum catalyst. 113 
—, with nickel catalvst, 201 
—, with nitrate catalysts, 107 
—* with phosphate catalysts. 107 
—.with porcelain catalyst. 106 
—, with silica catalyst, 106 
—.with silicate catalysts, 113 
—.with silicon catalvst. 113 
—, with silicon carbide catalyst. 107 
—, with stannic chloride catalyst, 193 
—.with steam, 107.-110, 112 
—* with tantalum catalvst, 107 
—, with tin catalyst. 107 
—.with titanium catalyst. 107. 113 
—, with titanium chloride catalyst. 193 
—.with tungsten catalyst* 106 


Cracking* with sine catalyst, 113 
—^.with tine chloride catalysts, 193, 202 
Cracking gas. action of uHraviolet light on, 188 
—.alcohols from olefins in, 349* 388* 403, 403 
—^*sec.’batyl alcohol from* 394 
—*ter.-btttyl alcohol from. 398 
—pyrolysis, 37 
—^* cbtorimtion of. 469, 485 
—chbrohydrins from* 491* 500 
—^* eomiwsition of.^llS* 114* 115, 116. 1092 
—* esterification with hydrogen chloride, 144 
—^.formaldehyde from* 860 
—* fractional-distillation curve of. 1110 
—.hydrocarbons from, 156* 349* 354* 355* 394, 
491 

—, isopropyl alcohol from* 3 59 
—^* ketones from* 416 

—.oxidatioli to carbon monoxide and hydit^en* 
989 

—* purification of. 140 
—^.tertiary alcohols from. 403 
—, utilization of* 37, 114 
—r.yieMa from various processes, 113 
Cracking stills. 225 

Cracking tar, source of aromatic hydrocarlwns* 
88 

Cracking tendencies, of hydrocarbons, 95 
Cracking tnbes, alloys for. 175 
Crankcase ventilation, avoidance of corrosion, 422 
Creosote* decomposition of, 219 
Creosote oil, by pyrolysis of petroleum. 165 
Creaol, as antidetonant* 983 
—* condensation with amyleno* 566 
—* from toluene, 928 
—, production of cyclic ketones from, 4.19 
—* salicylaldehyde from, 915 
—, sulpnonation of, 375 
Cresol diiso^tyl ether, 566 
Cresol tulphonic acids. 375 
Cresol-sulphur chloride resins. 452 
Cresylic acid, selective solvent, 35 
Critical inflexion temperature, 966 
Critical pressure of olefins, 137, 138 
Critical solution temperatures of hydrocarbons, 
1135. 1136, 1137, 1140 
Critical temperature of olefins, 137, 138 
Crotonaldehyde. condensation with olefins. 568 
—, from acetaldehyde. 637, 676 
—, from ethyl alcohol-hydrogen, 345 
—, from propylene oxide, 547 
—, methylallene from, 632 
—methylation of, 637 
Crotonic acid, addition of sulphites, 574 
—.condensation with olefins, $68 
—hydroxylation of, SOS 
—, reaction with iodine monochloride. 586 
Crotononitrile, condensation with cyclopentadiene* 
658 

Crotonylene, from 2'bromo-2-butene, 482 
—.reaction with benzene, 1128 
Crotyl bromide, butadiene from, 634 
—, from butadiene, 645 . 

Crucible method, for determination of ignition tern* 
peratures. 967 

Crucibles made from petroleum coke, 223 
Crystalline structure of carbon black and graphite, 
247* 248 

Cumarone resin, solubility in various materials, 
373, 402, 525 

Cumene, oxidation of, 856 
—, pyrolysis of, 88 

Cuminol, diisopropylbenzaldehyde from, 930 
Cumulative extraction, 825, 826 
Cuprene. from acetylene, 668, 671, 672 
—properties and reactions of, 671, 672 
—, uses of, 671, 672 

Cupric acetate, action on mercaptans, 446, 447 
—.catalyst, esterification of amyl chlorides. 795 
—, in sweetening, 445 

Ctn^iic carbonate, adsorption of mercaptans by, 

—.hydrogenation catalyst. 412, 990 
Cupric chloride, action on ethyl alcohol. 343 
—.catalyst, condensation of olefins with add 
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Cupric chloride, catalyft, production of ethylene 
colorohydrin, 491. 492 
—prmction of trichloroethylene. 673 
—chlorhution catalyst, 675, 6iw, 691, 693, 698, 
699, 701, 702, 713, 766 
—, extraction of mercaptans with, 436 
•>-, formation of complexes with oils, 192 
—, from cuprous chloride, 701 

use in production of hypochlorous acid, 488 
Cuj»m oxide, catalyst for production of dioxan, 

—, oxidation catalyst, 893. 906, 946 
Cupric sulphate, action on mercaptans, 446, 447 
Cupric sulphide, adsorption of mercaptans by, 
445, 446 

—, extraction of sulphur compounds with, 459 
Cuprous acetylide, addition to acetylene. 666 
Ctmrous chloride, action on monovinylacetylene, 

—, catalyst, addition of hydrogen chloride. 638, 
639. 648, 680 

—,—.hydration of olefins, 307, 314, 316 
—, —, hydrolysis of chlorobenzene. 767 
—, oxidation catalyst, 848, 930 
—, polymerization catalyst, 600, 669, 670 
reaction with butadiene. 641 
—.separation of^diolefins with, 160 
Cuprous mercaptides, .445 

Cuprous oxide, catalyst for olefin absorption, 336, 
337, 341, 358 

Cuprous salts, absorption of ethylene by, 582 
—addition to acetylene, 666 
—, catalyst for ethylene absorption, 335 
—, catalyst for ethylene polymerization, 336, 594 
—, double compounds of olefins with, * 582 
—", purification of acetylene, 664 
- use in absorption of olefins, 142. 160 
Cuprous sulphate, catalyst for ethylene absorption, 
339, 341 

Cyanamides, alkaline-earth, production of, 571 
, catalysts, carbon mcmoxide-ammonia reaction, 
298 

—^,use in production of ammonia and hydrogen 
cyanide, 295 

Cyanates. use in ammonia-carbon monoxide re¬ 
action, 298 

Cyanides, production of, 292-299 
—, reaction with olefin oxides, 545 
Cyanogen, combination with olefins. 585-586 
Cyanogen bromide, reaction with olefins. 586 
Cyanogen chloride, reaction with olefins, 586 
Cyanogen compounds, catalysts for ethylene absorp¬ 
tion, 342 , 

—, removal from acetylene, 664 
Cyanogen iodide, reaction with ethylene, 479, 586 
Cyanohvdrins, 501, 545, 558 
Cyano hydrocarbons, selective solvents, 34 
Cyclic acetals, preparation, 513, 530, 556 
Cyclic .bases, production. 571 
Cyclic diethers, of ethylene glycol, 512 
Cyclic ethers, from isoprene, 650 
Cyclic hydrocarbons, by pyrolysis of octanes, 76 
—, condensation with acetyl chloride, 568, 569 
—condensation with olefins, 564, 565 
—, production of, 243 
Cyclic ketones, acetylene solvent, 262 
Cyclic nitrogen compounds, preparation, 652 
Cyclic olefins, from chlorinated cycloparafiins, 805 
—, from cracked gasoline. 145 
—, resins from, 204 
Cyclic sulphonic acids, 1007 
Cyclicization, of olefins, 78, 97, 17.6. 188 
—, of saturated hydrocarbons, 162, 854 
Cycloalkyl ketone from cyclohexane,' 1057 
Cycfobutane, halogenation of, 744, 745, 746, 747 
, pyrolysis of, 84 
—reaction with bromine, 1131 
—, reactivity of, 1039 
Cyclogeraniol, 650 

Cycloheptane, in straight-run gasoline, 23 
—, isomerization of, 86, 87 
—, pyrolysis of, 86 
Cyclohexadiene, dimer of, 623/ 624 
—-..eflFect of sulphuric acid ' oik, 642 
from butenes, 179 


Cyclohexadiene, from cyclohexane and sulphur, 
430 

—from dichlorocyclohexane, 749 - 
—, polymerizatioh of, 623, 624 
preparation of. 638 

—reaction with hydrogen halides, 648 
—, ~ maleic acid, 659, 660 
—, — sulphur dioxide, 575 
Cycbhexane, absorption of oxygen, 754 
—acetalddiyde from, 197 
—^.action of sulphuric acid on, 1008, 1009, 1010 
■—.benzene from, 33, 198 w 
—, bromination of, 749. 753, 754, 1131 
—.butadiene from, 156, i57. 158. 633 
—• by pyrolysis of allylcyclohexane, 86 
—, by pyrolysis of amylene, 78 
—, — cyclohexene, 85 
—, — olefins. 176 

—, — paraffins, 176 v" 

—, by reduction of benzene, 182 
—, chlorination of, 748, 749 
—.condensation to higher hydrocarbons, 1057 
—, condensation with acetyl chloride. 417 
—, — alkylene oxides, 1059 
—•. — carbon monoxide, 417 
—.dehydrogenation of, 85, 87, 93, 95, 181, 198, 
199, 1144 

—, dimethylcyclobiitane from, 198 
—, effect of aluminum chloride on, 199 
—, effect on oxidation of bcnzaldehydc, 980 
—.estimation of, 1144 
—^..from diolefins, 614 
—, from hexane, 197 
—. from petroleum. 33, 629, 1147 
—, halogenation of, 744, 745, 748, 749 
—t hydrocarbons from, 197 
—, in lubricating oil, 30 
—, in natural-gas gasoline, 18 
-—, in straight-run gasoline, 23, 27 
—, isomerization of, 87, 198 
—, methylcyclopentane from, 197, 198 
—, molecular rearrangement, 198, 199 
—, nitration of, 1040. 1046, 1048-1050 
—.oxidation of, 25, 836, 880, 916 
—, polymers of, 1058 
—t propylene from, 158 
—.pyrolysis of, 84-86, 87. 134, 158, 181, 182 
—, reaction with acetyl chloride, 197, 1057 
—, — aluminum chloride. 197, 1056, 1057, 1058 
—, — ethylene oxide, 545, 1059 
—, — phosphorus. 875 
—, — sulphur, 430, 1061 
—, reactivity of, 1039 
—, solubility of hydrogen sulphide in, 423 
—, stability to aluminum chloride. 199 
—, thermal stability of, 90 
—.treatment with aluminum bromide, 198 
—, — carbon monoxide. 198 
—, unsaturated ketones from, 198 
Cyclohexane-air, ignition temperatures, 978 
Cyclohexane derivatives, by pyrolysis of hydro¬ 
carbons, 176 

—, decomposition by aluminum chloride, 197 
—, dehydrogenation of. 33, 83, 163 
—, in petroleum distillates, conversation to aro¬ 
matics, 164 

—, isomerization of, 199 
—, nitration of, 1040, 1046, 1048-1050 
—, pyrolysis of, 87 

tranS'l,2-Cyclohexanediol, from cyclobexene, 506 
Cyclohexanol, adipic acid from, 929 
—, butadiene^ from, 157 
—, condensation with benzene, 564 
—, cyclohexene from, 159 
—, dehydrogenation of, 419 
—, effect in transformer oils, 910 
—, from cyclohexene, 389 
—, from phenol, 419 
—glfitanc acid from, 929 
—, oxidation of, 420 
—production of, 408 
—^p succinic acid from, 929 
Cyclohexaiume, as antiknock, 980 
—p as solvent, 262, 420 
, from cyelohexene oxide, 547 
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Cyclohexanone, from nitrocycfehexaae, 1052 
—, produtfion of, 408, 415, 419, 420, 1048 
—, properiiea, 420 

reaction with diolefint. 652 
Cyclohexene, abeorption of oxygen, 854 
—, aromatics from, 155 

—, by condensaticm of ethylene and butadiene, 
67 

—, by pyrolysis of allylcyclohexane, 86 
—, — butenes, 179 
—, — cyclohexane, 85 
—, — ol^ns, 176, 179 
—, — propylene, 179 

chlorination of, 748-749 
—, condensation with acetyl chloride, 568, 569 
—, — aniline hydrochloride, 572 
—, — bensoyl chloride. 569, 570 
—, — carbaxole, 573 
—, — hydrogen cyanide, 585 
—, — iodine cyanate, 585 
—, — phenols, 566, 567 
—, — p-toluidine, 572 
—, tran8-l,2-cyclohexanediol from, 506 
—, cyclohexene chlorohydrin from. 504 
—cyclohexene peroxide from. 982 
—, cyclohexylbenzene from, 561 
—cymene derivatives of. 561 
, decomposition of, 67 
—, dibenzyl derivative of. 561 
—, diphenyl derivatives of, 561 
—, diphenylmethane derivatives of, 561 
—, double compound with mercuric acetate, 582 
—, from butadiene, 155, 156 
—, from chlorocyclohexane, 801 
—, from cyclohexane and sulphur, 430 
, from cyclohexanol, 159 
—, hydration of, 389 
—, naphthalene derivative of, 561 
. oxidation of, 892, 893 
•—.polymerization of, 597 
—, pyrolysis of, 85 

—, reaction with ammonium bisulphite. 575 
—, — benzene, 561 
—, — lead tetra-acetate, 587 
—, — nitrogen pentoxide, 581 
—, — nitrogen trichloride, 578 
—, — nitrosyl chloride, 579 , 

—, — sulphur dioxide, 575 
—, — sulphuric acid, 624 
Cyclohexene chlorohydrin, 504 
Cyclohexene dihalides, 1,3-cyclohexadiene from, 
638 

3-Cyclohexene-1,2-diol acetate, from oxidation of 
cyclopentadiene. 893 
2-Cyclonexene-l-ol, 892, 893 
2 Cyclohexene-l-ol acetate, 893 
Cyclohexene-2-ol, 587 
Cyclohexene oxide, isonierization of, 547 
—. reaction with ammonia, 543 
Cyclohexene peroxide, from cyclobexene, 892 
—. reaction with stannous chloride, 899 
Cyclohexene phosphorite, 875 
Cyclohexenesulphonic acid, 575 
Cyclohexenyl methyl ketone, 569 
Cyclohexylamine, precipitation of sulphonic acids, 
1018 

—, reaction with ethylene oxide, 551 
Cyclohexylaniline, 572 
Cyclohexylbenzene, production of, 561, 564 
—.properties, 651- 

Cyclohexylcyclopentane, pyrolysis of. 84 
Cyclohexyl chloride, production, 566 
/8-Cyclohexylethanol, 545 
Cvciohexylethanolamine, 543, 55] 


Cyclohexylphenol. 566, 567 
C^ clohexyl-p-toluidine, 572 


1.5-Cyclooctadiene. 616 
Cyclooctane, pyrolysis of, 86 
CycloparafBn ring, in naphthenic acids, 1072 
Cycloparaffins, action of aluminum chloride on, 
197-199 

—, by polymerisation of olefins, 80, 593, 595, 602, 
603 

—. bv pvrolvsis of olefins. 67« 77, 78, 178, 180, 
195, 196, 595 


Cycloparaflins, chlorinated, cyclic olefins from, 805 
—oondenaation with alkylene oxides, 1059 
—ddiydrogenation' of, 181, 182 
—Friedel-Crafts reaeticM, 1056-1059 
—, from kerosene, 28 
—, halogenation of, 686, 744-753 
—, in petroleum, 11 
, ttitratlM of, 1046-1050 
—, production in silent dectric discharge, 595 
—pyrolysis of. 48, 83-87. 181, 182 
—reaction with sutohur, 429 
—— sulphur chloride, 1060 
—^.reactivity of, 1039 

—sttlpbonation of, 1006, 1007, 1009, 1010, 1012 
—thermal stability of, 87 
see also Naphthenes 

Cyclopentadiene, by carbonization of coal, 153 
—, by pyrolysis of hydrocarbons, 57 69, 174, 177, 
638 

—, chlorination of. 747 
—, condensaticm of^ 657, 658 
—, condensation with crotononitrile, 658 
—, — ketones, 891 
—^,-^quinone, 650 
—fulvenes from, 891 
—, identification of, 660 
—^.in cracked gasoline, 119 
—isolation of. 1145 
—, oxidation of, 893 . 

—.polymerization of. 598, 619-623, 891 
—, reactions of, 648, 652, 658-660 
—, reaction with hydrogen chloride, 648 
—, tetrabromide from, 1145 
Cyclopentadiene ehloranil quinone. 650 
Cyclopentadiene isomers. 643 
Cyclopentadiene naphthoquinone, 650 
Cyclopentadiene quinone, 650 
Cyclopentadiene rubber, 623 
Cycbpentadiene tetrabromide. 659 
Cyclopentane, action of aluminum chloride on, 
194 

—.butadiene from, 157 
—, chlorination of, 747 
—, cyclopentanone from, 420, 892 
—, from crude petroleum, 33 
—, from pentene, 194 
—, haWenation of, 744, 745, 753 
—.in natural-gas gasoline, 18 
—, in straight-run gasoline, 22. 23. 27 
—, nitration of. 1040, 1046, 1047 
—, pyrolysis of, 84 
—, reaction with bromine, 1131 
—, — aluminum chloride. 197, 199, 1056, 1057 
—, — antimony chloride, 1061 
—, — benzoyl chloride, 179 
Cyclopentane derivatives, decomposition by alu¬ 
minum chloride. 197 
Cyclopentane-1,3-dicarboxylic acid. 622 
Cyclopentane ring, basis of naphthenic acid 
molecule, 1071, 1072 

Cyclopentanes, di^ydrogenation of, 87, 197 
—, nitration of, 1040, ’1046, 1047 
—, reactivity of, 1039 
Cyclopentanol, chlorination of, 747 
Cyclopentanone, 420, 892 

1-Cvclopentene-l-aldehyde, from cyclohexene. 892 
Cyclopentene oxide, reaction with ammonia, 543 
Cyclopentyl rings, antiseptic properties. 1082 
Cyclopropane, action of sulphuric acid on, 1009 
—, brommation of, 746 
—. chlorination of, 745 
—.determination of, 1122 
—. halogenation of, 744, 745 
—, polymerization of, 273, 599 
—, pyrolysis of, 83 
—.reaction with bromine, 1131 
Cyclopropane homologues, chlorination of. 745, 
747 

Cyclonropanes, reactivity of, 1039 * 

—, substituted, reaction with bromine, 1131 
Cvcloran, use as determt, 1022 
p-Cymene, acetic- acid from, 926 
—.benzene from, 200 
—, by ddiydrogenation of menthane, 181 
—»by pyrolysis of hexahydrocymcne, 85 
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p-Cymtnt, by pyrolyiii of methylenecyclobatane, 

c^dicxuie derivative of» 561 
meet of alttninuin chloride on. 20<h 
—> fonnaldeliyde from. 926 
from kerosene, 29. 

—^.from toluene and propylene. 561 
from turpentine, 891 
rcaetion with butyl idcohol, 563 
— ehrontyl chloride. 1056 
—, terephthalic acid, from, 926 
toluene from, 200 
—tP-tolttie add from. 926 
—.xylene from, 200 
Cystamin, 860 

D 

Dammar, solvents for. 366, 395, 402, 798 
DecahydrO‘3.8*dimethyi-5.7-methano*4,8*ethano- 
pyrindacine, from petroleum, 823. 824 
Demdiydronaimthalene, condensation with olefins, 
563, 564 

—, decomi^tbn of, silent discharge, 270 
—. in straight*run gasoline, 25 
—, phthalic and mmeic acids from, 922, 923 
Deodiydronaphthol, 929, 930 
Decalin, solvent. 598 
fi'Decanaphthene. 754 

Decanaphthenes, by pyrolysis of amylene, 78 

—^.chlorinated, properties, 752, 753 

—^.in straight-run gasoline, 25 

—, nitration of, 1050 

—, unsaturated hydrocarbons from. 752 

DManaphthenic add, 1071 

Decanaphthylene from monochloro derivatives, 752 

Decane, action of aluminum chloride on, 194 

—, chlorination of, 737, 738 

—, nitration of. 1045 

—(Oxidation of. 855, 856 

—.pyrolysis of, 60 

n*Decane, in straight-run gasoline, 22, 27 
Decanotc acid, from paraffin wax, 944 
Dechlorinatcd oil products, uses of, 804 
Decbciorination, olefins by, 801 
--.of polychlorinated paraffin hydrocarbons, 804- 
805 

Decotorisation, naphthenic acids, 1069 
—.of distillates. 1^ oxidation, 987 
Dtoomposition, alkyl halides to olefins, 801-805 
—^.coaTgas, 208, 209 
—^ M 7 m.-diehloroethylene, 815 
—, dihal^en derivatives, 815, 816 
—, diisopropyl sulphate, 348 
—.ethane, 235 
—, ethylene, 235 
—, ethylene glycol, 513 


—, ethvlsulphuric acid, 333 
—.hydrocarbons, 208-210 
—,by catalysts. 222 
—,—.during cracking, 93 
—,—, effect of chlorine, 22 


—.—.in electric arc. 218 
—, with molten mUtal baths, 220 
—.natural gas, 221, 213, 214, 215 
—.oils. 208, 209 
—, olefins, 135 
—, organic materials, 235 

Decomposition rate; cracking by aluminum chlo- 
. ride. 191 
—.methane, 205 
D^lbensene, production, 562 
Decyl chlorides, from petroleum, 738 
Deeylene, from ethylene, 594 
—sulphonation of. 1033 
Deeylene oxide, preparation, 534 
Deeylsulphonie acid, properties, 1011 
De-ethylmiation, of n-hexane, 60 

Depadatim metliod, naphthenic adds, 1078 
DMmmitig silk, 1028, 1029 
SSiydration, akohols, 159, 303, 304, 337, 359, 360, 
370. 379, 391. 481 
—.attphatie aei^. 480 


Dehydration, n-butanol, 379, 481 

—, ter.-butyl alcohol, 397 

—.ethyl alcohol, 159. 303, 304. 337 

—, ethylene glycol, 512, 527 

—(gases, 355 

—, ter.-hexyl alcohol, 392 

—, isobutyl alcohol, 378 

—, isopropyl alcohol, 359, 360, 370 

—, isopropyl ether, 370 

—, ketones from glycols, 531 

—, methyl alcohol. 159 

—, olehns, elfect of metallic salts on, 304 

—, primary alcohols, 391 

—.propyl alcohol, 159 

Dehydrogenating agent, aluminum chloride as, 
200 

Dehydrogenation of alcohols, catalysts for. 40$ 

— n-butane, 53, 129 
—, butylene. 74 

—, cyclohexanes, 33, 85, 87, 93, 95. 163, 181 
—, —, initial temperature of, 83 
—.cycloparaffins, 181, 182 
—, cyclopentanes, 87, 197 
—, diolenns, 223 
—, ethane, 342 
—, gasoline. 836 
—, nexahydrocymene, 85 
—, hexahydroxylene, 85 
—, n-hexane, 60 

—.hydroaromatic compounds, 164 
—.hydrocarbons, 839, 842 
—, in cracking, 96, 97 
—, isopropvl alcohol, 349, 374 
—, liquid hydrocarbons, 186 
—, methylcyclohexane, 85 
—, naphthenes, 87, 97, 187, 430 
——, by sulphuric acid, 1010 
—.olefins, 223, 584 

—^.paraffin hydrocarbons, 45, 93, 96, 871 

—n-pentane, 58 

—, 2-pentene, 74 

—, priroleum distillates, 1017 

—, petroleum fractions, 993 

— 1 , propane, 49, 50, 52, 53, 127 

—, pyrolysis of propane, 127 

—, pyrolytic formation of aromatics. 162 

—, silent discharge, 255, 264, 268, 269 

—, use of metals, 349 

Dehydrogenation catalysis, theory of, 87 

Ddiydrogenation catalysts, pyrolysis of ethane, 122 

Dmnethanation, n-butane, 53 

—, n-hexane. 60 

—t paraffin hydrocarbons, 45 

—, n-pentane, 58 

—, 2-pentene, 74 

—.propane, 49, 50, 52. 127, 128 

—, 4 rimethylethylene, 75 

Denaturants for alcohol. 367 

Density, of carbon blacks, 254 

— gas, effect on thermal conductivity, 977 

— gasoline fractbns, 985 
Dentifrices, use of thymol in, 375 
Deodorants, use of isopropyl alcohol in, 366 
Deodorization, isopropyl alcohol, 359 

—.naphthenic acids, 1069 
—.oxidation of distillates. 987, 988 
—, petroleum (dls by sulphonation, 1018 
D^lymerisatbn, hydrocarbons, during cracking, 

—, olefins. 93, 95. 97 

Deposition of carbon from hydrocarbon flamea, 236, 
239 242 

Deslc&thvol. 1036 
Dessau balloon ns. 208 

Destructive distillation, as mechanism of petroleum 
formation, 36 * 

—production of charcoal, 234 
—(production of petroleum coke. 234 
Dcsulphurisation of oUs, with ozone, 988 
Desulphydration of mercaptans, 437 
Detection of Isopropyl alcohol, 367, 368 
Ibtergehcir, effect of molecular weight on, 1023 
—,of carboxyfie acids. 935 
—% of hydroxy acids, 935 
Detergent compositiras, 1022, 1023, 1024 
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Detg^tt, alkyhuphthalene sulpbonic acida, 1022, 

—, alkylnaphthene-sulphofiic acids, 1023, 1024 
chlorinated hydrocarbons, 1022, 1024 
—, ethionic acids, 1022 

from acid sludge, 1023, 1024 . . 

—, — butyl alcohol, naphtha, sulphonated fatty 
acids, 1024 
—, — butylene, 1024 
—drying oils, 1023 
—, — mineral oils, 1022, 1023, 1024 
— naphthenic acids, 1068. 1069, 1085 
—, — oil'soluble, water-soluble amines, 1023, 1024 
—, — sulphonated petroleum, 1023, 1024 
—, methods for comparison, 1023 
—, mineral-oil sulphonates, 1020, 1022-1024 
—, naphthasulphonic acids, 1023, 1024 
—, paraffin wax oxidation products, 1024 
—, pyridine compounds, 1022 
—, sodium salts of sulphated alcohols, 1022 
—, standardization. 1023 
Determination, ethylene oxide, 551 
—, olefins, 1129-1131 

Detonation of motor fuels, nuclear theory, 977 
Dewaxing of lubricating oils, 705, 706 
—, with acetone, 411 
—, with ethylene oxide, 550 
—, with methylene diehloride, 705 
Diacetates, by esterification of chlorinated paraffins. 
795 


Diacetone, acetylene solvent, 262 
Diacetone alcohol, production, 409, 410 
fifi' Diacetoxvdiethyl ether, 556 
Diacetylene, butadiene from, 159 
—, by electropyrolysis of alcohol, 256 
—, carbon black by partial combustion of, 242 
—, decomposition, 223 
—, explosibility of, 665 
—, from acetylene, 265 
—, —r amylene and hydrogen, 266 
—— benzene, 259 
—, — butadiene tetrabromide, 644 


—, — hydrocarbons, 152, 259, 274 
—, — methane, 256 
—, properties of, 644 
—, removal from acetylene, 664 
Diacetylenes, by action of electric discharge on 
acetylene, 668 
—, in cracking gas, 115 
Dialcoholates, from alcohols, 596 
Dialkyl ethers, by ddiydration of alcohols, 370 
—, ethylene glycol, 525, 526 
—, from ^,i8'-dichlorodiethyl ether, 498 
—, propylene glycol, preparation, 530 
Dialkyl sulphates, alkyl esters from, 325 
Diallyl, pyrolysis of, 75 

reaction with sulfihuric acid, 661 
Diallyl ether, formation, 661 
Diamines, by action of nitrogen oxides on olefins. 


581 


1,2-Diaminoethane derivatives, from dichloroethane, 
818 

Diaminoetbylene, 581 
Diamylenes, formation. 380, 603, 604 
—, halogenation of, 1126 
—.oxidation of, 605, 880 
—>, polymerization of, 606 
—, properties of, 604 
—, reactions of, 604, 605 
—, uses as antidetonants, 613 
Diamyl ether, from chloropentanes, 790, 791 
Diaryl compounds, by benzene pyrolysis, 189 
Dtaryl ethers, from i9.fi'-dlchlorMiethyl ether, 498 
Diazoacetic ester, reaction with butadiene, 652 
Diazobenzene-p-sulphonic acid. 1021 
Diazomethane, reaction with butadiene, 652 
Dibasic acid anhydrides, formation of keto acids, 
1058, 1059 


Dibasic acids, by oxidation of cracked gasoline, 
837, 838 

—. reaction with higher secondary alcohols, 402 
Dibenzyl, cyclohexene di^vative of. 561 
. from ethylene oxide wd benzene, 545 
Dibenzylamine, in pyrolysis of alkylbenaenes. 


Dibromides, distillation of, 1123 
—from allenes, 632 
—— monolefins,' 1121 
—.reaction with potassium iodide, 1123 
Dibromoacetone from isopropyl alcohol, 374 
Dibromobenzene, production, 768 
1,4-Dibroinobutadiene, from butadiene, 641, 643 
2,3,-Dibromobutadiene, from butadiene tetrabro¬ 
mide, 644 

1.3- Dibromobutane, from methylcyclopropane, 746 

2.3- Dibroniobutane, butadiene from, 634 
Dibromobutanes, by bromination of butanes, 720 

2.4- Dibromo-2-butene, from monovinylacetylmie, 
669 

1.2- Dibromocyclobutane, bromination of, 746, 747 
Dibromodimethylpropanes, '724, 726 

1.1- Dibromoethane, from vinpl bromide, 477, 478 
Dibromoethylene, germicide, 706 

—t purification of, 675 
Dibromohexane, from n-hexane, 742 
Dibromoispprene, from isoprene tetrabromide; 645 
Dibromoisoprene sulphone, reaction with zinc in 
alcohol, 655 

1-S^Dibroinopentane, pentamethylene sulphide from, 
453 

3.4- Dibroiiiophenylbutadtene, 642 
Dibromopropane, from cyclopropane, 746 
1-3-Dibromopropane, from allyl bromide, 480, 481 

2.3- Dibroino-l-propene, conversion to allene, 632 
Dibotylamine, reaction with ethylene chlorohydrin, 

497 

Djbutyl ether^ from butenes, 379 
Dibutylresorcmol, oxidation inhibifbr, 913 
Dibutyltohiene. from p-ter.-butyltoluene, 200 
Dicarboxyltc acids, by nitration of naphthenes, 
1047 

glycol esters of, 520, 521 
—, separation from monocarboxylic acids. 955 
Dichlorides, from chlorinated olefins, 139 
—, from decanaphthenes, 752 
—^of isopentane, 724, 725, 731, 732 
Dichlorinated cycloparaffins, reactions of, 815-818 
Dichlorinated paraffins, diolefins from, 817 
—, hydrolysis of, 507, 795 
, reactions of, 815-818 
Dichloroacetaldehvde, from acetylene, 683 
Dichloroacetic acid, addition to amylene, 330 
Djchloroacetone, from isopropyl alcohol, 373 
Dichloroacetylene, preparation and properties, 675 
o-Dichlorobenzene, 758, 767 
p-Dichlorobenzene, formation, 758, 759, 761, 764, 
767 

Dichlorobenzenes, production, 759, 763 

1.2- Dichlorobutane, from 1-butene, 501 

1.4- Dichlorobutane, butadiene from. 634 
Dichlorobutanes. butadiene from, 803 

—, by chlorination of petroleum fractions, 720 
—from butane, 718, 72p 
—, from butenes, 481 
—, solvent properties, 481 

1.3- D|ch]oro-l-butene, formation, 648 

1.4- Dichloro-2-butene^ butadiene tetradiloride 

from, 644 

2.4- Dichloro-2-butene, formation of, 639 

2.4- Dichlorobutene, from monovinylacetylene. 669 

3.4- DichlorD-l-butene, butadiene tetrachloride from. 
,644 

Dichloro compounds, by chlorination of gasoline 
fractions, 727, 728 

1.2- Dichlorocyclobutane, bromination of, 746 
Dichlorocyclohexane^ cyclohexadiene from^ 749 
—t from cyclohexane, 748, 749 

—, T^rolvsis of, 816 

l,]-Dichk>rocyclopropane, from cyclopropane. 745 
Dichloro derivatives of pentane, 724, 731, 732 
Dichlorodibromobutane, 746. 747 

2.2- Dichloro-l,3-dibromopropane, from dichloro- 
cyclopropane, 745 

00^ Dichlorodiethyl ether, as solvent, 498 
—, chemical reactions of. 498 
—divinyl ether from. 682 
—^.from ethylene chlorohydrin. 497 
—, reaction with alkidies, 555, 682 
—vsele^ve solvent, separation of paraffins and 
naphthenes. 35 
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jS^'-Didilorocliethyl aelenide dichloride. 577 
jtfiS^Dichiorodtethyl selenide oxide* 577 

g |5*-Dich)orodiethyl sulphide* properties, 576 
ichlorodifluoromethane* from carbon tetrachloride* 


707* 709, 710 

'—* manufacture of, 707, 708* 710 
, ^ysical oroperties* 709 
1, l*Dichloroaimethylmethane* 742 
2,3<Dichlor^oxan, 556 
Dichloroethane, from ethane, 713 


—, from natural gas. 690* 714 

—, reaction with cellulose xanthate* 742 

—* solvent for olefin separation, 141 

—, solvent in chlorohydnn formation, 493 

l,2*Dichloroethyl aceUte* from vinyl acetate* 682 

Dichloroethylene, as refrigerant* 704 

~~* chloroacetyl chloride from* 675 

—, from chloroethylcne. 674, 675 

—'* from l|l*2«trichloroethane* 674, 675 

—, 1,1,2-triehloroethane from, 675 

—, uses off 675 

trans-l*2-Dtchloroethylcne, from acetylene, 672 
Dichloroethyl sulphate, trom ethylene dichloride, 
474 

Dichloroheptane* isolation of, 735 
Dichlorohexane* from n*hexane, 736 
—* hydrogen chloride from* 805 
—* pyrolysis of, 816 

Dicnlorohexatriene* from divinylacetylene, 670 
Dichloro hydrocarbons* from olefins, by hypo* 
chlorous acid, 501 

Dichloroisopentane* from isopentanes* 725 
Dichloromesitylene* 779 
Dichloromethane, (see Methylene dichloride) 
2,4*Dichloro-2-methylbutane, 646, 659, 725 
3,4*Dichloro*2-methylbutane, from isopentane* 724, 
725 

Dichloro*methylcyclopentane, from Caucasian pe¬ 
troleum fraction, 817 
Di (dichloromcthyl) -trichlorobenzene, 779 
DichloroparaMns* conversion to phenoxychloro- 
paraffins, 741, 817 

Dichloropentahes, from pentane, 723 
—* from petroleum, 724 
3,4-Diehlorophenylbutadiene, 642 
Dichloropropanes* by chlorination of isopropyl 
chloride, 717 

•—* by chlorination of propane, 717, 718 . 

—, catalytic chlorination of, 717 
formation, 373 
—, from cyclopropane* 745 
Dichlorosulphides, formation, 1133 
DichlorotetrabromobuUne, from, 1,2-dichlorocyclo- 
butane, 746, 747 

Dichlorotoluehes, 769, 771, 774, 775 
Dichlorotribromobutane* from 1,2-dichlorocyclobu- 
tane, 746. 747 

Dichtorovinyl ether, from chloroethylcne, 674 
Dicyclic acids, from naphthenic acids, 1072 
Dicyclo^ntadiene* from cyclopentadienc* 621, 622, 


—.reaction with phcnylazide, 622 
Dicyclopentadiene quinone, 650 
Dieyclopentyl, in casinghead naphtha, 18 
-—.in straight-run gasoline, 25 
Dienes, see Diolefint 


Diesel fuels. 986 

—.distillation characteristics. 1148 
—, use of diacetylene in, 665 
—, use of nitroparaffins in, 986 
Di-esters of ethylene glycol, 511, 528 
—.production, 518, 519 
Diethanolamine trinitrate, 552 
Diethanolamines, preparation of, 541, 552 
Di-ethers of diethylene glycol, uses, $28 
Diethylacetal, from ^hanol, 678 
D^hylamine, by ethyl chloride-ammonia reaction, 

—, reaction with ethylene oxide* 543 
—.reaction with Isoproi^Icthylene oxide, $58 
j9-Diethylaminoethanol* 543 
3-Diethylaminopropaaol-2* preparation, 557 
DietbylaniUne, antioxidant, 907* 909 
—, sulphur dyes from, 431 
Diethylbenzene* production, 560 


Diethylcarbinol, reaction with sulphuric acid* 638 
Diethylcycloheicane. 199 

Diethylaioxan, from l,2 butylene glycol, 555, 556 
Diethyl disulphide* from distillates* 448 
Diethylene dioxide, 554 

Diethylene disulphide, occurrence in crude ethyl 
alcohol, 335 

Diethylene glycol, 512* 526-528 
—, by-product in hydrolysis of ethylene oxide, 537 
—* physical properties, 526, 527 
—, reaction with sulphuric acid, 555 
Diethylene glycol diacetate, 556 
Diethylene glycol dinitrate, 527 
Diethylene glycol ethers, from j5,/9'-dichlorodiethyl 
ether, 498 « 

Diethylene glycol monoacetate, 527* 528 
Diethylene glycol monoetbyl ether, 528 
Diethyl ether, formation of, 786, 787 
—* from ethylene, 307 

Diethyl fumarate, hot-wire ignition curves, 969 
Diethyl ketone, properties, 262. 416 
Diethyl maleate, hot-wire ignition curves, 969 
^3-Diethylpentane* vapor-phase oxidation, 856 
Diethyl selenium* antuenodc compound, 982* 984 
Diethyl sulphhte, from ethyl alcohol* 344* 346 
—^* from ethylene, 321, 33S-341 
—* from ethylsulphuric acid, 344 
—, physical prop^ies. 344 
—* reaction with l-chloro-2-hydroxypropane, 497 
—.solvent for aromatics, 34. 1143 
—, utilization of, 344 

Diethyl tartrate, solvent for diolefin separation, 
160 

Diethyl tetrasulphide, 449 

Diethylthiophene, 428 

Diethyl trisulphide. 438 

Diffusion method of combustion analysis. 1098 

Diglycol stearate* 528 

Diguanidine derivatives, of paraffins, 807, 808 
Dihalides, diolefins from, 815 
—, glycols from. 505 
—, reaction with guanidine, 808 
Dihalogenoethanes, from acetylene, 472 

1.3- Dibalogenpropane, from 3-halogenopropylene, 
327 

Dihydroanthracene, anthracene from, 200 
Dihydrobenzene, from eyebhexane, 430 
—, polymerization of* 264 
—, reaction with maleic anhydride* 651 
Dihydrobenzene rubber, 623 
Dihydrobiphenyls* front benzene. 269 
Dihydrocivetone, from civetone, 83 
Dihydronaphthalene, condensation with aniline, 
572 

—, pyrolysis of, 84 

5,6-Dihydropyrindine, isolation from shale oil. 825 
—, synthesis of, 828 
Dihydroxydiethvl oxide* 555 
^i8'-Dihydroxydiethyl selenide oxide. 577 
Dihydroxystearic acid, 505, 506 

2.4- Dihydroxytoluene, from toluene, 922 
/S^^Diiododiethyl ether* 584 

Diisoamyl, action of aluminum chloride on, 194 
—.chlorination of, 735 
—, ignition of, 966 
—, nitration o^ 1046 
—* oxidation of, 836 
—* reaction with sulphur chloride, 1060 
—. tetrachlorometbane from, 735 
Diisobutene, bromination, 465, 466. 1129 
—, condensation with phenols, 566 
—formation, 590, 600 
—* from acetone, 410 
—, from ethylene, 79 
—, from isobutene* 77, 378 
—* hydrogepation, 600 
—, hydro&sis of, 884 
—.oxidation, 880 
—^.polymerisation of, 600, 601 
—* properties, 601 
—* reaction with mineral acids* 325 
—, reaction with osone* 884 
—.stability, 601 .J 
—, structure of, 884 * 

—.uses* 613 
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Diitobiitcne oxide, preparation. 534 
Diiaotmtene oaonide, catalyat for pdymcrization of 
atyrene. 611 
Dkisobutenyl, 657 

Diisobutyl, action of aluminum chloride on, 194 
—. chlorination of, 735, 737 
—, nitration of, 1044, 1045 
Diiaobutyl disulphide, from distillates, 448 
Diisobutylene, jree Diisobutene 
Diisopropenyl, hydrogenation of, 657 
Diisopropyl, Action of chlorosulphonic acid on, 1008 
—, action of sulphuric acid on, 1007, 1008 
—, bromination of. 742 
—, chlorination of, 734, 736 
—, from Baku petroleum 735. 736 
—, in natural-gas gasoline, 17 
—, isolation of, 32 i 

—, nitration of, 1043 
Diispropylacteal, properties, 371 
Diisopropylbensaldehyde, from diisopropylbenzene, 
930 

Diisopropylamines, from isopropyl chloride, 806 
Diisopropylbenzene, 561 
—, diisopropylbenzaldehyde from, 930 
Diisopropylcarbazole, production, 573 
Diisopropyl disulphide, from distillates, 448 
Diisopropylphenof formation of, 566 
Diisopropylphenyl isopropyl ether, formation of, 
566 

Diisopropyl sulphate, decomposition of, 348 
—, from propylene, 348, 355, 371, 372 
—, properties of, 348, 372 

3.5- I>iiBOpropyltoluene, from p-cymene. 200 
Diketones, from oxidation of hydrocarbons. 960 
Dimercuric chloride compounds of thiophene. 454 
Dimers of conjugated diolehns, by pyrolysis, 79 
Dimetallic derivatives of glycol, 511 
Dimethylacetal, by oxidation of gas oil, 840 
Dimethylallene, 301, 632 

—.polymers of, 615, 616 
Dimethylaniline, as oxidation inhibitor, 984 
—, carboxylation, 930 

—, reaction with pinacone chlorohydrin, 637 
—, stabilization of gasoline with, 898 

2.6- Dimethylanthraquinone, production, 653 
Dimethylbenzenesulphonyl chloride, 780 
Dimethylbutadiene, addition compounds of. 643 
—, autoxidation of, 893 

—, eflFect on gasoline, 900 
—, preparation of, 637 
—, tetrabromides "of, 659, 1145 

1.1- Dimethylbutadiene, 660 
—, dimer, 620 

—, polymerization of, 619 
—, synthetic rubber from, 627 

1.2- Dimethylbutadiene, dimer, 620 
—, polymerization of, 619, 660 
—, reaction with maleic acid, 660 

1,3'Dimethylbutadiene, reaction with maleic acid, 
660 

1,4-Dimethylbutadiene, dimer, 620 

—, reaction with maleic acid, 660 

2,3'Dimethylbutadiene, autoxidation of, 893 

—, dimer, 619, 620 

—, from acetone, 637 

—, from depolymerized rubber, 625 

—, from pinacone, 637 

—, 1,4-hydrobromide of, 646 

—, polymerization of, 616, 619, 625 

—, pyrolysis of, 79 

—, reaction with ammonium bisulphite, 655 

—, — hydrogen bromide, 647 

—, — maleic acid, 660 

—, — toluene, 653 

—, synthetic rubber from, 627 

—, tertiary alcohol from hydrobromide of, 646 

2.3- dimethylbutadiene rubber, depolymerization of, 
619 

2.2- Dimethylbutane, from isobutylene, 266 
—, reaction with antimony chloride, 1061 
2,3'Dimethylbutane, in straight-run gasoline, 22 
—. pyrolysis of, 130 

2.3- DimethyI-2-butene, from isobutylene, 266 
Dimethylcyclobutane, from cyclohexane,. 198 
—, in straight-run gasoline, 23 


Dimcthvlcyclohexane, by pyrolysis of 1,4’dimethyl* 
S-cyclohexenei 85 

— ^(Chlorinated compounds from, 751, 753 « 

—, sulphonation of, 1010 
1-1-Dimethylcyclohexane, dehydrogenation, 181 
—.oxidation of, 853 

1.2- Dimethylcyclohexane, in straight-run gasoline. 

25 ’ . . 

—, isomerization, 199 

1.3- Diniethylcyclohexane, bromination, 753 
—, chlorination, 751 

—t in straight-run gasoline, 25 
—, isomerization p£, 199 
—, oxidation, 856 
—, reaction with sulphur, 430 
—, tetrabromo-m-xylene from, 754 

1.4- Diraethylcyclohexane, isomerization, 199 
~r> tetrabromo-p-xylene from, 754 

1.3- Dimethylcyclohexanol, formation, 856 

1.4- Dimethyl-3-cyclohexene, pyrolysis of, 85 
Dimethylcyclopentane, by pyrolysis of cyckhep- 

tone, 86 

-T-, chlorinated product, properties, 753 

1.1- Dimethylcyclopentane, in straight-run gasoline, 

23,27 • 

1.3- DimethyIcycbpentane, 4‘methyl-2'hexanooe 
from, 891 

5-methyl-2-hexanone from, 892 
—, oxidation of, 856, 892 

—, p^xide, reaction with potassium iodide. 892 

1.3- Dimethyl-l-cyclopentanol, formation, 856 
Dimethylclopropane, action of sulphuric acid on, 

1009 

1.1- Dimcthylcyclopropaoe, pyrolysis of, 83 
—trimethylethylene from, 746 
m,m'-Dimethyldibenzyl from dimethylcyclohexane, 

430 

1.2- Dimethyldicy do-10,1,1] -butane, 198 

1.2- Dimethyl-3’4-diethylidenecyclobutane, 615 
Dimethyldioxan, 555, 556 

Dimethyl ether, from methyl chloride, 782-786 
Dimethylethylcarbinol, from amylene, 331, 380 
Dimethylethylcyclohexane, in straight-run gasoline, 
25 

—nitration of, 1050 

1.3- Dimethyl-5-ethylcyclohexane, chlorinated prod¬ 
ucts from, 752 

—, 2,4,6-tribromo-l,3-diracthy 1-5-ethylbenzene from, 
754 

Dimethylethylpentane, sulphonation, 1010 
Dimethylfulvene, 891 
Dimethylfulvene diperoxide, 891, 892 
Dimethylglyoxime, solubility in isopropyl alcohdl, 
365 

2,6'Dimethylheptane, nitration of, 1045 

2.5- Dimethylhexane, nitration of, 1044 
—, oxidation of, 855 

2.4- Dimethy 1'2-hexyl-1,3-dioxolane, 557 
Dimethylisopropylcarbinol, 384, 385, 403 
Dimethylnaphthalene, from kerosene, 27 

1.4- Dimethylnaphthalene, by pyrolysis of acetylene, 
82 

2.6- Dimethylnaphthalene, from kerosene. 28 
Dimethylnitropentane, 1043 

2.7- Dimethyloctane, nitration of, 1045, 1046, 1051 

2.6- Dimethyl-l'5.7'Octatriene, from isoprene, 617 

3.7- Dimethyl'2'0ctetie, isomerization, 603 
Dimethylol urea, 498 

2.2- Dimethylpentane, from isobutylene, 266 
—, in straight-run gasoline. 22, 27 

—, nitration of, 1043 

2.4- Dimethylpentane, from isobutylene, 266 
—, nitration of, 1044 

3.3- Dimethylpentane, vapor-phase oxidation, 856 
Dimethylphenylcarbinol, oxidation, 926 
Dimethylphenylpyrazolone, 1037 

2.2- Dimethylpropane. pyrolysis of. 63, 130 
Dimethyl-n-propylcarbinol. 384, 403 
Dimethylpropyimethane, in natural-gas gasoline, 17 
—, isolation of, 32 

Dimethylpyridine, from shale tar, 827 

6.7- DimetIiylquinizann. 653 

2.3- Dimethylquinoline, separation of,'822, 826 

2.4- Dimethylquinoline, separation of, 822, 826 

2.8- Dimethylquinoline, isolation, 826 
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DfaaMtliTt tttlplist*. ftcUon im saplititfiiict, 1143 
MCkm on Mramn*. U43 
—, tdectiTe sMvent for nromstiet, 34. 1143 

4SS 

3|4-DiiRet£^o]^Kit^ from Mphtht. 455 
1.3'l>iiB€tliyl*3*yifiy 1-6-cyclohexene, from itoprene. 
618 

Pinaphthaleiiet. production. 563 
B>Dtn«phthol, from /S-niphthol, 929 
Dinaphthyl, from ni^thalene. 89. 199 

2.i'%ma%th!?S:her.^from i3-naphthol 929 
Dinitro alcoboU. from olefin-nitrofen pentoxide re* 
581 

m-Di^tro^xane. 430 
—reaction with nitrogen pentoxide. 1044 
Dinitro-ter-btttylxylyl methyl ketone. 400 
2.4*Dimtrochlorobenxene, iaentification of mereap- 
tans by. 1150 

Dinitro compounds, from olenn-nitrogen pentoxide 
reaction. 581 

Dinitrodicycl^exyl. 1048 
Dinitrodimethylbutane, ^043 
DMtro^methylhe^ane. 1045 
Dinitrodimethylhexane. 1045 
Dinitrodimethyloctane. 1046 
' Dinitrodimetbylpentane. 1044 
Dinitrohexane, 1042 
Dinltromethylbutane. 1042 
Dinitrooetanc. 1044 
n*Dioctyl succinate, 402 
Diolefin tetrabromides. reduction of. 640 
Diolefins, absorption of. 142, 1124 
-—.addition reactions of. 641 
—.aliphatic, properties. 153 
—.analytical determination. 659 
—, autoxidation of, 619, 642 
—, chemical reactivity of, 633, 641, 642- 
—, chlorine addition, 471 
—.classification of, 631 
—.compared with monolefins. 642 
—, condensation with maleic acid. 653 
—, conjugated. 1,4 addition compounds of, 641, 642 
—, —, analytical determination, 654, 658 
—, —, by decomposition of dichlorinatcd deriva¬ 
tives of paraffins, 817 
—.—.condensation reactions, 650-654 
—, ethylation, 656 

—, —, miscellaneous reactions of, 654-657 
—I —. peroxides, 654 

—, —, polymerization of, 79, 614, 616-622 
—, —, properties of, 640-642 
—, , reaction with bromine and chlorine, 642-645 

—, —, reactions with halopen acids, 645-648 
—,—.reaction with maleic anhydride, 119 
—, —. reaction with naphthazarin. 653 
—, —, ruction with sulphur dioxide, 654, 655, 660 
—, —. reaction with sulphuric acid, 649 
—, —, synthesis of, 633 
—.dehydrogenation of. 223 
—, diozonides of, 654 
—, effect on Msolines. 900 
—, from acetyienc-olefin hydrocartions, 158 
—— aliphatic alcohols, 159 
—,—bituminous coal, 133 
—, — butanes, 174 
—, — cracking gas, 334 
—, — dihalogen compounds, 815, 817 
—ethylene, 259, 262 
—, — hydrocarbons, 134, 176, 262 
—oils, 133, 262, 633 
—,— olefins, 80 

,—petroleum, 157, 161, 162 
—, — tars, 133 
—, halohydrins of, 648 
—, identification of. 658, 659 
—, in crack^ gasoline, 118, 119, 145 
—, in cracking gas. 114, 115 
—, in gasolines. 631 , „ , 

—, intermediates in formation of aromatic hydro* 
cartens, 162i 169 
—^.isolation of, 1145 
—, monozonides of, 654 


Dtoiefins, occurrciica of, 660 
—. peroiode lomutioii of, 642 
—. polymerization of, 588. 614, 616. 625, 626, 
627, 628, 631, 633 
—.polymerized, hydrogenated. 613 
—production, 153*160 
—purificattott of, 141, 643 
—pyrolysis of, 79 
—, reaction with acrolein, 652 
—, — acrylic acid, 652 
—, — amines, 656 
—, — ammonia, 656 
—, — benzenes, 204 
—, — citraconic acid anhydride, 652 
—. — cyclohexanone, 652 
—. — ethyl sulphate, 656 
—,—itaconic acid anhydride, 652 
—,— maleic anhydride, 659, 1145 
—, — ozone, 654 
—, — sulphur dioxide, 575 
—, — sulphuric acid, 642, 649 
—, resins from, 204, 642 
—. separation of, 159*160, 640, 641 
—, synthetic rubber from, 625*628 
—, tars from, 642 
—, tetrahalides of, 643. 1121 
—, thermal stability of, 95 
—, treatment with aluminum chloride, 203 
—, uses of, 633 
Dioxan, 554-556 
—, as solvent, 141. 555 
—, compound with boron fluoride, 596 
—, formation of, 540, 547, 548 
—, from ethylene glycol, 512, 533 
—, properties, 555, 556 
—, reactions of, 555, 556 
Dioxan derivatives, from glycols, 533 
Dioxan homologues, preparation, 555 
Dioxolanes, 556, 557 

Dioxymethyl peroxide, decomposition, 883 
—, from ethylene, 878, 879, 883 
Dipentene, butadiene from, 157 
—, from isoprene. 617, 618 
—, — a-pinene, 890 
—rubber. 627 
—, properties, 617, 618 
—.pyrolysis of, 154 

—• reaction with ammonium bisulphite, 575 
—, — isoprene, 657 

Diphenyl, cyclohexene derivative of, 561 
—, from acetylene, 82. 180 

—benzene, 88, 89, 188, 189, 199, 269 
—, — isobutene, 179 
—, sulphur dyes from, 431 
—, use in manufacture of phenol, 767 
—.uses of, 189 

Diphenylamine, as antioxidant for oils, 907. 913 
—, effect of esterification of propylene, 327 
—, effect on gas-phase oxidation, 980 
—, effect on ignition of cotton, 890 
—. reaction with p-nitrnsophenol, 897 
—stabilization of gasoline with, 897, 898 

9.10- Diphenylanthracene, 200 
1,4-Dipbeny(butadiene, 652, 654 
1.3-Diphenyl-l'butene, 612 

Di^henylchbroacetyl chloride, diphenyl ketene 

9.10- Diphenyl-9,10-dihydroanthracene, dehydrogen¬ 
ation of. 200 

1.1- Diphenyleneethylene, polymerization of, 612, 

613 • 

1.1- Diphenylethylene. polymerization of. 612 
—, reaction with nitrogen trichloride, 579 

1.2- Diphenylethylene, polymerization of, 613 
Di|)hm:riguanidtne, adsorption by carlwn blacks, 

Dtphmylhydrazine. antioxidant, 907 
Diphenyl ketene, 413 
Diphenytmethane, carboxylation of, 930 
—, ^elohexene derivative of, 561 
—. from toluene, 267 
—, from tribenzyl borate, 1060 
—, oxidation, 915 
—*, production, 564 
—, pyrolysis of, 89 
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Diphenylmethane dyes, formation, 860 
Diphenylolpropanetetracarbinol. 498 
J)il>henyl oxide, as heat-transfer medium, 189 
—, from phenyl halides, 767 
Diphenylpropane, nitration of, 1046 
Diphenyjpropene, reaction with nitrogen trichlo- 

Diphenyisemicarbazide, stabilization of gasoline 
with, 898 

Diphenyl sulphide, in petroleum oils, 421 
—f use in production of thiophenols, 767 
Diphenylsulphone complexes, catalysts for poly¬ 
merization, 600 

Diprene, from isoprene, 617, 618 
Dipropargyl, from acetylene, 668 
—. from acetylene trimer, 268 
Dipropylcarbinol, from heptene-3, 385 
Dipropyl ketone, from heptane, 1055 
Di-n-propyl ketone, 416 
Disc process for carbon black. 234 
Disinfectants, from sulphonation of shale oil dis¬ 
tillates, 1037 

—, use of formaldehyde in, 786, 860 
—, — isopropyl alcohol in, 363. 366 
—, — sulphonated hydrocarbons in, 1001 
—, — stilphonic acids in. 1014 
Dispersing agents, from alcohols and glycols, 539 
—, — chlorohydrin and amines. 498 
—> — glycol ethers and sulphonated acids, 525 
—, — halogenated ethers, 809 
—, — halogenated hydrocarbons and amines, 808 
—, — polymerized olefin oxides. 548 
—, — sulphonated ethers, 809 
—, — sulphonated hydrocarbons, 1019 
Distillation curves, with Podbielniak apparatus, 
1110 

—.with Rosen and Robertson apparatus, 1114 
Distillation, destructive, as mechanism of petro¬ 
leum formation, 36 
—, dry, of rubber, 154 

Distillation pressur.es, Podbielniak apparatus. 1107 
Distillation range of gasolines, variation of knock¬ 
rating with, 986 

Distillation tests of petroleum fractions, 1147, 
1148 

Distyrene, 611, 612 
Disulphides, corrosion by, 422 
—.formation, 1133 

—, from mercaptans, 432, 433, 437, 459 
—, from petroleum distillates, 31, 421, 448, 449 
—, properties of, 449, 450, 452 
--.pyrolysis of, 456, 457 
— .reactions of, 448, 449 

Disulphonic acid, from paraffin hydrocarbons, 
1008 

—, — sulphonation of kerosene. 1007 
Ditolyl, from benzene, 199 
—, — isobutene, 179 
—, — toluene, 88 

DitolyTamines, stabilization of gasoline bv, 897 

Divinylacetylene, from acetylene, 669, 670 

—, from acetylene trimer. 268 

—, plastics from, 670, 671 

—, reactions of, 670 

Divinylbenzene rubber, 625 

Divinyl ether, properties of, 682 

Divinylethynyl-mercury, 685 

Dixylylamines, stabilization of gasoline with. 897 

Doctor solution. 438, 439, 1149 

Doctor test, mercaptans, 1149 

Dodecanaphthene, chlorinated. 753 

—, from amylene, 78 

Dodecanaphtnenic acid, from naphthenic acids, 
1071 

Dodecane, chlorination of, 737, 738 
—, condensed with alkylene oxides, 1059 
—, nitrationr of, 1045 

—, solubility of hydrogen sulphides in, 423 
Dmtecene, sulphonation of, 1033 
Dolomite catalyst for water-gas reaction, 283, 286 
Driers for paints, 565, 995,. 1030 
—, use of salts of keto acids in, 1059 
Drugs, from ethylene chlorohydrin, 487 
Dry cells, use of petroleum coke in. 228 
Dry-cleaning preparations, 366, 1029, 1030 
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Drying oils, from acid sludge, 1030 
—, from chlorinated petroleum fractions, 738. 741, 
816 

—, from kerosenes, 740, 805 , 

—, from olefins, 613, 614, 804 
—, from vinylacctylenes. 670 
—.uses, 614 

DuPrene, from chloroprene, 640 

Durene, nitration of, 1046 

Dyeing, use of isopropylated aromatics in, 375 

Dyes, emulsions or suspensions of, 375 

—, isopropylaniline as intermediate for, 367 

—, oil-soluble, 1029 

Dyestuffs, by nitration of petroleum, 1052, 1053 
—, from acid sludges. 1013, 

—, — condensation of ethylene glycol with halo¬ 
genated dibenzanth rones, 516 
—, — mbnochlorobenzene, 764 
—, —sulphonic acids. 1021 
—purified with isopropyl alcohol, 364 
—, use of ter.-bnty 1-/9-naphthol in manufacture of, 
401 

—, use of sulphonated aromatic hydrocarbons in 
manufacture of. 1006 
Dynamite, use of glycol dinitrate in. 582 

E 

Earthenware, effect in pyrolysis of ethane, 123 
Earths, ad^i'^bent, catalysts tor polymerization of 
olefins, 589 

Edeleanu extract, lubricating oils from, 565 
- 7 , source of aromatic hydrocarbons, 34 
Eicosane, separation from triacontane, 33 
Elaidic acid, 505, 506 

Electrical decomposition, carbon manufacture, 
218. 238 

—, production of acetylene, 663 
Electrical treatment, hydrocarlions, 255-264 
Electric arc, action on coal, 262 
—, —, coal tar, 257 
—, — fuel oil, 259 

—. — hydrocarbons, 217, 218, 221, 255-264 
—, — methane-carbon dioxide, 260 
—, — natural gas, 258 
—, — tars, 262 
—, — paraffin, 257, 261 
—, — petrolatum, 257 
—, — resins. 262 
—, — toluene, 257 
—, cracking, 255 

—, methane-steam reaction. 260, 289. 290 
—, natural gas chlorination, 688 , 694 
—, production of cyanides, 292-299 
—, pyrolysis of methane, 149 
Electric discharge, action on acetylene, 610, 668 
—, carbon dioxide-methane reaction. 282 
—.chlorination of ethane, 715 
—, effect on oxidation, 715, 837, 843 
—, ignition, 969 
—, polymerization olefins, 610 
Electrode composition,, effect on hydrocarbon de¬ 
composition, 256. 257 
Electrodes, carbon, 208, 218, 219 
—, petroleum coke, 227 
—, platinum, oxidation of benzene. 927 
Electrolytes, isoprene treated with. 628 
Electrolytic bromination, benzene, 768 
Electrolytic chlorination, benzene. 761, 762 
Electrolytic gas, use in explosion analysis, 
1098 

Electrolytic oxidation, of aromatics, 927, 928 
—, of ethyl alcohol, 932 
—, of ethylene, 991 
—, of petroleum hydrocarbons, 832 
—, of sulphur in oils, 115* 

Electropyrolysis, of alcohol, 256 
—, of oils, 219 
Elektrion oils, 271 

Elemi, solubility in amyl alcohol, 798 
—i — glycol ethers, 525 
—— sec-hexyl acetate, 402 
—, — isopropyl acetate, 373 
—. — isopropyl alcohol. 366 
Elf carbon black, 246 



Emba 


SUBJECT INDEX 


1222 


Emba crude oil, cracking of, aluminum chloride 
catalyst, 164 

—, naphthenic acids from, 1063 
—, oxidation of, 950 
—, treatment with sulphur, 950 

Emulsions, breaking of, 564 . 

Emulsifying agents, ter>butylnaphthalene*sul* 
phonic acid, 400 

—, by halogenation of ethers, 809 
—, ethylene absorption, 341^ 343 
—. from mineral oils, 1022, 1025-1027 
—, isopropylated aromatics, 375 
—, naphthenic acids, 1023, 1086 
—, petroleum oxidation products, 994, 995 
—, preiMration, 541, 552, 559, 563 
—, sulphides as, 456 

—, sulphonated oxidized hydrocarbons, 1000-1002 
—. sulphonates. 372, 809, 1020, 1024-1027 
—, use in hydrolysis of chloropentanes, 790, 791, 
793 

—, — plastic compositions, 1031 
—, — polymerization of diolehns, 628 
Endodimethylene tetrahydrophthalic anhydride, 
651 

Endomethylene piperidazine, 652 
3,6-Endomethylene tetrahydrophthalic anhydride, 
651, 652 

Endothermic reactions, in cracking. 98, 99 
—, methane decomposition, 205, 220 
End point, gasoline distillation, 1148 
Energy ot activation, polymerization of dienes, 
617 

—. cracking reaction, 100 
Enolates. catalyst for oxidation, 938 
Enzymes, precipitated by isopropyl alcohol, 367 
Epichlorhydrin, 427 

Equilibrium, carbon dioxide-methane reaction. 281 
—, hydrolysis of ethyl chloride, 787 
—, methane, carbon, hydrogen, 205 
Eo.uilibrium constants, .cracking reactions, 65 
—i ethyl chloride dissociation, 323 
—, hydrolysis of methyl chloride, 782 
—, methane-carbon dioxide reaction, 282 
—, methane-steam reaction, 280 
—, pyrolysis of aromatic hydrocarbons, 89 
—, — ethane, 122 
Erythrene, from acetylene, 265 
Esthonian shale oil distillates, conversion to aro¬ 
matics, 164 

—, desulphurization of, 460 
Essences, use of isopropyl esters, 373 
Ester gum, solubility in various solvents, 373, 
394, 395, 402, 524, 525, 798 
Esterification, alcohols, by hydrogen halides, 324, 
703 

— ,of chloropentanes, 789, 793-795 
—, of fatty acids, 539 
—, of isopropyl alcohol, 367, 371, 372 
—, of methanol, 703 

—, of naphthenic acids, 1070-1072^ 1083 
—, of olefins with sulphuric acid, 143, 144, 320- 
331, 346, 372, 376, 387, 933 
—, of oxidation products, 992 
—, of oxidized distillates, 999 
—, of polyglvcols, 527, 528 
—, of propylene, 355 
—, of wax acids, 539, 997 
Esters, butadiene from, 157 
—, by butane oxidation, 835 
—, by gasoline oxidation, 836 
—, by oxidation of hexane, 868 
—, — petroleum hydrocarbons, 987 
—, conversion to acetone, 408 
—, from alkyl halides. 781, 782, 784, 786, 793 
—, from nitriles, 684 

—, from olefins. 129, 301, 311, 312, 320, 333, 
387, 388, 1005 

—, from petroleum, 937, 938 
—, ignition temperatures, 968 
—, in mineral-oil oxidation, 936 
—. in oxidized hydrocarbons, 991, 996, 997 
—. intermediates, hydration of olefins, 301 
—, —, formation of alcohols from alkyl chlorides, 
790, 791 

—, of hydroxyethers, 539 


Esters, of keto acids, plasticizers, 1059 
—, of montan wax acids, 1002 
—, of polyglycols, 526 

—, of secondary alcohols, 328. 392, 395, 401, 402 

—, —, from cracking gas, 349 

—, of tertiary alcohols, 328, 392, 397 

—, of wax acids, 998 

—, oxidation of paraffin, 1001 

—, polyhydric alcohols, 152, 520, 521 

—, reaction with boron fluoride, 596 

Estimation, of hydrogen, 1095 

—, of isopropyl alcohol, 367, 368 

Estolides, 945 

Ethane, acetylene from, 147 

—, action of sulphuric acid on, 1007 

—, bromination of, 7157 716 

—, by pyrolysis of cyclohexane, 84 

—, — higher paraffins, 50, 52-56, 58, 61, 188 

—, — of methane, 43, 269 

olefins, 66, 68. 70-72, 127 
—, by submerged combustion, 1000 
—, carbon black, 243 

—.chlorination, 472, 688, 690, 691, 702, 712-715 
—, chlorine derivatives, 467 
—, decomposition of, 205, 235, 257, 264, 268, 269, 
272, 273 

—, dehydrogenation of, 45, 342 
—, —, equilibrium constants, 45 
—, effect in carbon deposition, 236 
—, — oxidation of acetaldehyde, 932 
—, — pyrolysis of methane, 167, 108 
—, effect of aluminum chloride on, 194 
—, ethylene from, 872 
—, from acetylene, silent discharge, 269 
—, from coke-oven gas, electric arc, 258 
—, from ethylene, 66. 68, 266, 269, 273 
—, from hydrocarbons, electric arc, 257 
—, in cracking gas, 114, 115 
—, in natural gas, 12-14, 122, 242 
—, maximum flame temperatures, 236 
—.oxidation of, 834, 850-852, 857, 858, 860, 
867. 885, 961, 965, 975 
—, polymerized, silent discharge, 268 
—.preparation of pure, 1113 
—.pyrolysis of, 38, 43-49, 122, 126, 130, 149, 
170-173, 180, 182, 183, 185 
—» —» equilibrium constants, 122 
—, —, mechanism, 43-45, 48 
—, —, thermodynamic considerations, 44 
—, —, velocity constant, 46 
—, reaction with hydrogen sulphide, 425 
—, — steam, 276 

—.removal of from mixtures, 1116 
—.separation of, 141, 1101 
—,—.from natural gas, 122, 123, 126 
—, thermodynamic stability of, 94 
Ethane-ethylene, from coke-oven gas, 342 
Ethane-ethylene-hydrogen, pyrolysis of, 47 
Ethane-isobutane mixture, pyrolysis of. 135 
Ethane-propane mixtures, pyrolvsis of, 44. 67, 
163, 170 

Ethanol, by hydrolysis of ethyl chloride, 781, 786, 
787 

—, dienes from, 633-635 

—, diethyl acetal from, 678 

—, from acetylene, 676 

—, production of acetone, 407 

—, reaction with chlorine, 489 

—, — hydro^n chloride, 787 

—, see also Ethyl alcohol 

Ethanolamines, 541, 542, 549, 551-554 

—, absorption of hydrogen sulphide, 425 

bis-£thanol-hydrazine, preparation, 544 

Ethanesulphonamide, 575 

Ethanesulphonic acid, 575, 1033 

Ether, combustion, 968, 976 

—, emulsifying agent, ethylene absoj-ption, 343 

—, extraction of petroleum with, 28 

—, formation of. 333, 346, 786, 787 

—^^prevention of gum formation in gasolines by. 


—, sulphation of olefins with. 1034 
Ethers, from alkyl chlorides. 523, 781-786, 808 
—, from olefins, 129, 333. 339, 340 
—, high molecular weight, production, 809 
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Etheri, of diacetone alcohol, 411 
—,of glycols, 511, 521-523, 530, 537 
—, of polyglycois, 526 
—. phenols and olefins, 566 
—. reaction with boron fluoride, 596, 597 
Ethionic acid, 343, 344, 1006, 1022, 1032, 1033 
Ethionyl chloride, 1035 
Ethyl acetal, 555 

Ethyl acetate, from acetaldehyde, 675 
, by esterifying ethylene, 327, 1034 
Ethylacetylene, 632, 1123 
Ethyl alcohol. 332. 333, 548 
—, acetone by, 677 
—, action of silver salts, 304 
—, alcotate as denaturant, 455 
—, antidetonant, 983 
—, anti-freeze, 515 
—, by butane oxidation, 835 
—, by ethane combustion, 851 
—, conversion to higher alcohols, 344, 345 
—, dehydration, 159, 303, 304 
—, denaturants for, 367. 455 
—, detection of isopropyl alcohol in. 368 
—.determination of aromatics. 1141 
—. effect on oxidation of acetaldehyde, 932 
—, — oxidation of benzaldehyde, 980 
—.ethylene from, 159. 303, 304, 932 
—, extraction of petroleum with, 28 
—, from absorbing liquids, 142 
—, from acetylene, 679, 684, 887 
—, from ethyl chloride. 305 
—.from olefins, 129, 332, 932 
—, induction period, combustion of ethane. 850 
—, oxidation of, 869. 870 
—, oxidation to acetaldehyde, 869 
—, — acetic acid. 932 
—, — acetone, 406 
—, oxidation paraffin wax, 857 
—, reaction with boron fluoride. 596 
—, resin by, 498 

—, solvent, separation of olefins, 142 
—, sulphur dyes from, 431 
—. see also Ethanol 

Ethyl alcohol-isopropyl alcohol mixtures, proper¬ 
ties of, 368, 369 
Ethylallene, 633 

Ethylamine, by ethyl chloride-ammonia reaction, 
806 

—, from acetylene. 684 
—, production, 571, 572 
—, reaction, isopropylethylene oxide, 558 
—. thermal dehydrogenation, 572 
Ethylaniline, stabilization of gasoline, 897 
Ethylation, 559-561. 809 

EthvI azodicarboxylate, reaction, cyclopentadiene, 
652 

Ethylbenzene, chlorination, 779 
—, from benzene, 199, 560 
—, in straight-run gasoline, 25, 26, 27 
—, oxidation. 856, 926 
—, production. 560 
—, pyrolysis of. 146 

—, reaction with chromyl chloride, 1056 
—, — sulphuryl chloride, 780 
—, styrene from, 146, 147 
—. thermal stabili^ of, 90 
Ethvl bromide, effect on ignition temperatures, 
966 

—, from ethylene, 322, 324 

—, reaction diolefins. 656 

Ethylbutylcarhinol, 385 

Ethyl butyl ketone, from heptane. 1055 

Ethyl butyrate, from ethyl chloride, 787 

Ethylcarbazole, propylene condensation, 573 

Ethyl carbonate, separation of acetylene, 152 

EtKylcellulose, solvents, 614 

Ethvl chloride, anaesthetic, 715 

—, Dy hydrolysis of ethyl ralorosulphonate, 322 

—, condensation with sodamtde, 807 

—, dissociation, 322, 323 

—, ethylamine from, 806 

—, ethyl ether from, 713 

—, ethyl mercaptan from, 811, 812 

—, from ethane. 712-714 

—, from ethylene, 322, 323, 715 


Ethvl chloride, from ethyl ether, 715 

—, hydrolysis of, 305, 323, 786, 787 

—, natural gas chlorination, 690 

—, pyrolysis of, 802, 816 

—, reaction with aluminum chloride, 323 

—, — ethanol, 787 

—.refrigerant, 703, 715 

—.solvent for acetylene, 152, 664 

—, use in ethylation. 560 

Ethyl chlorosulphate, 337 

Ethyl chlorosulphonate. 322, 337 

Ethylcyclohexane, 90. 616 

Ethylcyclopropane, pyrolysis of, 83 

Ethyl dihydrogen phosphate, from ethylene. 322 

Ethyldipropylamine, 807 

Ethyl disulphide, 449, 452- 

Ethylene. 304-312 

—.absorption, 139, 349, 354, 1120, 1122 
—. —. ny phosphoric acids, 322 
—, —, salts, 582 

—.—.sulphuric acid, 333. 341, 342, 346, 347, 
349, 1032 

—, acetaldehyde from, 305, 874 
—. acetic acid from, 814, 876. 877 
—.acetylene from, 147. 149, 153 
—, action of alumina,^ 305 
—, — aluminum chloride, 196 
—, — copper chloride on, 492 
—, — nitric oxide, 299 
—, — silent discharge, 264, 265. 267, 595 
—■ addition compound with aluminum chloride, 
202. 609 

—. additive power with mineral acids. 325. 328 
—. adsorption by activated charcoal. 143 
—.—aluminum chloride. 195 
—, alcohol from. 301, 305-312, 323, 332, 333, 598 
—, aldehydes from, 307 
—, analytical separation of. 1120 
—. bromination of, 465, 466, 476, 477, 1129 
—(butadiene from, 155, 156, 876 
—, butylene from, 145, 878 
—, by absorption of liquefied hydrocarbons, 140 
—, by cracking of gas oil, 132 
—, by decomposition of ketene, 413 
—, by destructive distillation, 469 
—, by ethyl chloride dissociation, 322. 323 
—.by hiph-temperature cracking, 120, 121 
—, by oxidation of hydrocarbons, 235, 850, 852, 
867 

—, by pyrolysis of acetylene, 180, 668 
—, — amylenes. 74, 75, 80 

—butane, 53-55, 123, 124, 129, 130, 135 
—, — butenes. 72 

—, — carbon disulphide-methane mixture. 126 

—, — casinghead gasoline, 129 

—, — cyclohexane, 84, 134, 181, 182 

—, — decane, 61 

—. — ethane, 43-47, 122, 126 

—, — hexadecene, 76 

—, — hexane, 59, 60 

—,—higher olefins, 75 

—hydrocarbons, 44, 130, 135, 175, 184, 188 
—, — isoprenc. 79 

—methane, 40-42. 121, 126, 166-169 
—, — mineral oils, 121, 132-134 
—, — natural gas, 121, 167 
—, — octane, 61 

—, — pentanes, 58, 129, 130, 174 
—, —propane, 44, 49. 50, 52, 53, 123, 124, 
126-1.30, 135 
—, — propylene, 70 

—, by reduction of ethylene dibromide. 478 
—, by submerged combustion, 843 
—.calculation of, 1122 
—, carbon monoxide from, 877, 878 
—, carbyl sulphate from, 1032 
—, chlorination, 465-471, 475, 476 
—, combustion of, 976 
—, condensation under pressure, 196 
—, condensation with acetone, 574 
—t — acyl chlorides, 415, S68-570 
—, — amines. 571, 572 
—, — benzene, 560 
—, — butadiene, 44, 67 
—— Edeleanu extract, 565 
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Ethylene, enndensation with sulphonated cresol, 566 
—, conversion to acetone, 408 
—,—aromatics, 165, 169 
—oxide, 491, 536, 876-879 
—, cyclic hydrocarbons from, 595, 872 
decomposition, 205. 221-223, 23$ 

—, —, by aluminum chloride. 196 
—, —, by electrical treatment, 65, 66, 257, 262, 
264, 268 

—, diethyl ether from, 307 
—, dioxymethyl peroxide from, 883 
—.effect of heat, 196, 592 
—, electrolytic oxidation, 991 
—, esterification, 321-325 
—, — by hydrogen bromide, 322, 324 
—— by hydrogen chloride, 322-324 
—, — by hydrogen iodide, 322, 324 
—, — by organic acids. 324, 327 

—by sulphuric acid, 321-324, 346, 1032 
—, ethionyl chloride from, 1035 
—, ethylation of benzene, 560 
—, ethyl chloride from, 322-324 
—, ethylene chlorohydrin from, 488-490, 494 
—, ethylene oxide from, 491, 536, 876-879 
—, ethylethylene from, 876 
—, ethylsulphuric acid from. 321-324. 1032 
for anaesthesia. 141 

—, formaldehyde 'from, 873. 876-879, 882. 883 
—, formic acid from, 874, 877, 878 
fractional distillation, 137-141 
—, from acetylene, 265, 269 
—, from butane, 135, 170 
—, from coal gas, 142, 143, 872 
—, from coke-oven gas, 138, 139, 142, 258, 332, 
478 

—, from cracking gas, 139-141, 144, 332, 491 
—, from ethane, 171, 257, 269, 273. 872 
, from ethyl alcohol, 159, 303, 304 
from ethyl chloride, 802 
—, from ethylene glycol. 513 
—, from ethyl mercaptan, 451. 457 
—, from ethyl sulphide. 457 
—, from fuel oil. 25 
—, from gas mixtures, 141, 142, 170 
—.from methane. 136, 147, 150, 219, 256, 849 
—, from methyl iodide. 802 
—, from oil gas, 491 
—, from olefins by adsorption, 143 
—, from propane, 170 
—, from tars, 872 

—.glycol from, 505. 510, 511. 876, 877 
—, glyoxal from, 876. 877 
—, hexane from, 195, 872, 876 
—, hexene from, 876 

—, higher olefins from, 195, 355, 876, 878 
—, hydration,^ 302-318 
—, hydrocyanic acid from, 296 
—, hydrogen from, 877, 878 
—, hydrogenation of, 46, 265 
—, hydrogen peroxide from, 879 
—, hydroxylation theory of oxidation, 874, 877, 
878 

—, in cracking gas, 113-115, 120, 121, 349 
—, Inflammability limits, 961 
—, in residual'gases. 355 

—, intermediate, in formation of aromatics, 40-46, 
67 

—, iodine addition, 468, 478, 479 

—, isopentane from, 195 

—, ketones from, 307 

—, lubricants from, 200, 202 

—, maximum flame temperature, 236 

—, mechanism of oxidation, 878, 879 

—, — polymerization. 69, 593 

—, pyrolysis, 66, 81, 120, 125 

—, naphthalene derivatives of, 562-564 

—, nitration of, 516, 517 

—, nitrous oxide reaction, 299 

—, oxalic acid from, 582 

—.oxidation, 511, 593, 833, 857, 873-880, 885 

—, —, to acetic add, 932 

—, —, to glycol, 991 

—, —, to methyl alcohol, 989 

—, —, with air. 882, 883 

—. tiaraffin hydrocarbons from, 195, 872 


Ethylene, pentane from, 195, 872 
—, peroxides from, 877, 878, 879 
—, polymerization of, 79, 80, 589, 592-598, 608, 
876, 878 

—. —, activation energy, 594 
—antiknock value of products, 593 
—,—, by aluminum chloride, 195 
—,—, by boron fluoride, 197, 597 
—»—* by heat, 66-68, 169, 593 
—»—»hy oxygen, 69, 145, 146 
—,—,by radiation, 272-274, 594, 595 
—. —. by sodium,^ 67, 593 
—, —, by sulphuric acid, 336 
—,—, by zinc chloride, 195 
—, —, effect of halogen compounds, 597 
—, —, mechanism of, 26S» 

—, —, silent electric discharge, 264-266, 269, 594, 
610 

—, —, temperature coefficient. 68 
—,—.to higher olefins, 196 
—, polynuclear napthenes from, 196 
—, production of, 120-126 
—.propylene from, 145, 146, 309, 355, 878 
—.pyrolysis of, 38. 65-69, 71, 89, 149, 176-178, 
180, 187, 188 

—.rate of absorption of, 1118, 1119 

—.reaction with acetone, 411, 419 

—, — ammonia, 299, 571, 572 

—, — ammonium bisulphite, 575 

—, — boron fluoride, 596 

—, — carbon dioxide, 586 

—, — chlorosulphonic acid, 1035 

—♦=—wanogen iodide. 479, 586 

—, — nuorosulphonic acid. 342 

—, — hydrogen sulphide, 335, 425, 584, 585 

—, — mercuric acetate, 583 

—, — nitric acid, 582 

—, — nitrogen pentoxide, 581 

—— nitrogen trichloride, 578 

—, — nitrosy] chloride, 580 

—, — ozone, 882, 883 

—,— phosgene, 570 

—, — pyrites, 585 

—, — selenium oxychloride, 577 

—, — sulphur chloride. 576 

—, — sulphuric acid, 334-347 

—,.— sulphur trioxide, 1032 

—, removal from acetylene, 664 

—, — coke-oven gas, . 322 

—, — hydrogen, 216 

—, — mixtures, 1116 

—.separation, 126, 138-144, 336. 337, 346, 355, 
598. 1101, 1116, 1117, 1119 
—.sulphur dyes from, 430, 431 
—.titration with bromine, 1121 
Ethylene acetal, 556 

Ethylene-aluminum chloride compounds, 323 
Ethylene bromohydrin, 499 
Ethylene chlorobromide, 507 
Ethylene chloroformate, 498 
Ethylene chlorohydrin, anilinoethanol from, 498 
—, azeotropes, 495 
—, by oxidation of ethylene, 991 
—, condensed with hydrocartwns, 1059 
—, chemical reactivity of, 486, 487, 496 
—, dicblorodiethyl ether from, by sulphuric acid, 
497 


—, dispersing agents from, 498 
—, distillation of aqueous solutions, 494 
—drugs from, 487, 497, 498 
—, effect on starch hydrolysis, 496 
—, ethers from, 497, 523 
—, ethylene glycol carbonate from, 496 
—, ethylene glycol from, 487, 496, 497, 510 
—, ethylene cyanohydrin from, 49.6 
—. ethylene iodohydrin from, 499 
—, ethylene oxide from, 487, 496, 534 
—, from ethylene, 471. 488-492, 494 
—, from ethylene chloroformate, 498 
—f from ethylene glycol, 487, M3 
—.hydrolysis of, 487, 494-496. 506-509, 536 
—hydroxyethoi^acetanilide from, 497 
—production of, 488*491 
—, properties, 495-497 
—, reaction with alkali, 487, 496, 534 




1225 


SUBJECT INDEX 


Ethyl 


Ethylene chlurohydrin, reaction with alkali-cellu* 
lose, 742 

—, — aminei, 497 
■—»— ethylene oxide. 540 
—, — sodium sulphide, 487 
—, recovery of, 494*495 
—, resins from. 498 
—, solvent, diolefin separation, 160 
—• solvent properties, 487, 495, 498 
—t thiodiglycol from, 487, 496 
—treatment of potato tubers, 495 
—, triazoethyl alcohol from, 497 
—, utilization of, 497*499 
—, wetting agents from, 498 
Ethylene cyanohydrin, 496 

Ethylenediamine, condensation with ethylene 
oxide, 544 

—, formation, 474, 807, 818 
—, properties. 474 

Ethylene dibromide, eaters from, 518 
—, ethylene glycol from, 506, 507 • 

—, from acetylene, 472, 477, 478, 676 
—, from ethylene, 476, 477 
—, from vinyl bromide, 477, 478 
—, oil gas bromination, 480 
—, production of ethylene oxide, 533 
—, properties, 478 

—, reaction with ethylene glycol, 555 
—, reduction, 478 
—, separation of, 499 
—, uses, 478. 659 
—, vinyl bromide from, 680 
Ethylene dichloride, acetylene from, 473, 680, 
816 

—, chlorination, catalysts, 475 
—, chloroethylsulphuryl chloride from, 474, 494 
—, dichlorethyl sulphate from, 474 
—, ethylenediamine from, 474 
—, ethylene dithiocyanate from, 473 
—, ethylene glycol from, 506, 507 
—, glycol esters from, 518 
—, from acetylene, 472 

—, from dichlorodiethyl selenide dichloride, 577 

—.from ethane, 472, 714 

—, from ethylene, 468-471 

—, from ethylene glycol, 513, 514 

—, from ethylene-nitrosochloride reaction, 580 

—from nitrogen trichloride-ethylene reaction, 578 

—, fumigant, 472* 473 

—, hydrolysis, 506 

—, insecticide, 473 

—, plastics from, 474, 475 

—, polyethylene polyamines from, 474 

—, properties. 468 

—, pyrolysis, 473 

reaction with olefin oxides, 545 
—, reactions of. 487 
—, solvent action, 472, 473 
—, succinonitrile from, 473 
—, uses. 472-475 

—, vinyl chloride from, 473, 680, 816 
—. vinyl ethers from, 682 
Ethylene diformate, 498 

Ethylene dihalides, conversion to acetylene, 663 
—, ethylene glycol from, 507 
-r-, from acetylene, 471 
, pyrolysis of, 663 

Ethylene diiodide, formation, 478, 479, 586 
—, production of ethylene oxide, 533 
—, properties, 479 
Ethylene dithiocyanate, 473 
Ethylene-ferric chloride compounds, 323 
Ethylene fluoroboric acid, 596, 597 
Ethylene formochlorohydrin, ethylene chlorohydrin 
from, 498 

Ethylene glycol, acetaldehyde from, 513 
—.acetic acid from, 513 
—, anti-freeze properties. 515 
—, by oxidation of ethylene, 991 
—, conversion to pinacoltn, 532 
—, cyclic diethers of, 512 
—, decomposition, 513 
—, dehydration, 512, 527. 533 
clialkyl ethers, 525, 526 
—.di esters, 511, 518, 519 


Ethylene glycol, diethylene glycol from, 512 
—, esterification of wax acids, 944 
—.ether-esters, 511, 524, 525 
—.ethers. 511, 521-523, 538 
—.ethylene from, 513 
—, ethylene bromohydrin from, 499 
—.ethylene chlorohydrin from, 487 
—.from ethylene. 494, 505. 510, 511 
—, from ethylene chlorohydrin, 487, 494, 496, 497, 
510 

—, from ethylene dibromide, 506, 508 
—. from ethylene dichloride, 507 
—, from ethylene oxide. 537 
—, from olefins, 129. 505 . 

—.monoesters. 511, 518-520, 540, 541 

—, monoalkyl ethers, 521-523, 537, 538 

—, phthalates of, 520 

—» polyglycols, 526-529 

—. production, 506-511 

—.properties. 511-514 

—, reaction with ethylene bromide, 555 

—, — hydrogen bromide, 499 

—,phosphoric acid, 55S 

—.solvent action, 514, 515 

—, succinates of, 520 

—, synthetic resins from. 516, 520 

—, triethylene glycol from, 512 

—, use, 516 

—, see also glycol 

Ethylene glycol acetates. 518 520 

Ethylene glycol carbonate. 496 

Ethylene glycol diapetate, 520. S4Q. 541 

—, separation of dioleAns. 640 

—.treatment of naphtha, 4555 

Ethylene glycol dinhrate, 515-517, 582 

Ethylene i^lycol monoacetate, 520, 540. 541 

—. separation of diolefins. 640 

Ethylene ftlycol oxalate. 520 

Ethylene lodohydrin, 499 

Ethylene nitrate, 581 

Ethylene oxide, condensation with hydrocarbons, 
545. 1059, 1060 
—, — pentaerythritol. 538 
—, conversion to acetaldehyde. 546 
—, detection, 550, 551 
—, from ethylene, 491, 536. 876-879 
—, from ethylene chlorohydrin. 487, 495, 496 
—, from ethylene glycol, 512 
—, glycol monoalkyl ethers from, 521 
—, homologues, 557 
—, hydration, 509, 510, 537 
—, insectide, 473, 549, 550 
—, isomerization, kinetics, 546 
—, kinetics of hydration. 537 
—, nitration of, 517 
—, oxidation, 551 
—* polyglycols from, 527 
—, polymerization, 547, 548 
—, properties, 536 

—, reaction with acids, 519, 538, 540, 541 

—, — aldehydes, 556 

—, — amines, 541-544, 551 

—, — ethylene chlorohydrin, 540, 555 

—, — hydrocarbons, 545, 1059, 1060 

—, — hydrogen chloride, 491, 495, 551 

—, — ketones. 556 

—,—phenols. 522, 537, 538 

—, — rosin, 541 

—, — sodium hydroxide, 555 

—, reduction, 548 

—, solvent power, 536, 537 

—, uses, 549 

Ethylene ozonide, 882, 883 

Ethvlene-propylene diglycol, 526 

Ethylenic hydros irbons, action of ozone, 930 

—, formed in oxidation, 990 

—, oxidation of, 873-878 

—, reaction of sulphuric acid, 354, 376-389 

—, reaction with hydrogen sulphide. 425 

Ethyl esters, of naphthenic acids. 1070, 1072, 1083 

—, ethylene esterification, 321-325 

—. from ethyl chloride. 787 

Ethyl ether, 713. 715 

Eth'*lethvlene, from ethylene. 876 

Ethyl ethylthiosulphonate, 449 




BtHylglycerol 

Ethylglycerol, from cthylvinylcarbinol, 505 

2- EthylKexane. oxidation, 855 

Ethyhdene chloride, ethylene chlorination, 472 
—, from vinyl chloride. 680 
Ethylidene diacetate, preparation of, 682, 683 
Ethylidene dissociation, 786 
Ethylidene glycol, formation of, 678 
Ethyl iodide, addition compounds from, 453 
—.effect on ignition temperatures, 966 
—, from ethylene. 322. 324 
—, quaternary salts from nitrogen bases. 820 
—reaction with sulphones. 453 
—.tetraethyl lead production. 813 
Ethylisoamyl, 1007 

Ethyl isopropyl ketone, production, 418 
Ethyl ketol, 415 

Ethyl lactate, solvent for acetylene. 664 
Ethyl magnesium bromide, 813 
Ethylmethylethylene, 380 

Ethyl mercaptan, effect of metallic salts on. 

446 

—. ethylene from, 457 
—, formation of, 431, 811, 812 
—, from acetylene. 685 
—, from distillates. 448 
—, hydrogen sulphide from, 457 
—.oxidation with air, 449 
—, polymerized, silent discharge, 265 
—, polysulphides from, 457 
—. properties of, 432, 452 
—, pyrolysis of. 451, 457 
—, reaction with acetone, 433. 812 
—, use in non-cutting oils. 456 
Ethylnaphthalene, 147, 563 
Ethyl naphthenates, 1070. 1072 
Ethyl-a-naphthylamine, antioxidant, 907 
Ethyl oleate, hydrogenated, 990 

3- EthyIpentcne'2, 385, 386 
Ethyl peroxide, formation, 854 
Ethylphenylcarbinol. oxidation, 926 
Ethylpropylamine, 807 
Ethylpropyl carhinol, 385 

Ethyl salicylate, from ethylene dichloride, 518 
Ethyl stearate, oxidation of, 959 
Ethyl sulphate, reaction, diolefins. 656 
Ethvl sulphide, ethylene from, 457 
—, from distillates, 450 
—, from ethyl mercaptan by pyrolysis, 451 
—, hydrocarbon gases from, 456 
—, hydrogen sulphide from, 456, 457 
—, mercaptans from, 456 
—, polysulphides from. 457 
—, pyrolysis of. 457 
—, reaction with methyl iodide, 451 
—,—sulphur, 450 
—. use in non-cutting oils, 456 
EthyLsulphonic acid, properties, 1011 
Ethyl sulphoxide, 451 

Ethylsulphuric acid, ethyl alcohol from, 333. 1032 

—. from ethylene. 321, 332, 333, 349, 1032 

—.hydrolysis. 321, 332. 333, 340. 344, 1032 

—, polymerization tendency, 594 

Ethylsulphuryl chloride, 1035 

Ethyl thioether, 452 

Ethylthiophene. 455, 463 

Ethyltoluene, from kerosene. 27 

—, methylstyrene from, 146 

—, production, 560 

—, pyrolysis of, 146 

Ethylvinylcarbinol, 505 

Eucalyptus oil, 891 

Eugenol, antioxidant. 907 

Eurhodine, stabilization of gasoline. 897 

Exothermic reactions, acetylene, 220, 221 

—, in cracking, 98, 99 

Explosion, analysis by, 1095-1098 

—:, process for carbon. 234 

Explosives, from olefins, 881. 882, 883 

Extractable matter, carbon black. 254 

Extraction, alcohols with hydrocarbons. 394 

—, lubricating oils. 366 

—, mercaptans, 435-438 

—.olefins, 354, 549 

—, sulphonated compounds, 366, 1014, 1015, 

1017 
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Factice, from ethylene dichloride-polysulphides. 475 
Factors, influencing cracking, 100-105 
—, influencing yield of carbon black, 241 
Fat-hydrolyzing agents, from mineral oils, 1022, 
1025 

Fats, detergents from, 1023 

—, emulsification, 1025, 1026 

—, extraction with isopropyl chloride, 371 

—, — trichloroethylene, 674 

—, hydrolyzed with isopropylated aromatics, 375 

—, latex from, 629 

—. solubility in isopropyl chloride, 371 
—, solvents, 614, 673, 676 
—, sulphonated, 1019 
—, synthetic, from wax acids, 960 
Fat-splitting agents, sulphonated oils. 1015 
Fatty acids, by bacterial oxidation. 1004 
—, by dechlorination, 741 
—, by oxidation of hexane, 853 
—. by photochemical oxidation of paraffin oils, 
939 

—, by splitting of nitrosates, 581 
—, condensation with ethionic acid, 1032, 1033 
—. decolorization, 1025 
—, destructive distillation, 721 
—. distinguished from wax acids, 941, 959 
—, effect of sulphuric acid, 1033 
—, from butane, 1055 
—. from Grignard compounds, 813 
—, from lignin, 949 
—, from lignite-tar oil, 938 
—, from olefins, 814, 948 
—, from oxidation of hexane, 938 
—, — hydrocarbon solvents, 955 
—, from paraffin oils, 939 
—, from paraffins, 959 
---, from paraffin wax, 738, 830 
—, mechanism of formation, 959 
—.octane from, 735 
—, sulphoaromatic, preparation of, 1025 
—, sulphonated, treatment of butyl alcohol, 1024 
—,—.derivatives of higher paraffins by, 817 
Fatty acid salts, oxidation of oils, 934-936, 938 
—, oxidation of paraffin wax, 945 
—, treatment of halogenated cthanesulphonic acids, 
1033 

Fatty acid soaps, in lubricants, 1031 
Fenchyl alcohol. 890 

Fermentation, mechanism of petroleum formation, 
36 

—, primary alcohols from, 332, 391 
Ferralloy, hydrocarbon pyrolysis, 136 
Ferric acetate, action on mercaptans, 447 
Ferric bromide, catalyst, bromination of toluene, 
778 

,—.formation of ethylidene bromide, 478 
—, reaction with cuprene, 671 
Ferric carbonate, absorption of hydrogen sulphide, 
424 

Ferric chloride, action on ethyl alcohol, 343 
—, catalyst, alkylation of phenols, 810 
—,—.chlorination of aromatics, 756, 757, 760, 

764, 765, 770, 771, 773. 774 

—. —.chlorination of methane, 690, 691, 698, 699, 
701 

—, —, compound with ethylene, 323 
—, —, condensation olefins with aromatics. 559 
—, —, condensation olefins with hydrocarbons, 562 
—, —, condensation of olefins with organic chlo¬ 
rides, 569 

—, —, esterification of glycols, 541 
—, —, esterification of olefins, 144 
—, —, ethylene reacted with hydrogen chloride, 
322, 323 

—, —, formation of acetals, 371 

—, —, formation of chlorohydrins, 491, 492 

—, —, in cracking, 191, 193, 197, 202 

—, —, natural gas chlorination, 692 

—, —, polymerization olefins, 589, 600, 612 

—, chlorination ’of aromatics, 756, 757, 760, 764, 

765, 770, 771, 773, 774 

—, condensation of alkyl chlorides and phenols, 
399, 400 
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Ferric chloride, condensation of alkylene oxides 
and hydrocarbons, 1059 
—.effect on aluminum chloride cracking, 191 
—, extraction of sulphur compounds, 461 
—, formation of complexes with oils, 192 
—, oxidation of niercaptans, 433 
—, ozonized fractions treated with, 988 
—, promoter, production of ketones, 411 
—, tetrachloroethane by, 673 
Fer ric hydroxide, absorption of hydrogen sulphide, 
425 

Ferric nitrate, indicator, 1123 
Ferric oxide, absorption of hydrogen sulphide, 425 
—, catalyst, asphalt manufacture, 842 
—, —, conversion of naphthenic acids to ketones, 
1084 

—, —, methane-steam reaction, 469 
—, —, olefin chlorine addition, 469 
—, —, oxidation of methane, 848 
—, —, oxidation of transformer oils, 909 
—, chlorohydrin formation. 493 
—, effect on oxidation of petroleum, 906 
—, evaluation of transformer oils, 911 
—, hydration of olefins, 307 
—, oxidation catalyst, 837. 838, 848, 893 
—, reduced by ethylene. 67 

Ferric phosphate, catalyst, carbon dioxide-ethylene 
reaction. 586 

Ferric salts, hydration of acetylene, 676 
Ferric silicate, cataylst, polymerization propylene, 
599 

Ferric sulphate, formation of dioxan, 555 
—, oxidation of wax acids, 955 
—, ozonized fractions treated with, 988 
—, removal of gums, 902, 903 
Ferric vanado-chromate. catalyst, oxidation hydro¬ 
carbons, 915 

Ferricyanic complexes. 412 
Ferricyanides, oxidation of niercaptans, 433 
Ferrites, use in methane-carbon monoxide reaction, 
932 

Ferrocyanic complexes, 412 
Ferro-nickel, electrodes, 263 
Ferro-silicon, catalyst, hydrocarlion pyrolvsis, 136, 
182, 186, 187, 224 

Ferroso-ferric oxide, catalyst, methane-steam re¬ 
action, 287 

—, —, oxidation of methane. 862 
Ferrous chloride, catalyst in cracking. 197 
—, chlorohydrin formation, 492 
Ferrous oxide, catalyst, production of hydrogen, 
285 

Ferrous salts, double comiiounds with olefins, 
582 

Ferrous sulphate, catalyst, ethylene absorption, 
339, 341 

—, estimation of peroxides by, 899 
—, purification of acetylene, 664 
Ferrous sulphide, catalyst, polymerization of acet¬ 
ylene, 668 

Fireclay, catalyst, hydrocarlxm pyrolysis, 136 
Fire extinguishing agents, 706, 709, 710 
Fixed carbon content, carbon black, 244 
Flame, in pyrolysis, 218, 224 
Flame propagation, rate, 974, 975, 976 
Flames, hydrocarbon-air, characteristics. 975 
Flame speed, olefins-air, 972 
—, relation to maximum pressure, 975 
Flame temperatures, carbon black production, 236 
—, factors affecting, 236 
Flash point, determination of, 1152 
Flat flame for black production, 236 
Flavoring materials, 362, 364, 3^6 
Floor polishes, oxidized paraffin, 997 
Florida earth, catalyst, lubricating oil, 609 
—, refining hydrocarbons, 609 
—, separation of olefins, 143 
Floridin, catalyst, polymerization olefins, 589, 598- 
604 

Flotation agents, sec.-butyl xanthate, 394 
—, from acetylene, 685 
—.oxidized hydrocarbons, 1000, 1001, 1002 
Flow rate, chlorination methane. 689, 692 
—, hydrogen from cracking processes, 175 
—.pyrolysis hydrocarbons, 177, 184, 189 


Flue gases, removal of hydrogen sulphide from, 
424 

Fluoboric acid, acetals by, 678 
Fluoranthrene, by pyrolysis of acetylene, 82, 180 
—, from pitch, 227 
Fliiorcne, 82, 89, 227 
Fluorides, catalysts in pyrolysis, 559 
Fluorinated hydrocarbons, from chlorinated hydro¬ 
carbons, 708, 709 
Fluorine, acetylene pyrolysis, 180 
—, reactivity with paraffins, 686, 707 
Fluoroboroethylene. formation. 596 
Fluorochloromethanes, 707, 710 
—, from fluorine-methane reaction, 707 
—, properties, 710 

Fluorosulphonic acid, action on ethylene, 342 
Fluors{^ar, 595 

Foam-producing agents, ter.-butylbenzene sulphonic 
acid, 400 

—, by hydrocarbon oxidation. 837, 839 
—, isopropylated aromatics, 375 
—, monoalicyl ether esters. 525 
—, preparation. 539 

—, sulpbonared polymerization products, 1024 
Foodstuffs, ethylene oxide. 549 
Foodstuffs, use of isopropyl alcohol in, 364 
.Formaldehyde, addition to blown residues, 1003 
—, by oxidation of ethylene. 833 
—ethane. 834, 851. 867 
—, — n-hexane, 867, 868 

—, — hydrocarixms, 833, 836, 838, 856, 867, 989 
—, — isopentane, 867 
—. — methane, 833. 85S. 859. 931 
—, — methyl alcohol, 860. 868 
—, — paraffin wax. 857 
—, — pentane, 852 
—, — petroleum oils, 868 
— propane. 867 

—, carbon monoxide from, 887, 888 

—, condeihsation reactions. 860 

—, effect on ignition, 966 

—, formic acid from. 887, 888, 931 

—, from acetylene, 268. 885-887 

—, from amyl alcohol, 405 

—, from carbon oxides, 861 

—, from furfural, 917 

—, from glyoxal, 887, 888 

—, from hydrocarlKjns. 854, 937 

—, from methane, 847, 848. 872 

—, from methanol, 786, 860; 868 

—.from olefins, 873. 874. 876-879, 882-884 

—, from ozonides, 882, 883, 884 

—, from phosgene, 418 

—, from propylene glycol, 530 

—, from side-chain aromatics. 926 

—, from water gas, 267 

—, hexamethylenetetramine from, 882, 883 

—, ichthyoform, 1036 

—, in reaction of nitric oxide on hydrocarfwns, 299 
—, intermediate, combustion ethane. 850 
—, —, formation of hydrogen evanide, 299 
—, —, oxidation of methane, 846, 848. 965 
—, oxidation of, 861 
—, oxidation prevented, 882 
—, partial oxidation of acetaldehyde, 870 
—.polymerization, 861, 869 
—, properties, 861 

—, purification of ichthyulsulphonic acid, 1037 

—, — naphthenic acids, 1037. 1069 

—, Reaction with ammonia, 861 

—, — mercaptans, 433 

—, — olefins, 586-587 

—, — sulphur dioxide extracts, 586-587 

—, removal of gum from gasoline, 901 

—, stabilization by ammonia. 863 

—. uses of. 550, 628, 629, 860, 861, 1031 

Formalin (formaldehyde), 860 

Formamint, 860 

Formates, from methyl chloride, 782 
—, use in hydrolysis of alkyl chlorides, 792 
Formic acid, acylation of olefin oxides. 538 
—, addition to olefins, 330 
—, by oxidation of ethane, 834, 851, 867 
—, — formaldehyde, 861, 931 
—, — hydrocarbons, 838, 856 
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Formic acid» by oxidation of methane, 846, 848, 
864. 931 

—, — petroleum distillates, 894 

—, from acetylene, 268, 885-888 

—, from brown-coal paraffin. 956 

—, from carbon monoxide and water, 931 

—, from cumene, 756 

—, from formaldehyde. 887, 888 

—, from hexadecane, 959 

—from maleic acid, 918 

—, from naphthenic acids, 1085 

—, from olelins. 874. 877-879, 883 

—, from ozonides, 882, 883, 884 

—. from Pennsylvania crude oil, 935 

—, from petroleum distillates. 937 

—, from quinonc, 916 

—, from stearic acid, 959 

—, from triacontane, 958 

—, hydration of olefins. 300 

—, oxidation of hydrocarbons, 855, 856 

—, stabilization by ammonia, 862, 863 

—, use in oxidizing mineral oils. 936 

—, — paraffin, 943, 990 

Formin, 860 

Formosa petroleum, 27 

Fractional condensation. hvdrocarlx)ns, 1103, 1118 
—, in analysis, 1099, 1103 
—, olefin separation, 126, 137-140 
Fractional crvstallization, azeotropic mixtures, 
1147 

—.isolation of pure paraffins by, 1147 

—, picrates of nitrogen bases, 826. 827 

Fractional-distillation curves, 1110 

Fractional distillation, olefin separation, 137-141 

—, separation of dioleiins, 160 

Fractional extraction of olefins, 354 

Fractionating columns, analytical, 1101, 1110-1115 

Fractionation, bromine addition products, 1121 

—, of gases in analysis. 1093 

—, of h;ydrocarbon8, 17, 353, 1095 

—, of liquefied petroleum gases. 17 

—, purification of hydrogen, 230 

Fractionation curves, 1109 

Fractionation methods, low temperature. 1104-1115 

Frankonite, condensation catalyst, 573 

Free energy, of carbon-ammonia reaction, 296 

—, of hydrocarbons, 65, 93, 94, 588 

—, of methane-carbon dioxide reaction, 282, 283 

—, of methane-steam reaction. 278-‘280 

Free-energy equations, hydration of propylene, 314 

—, alcohol synthesis, 305 

Free radicals, by pyrolysis of n-butane, 55 

—, — propane, 52, 53 

—, decomposition of, 47, 48, 52, S3, 55 

—, from benzene, 259 

—, from methane. 166, 169. 269 

from paraffin hydrocarbons, 47, 48, 52, 53, 55, 
176 

—, from pentane, 272 

—, in nitrogen oxides-hydrocarbon reaction, 299 
—, reaction with hydrocarbons, 47, 48, 52, 53, 55 
—, see also Labile residues 
FHedel-Crafts reaction, 404, 398, 400, 417, 570, 
653, 1056-1060 

Fuel gas, removing hydrogen sulphide from. 988 
—, yield from natural gas, 216 
Fuel i^ition, nuclear theory of, 977 
Fuel oil, decomposition, electric arc, 259 
—, use as wood preservative, 1031 
Fuels. IS. 16. 213. 214 
—. by pyrolysis, 210 
—, cigarette lighters, 550 
—, examination of, 1148 
—, ionization during combustion of, 983 
—, organic acids from, by combustion, 978 
—. reactions during combustion, 978 
—, solid, preparation with hexamethylenetetramine, 
860 

—.use of tertiary alcohols, 398 ■ 

Fuller’s earth, adsorbent for naphthenic acids, 1082 
—. antioxidant, for transformer oils. 909 
—, catalyst, hydrogen sulphide-olefin reaction, 584 
—, —, olefin-carbazol condensation, 573 
—, —, oxidation of paraffin #ax, 942 
, extraction of sulphur compounds, 459 


Fullqr’s earth, oxidation of ceresin, 950 
—, refining oil, 609 

—, removal of asphaltenes from- transformer oils, 
910 

—, — gasoline gum by, 902 

—, revivified with isopropyl alcohol, 366 

—, separation of olefins, 143 

Fulvenes, 658, 891 

Fumaric acid, from lignin, 949 

—, from maleic acid, 918 

—, tartaric acid from, 505, 506 

Fumigants, alkyl formates, 396 

—, ethylene dichloride, 472, 473 

—, ethylene oxide, 549 . 

—, isopropyl esters. 373 
—, oxidized oils, 1002 

Fuming sulphuric acid, absorption of acetylene, 
1034 

—, — paraffins, 1007 

—, action on naphthenes, 1008, 1009, 1010 
—, ■— nitrogen bases, 821 

— pettofeum, 934. 1005, 1016, 1035, 1037 
—, — petroleum distillate, 1012 
—. oxidation of hydrocarbon molecule, 1005 
—.petrolatum hy, 1006, 1011. 1017 
—, separation of olefins with, 77 
—, sulphonation of saturated hydrocarbons, 1006 
—, sulphonic acids by, 1007 
—, treatment of gilsonite fraction. 1020 
—, unsaturated comtiounds from hydrocarbons by, 
933 

—, wetting agents hy. 1029 
Fungicides, from high-sulphur oils, 456 
—, sulphonated products, 1061 
Furane, maleic acid from, 917 
Furfural, maleic acid from, 917 
—.selective solvent for aromatics, 34, 1143 
—. separation of diolefins, 640 
Furfuralcohol, selective solvent for separation of 
paraffin and naphthene hydrocarbons, 35 
Furnaces, cracking, 211, 212, 213, 214 
Fusel oil, amylene hydration, 380 
—, composition, 797, 798 
—.dienes from, 155, 157, 633 
Fushun shale tar, 827. 828 

G 

Gabian petroleum, 192 
Galalith, 860 

Galician gasoline, oxidation of, 835 
Galician naphthenic acids, 1076 
Galician petroleum, cyclohexane from, 23 
—.decomposition by aluminum chloride, 198 
—, fusion with alkalis, 1035 
—, naphthenic acids, 1062, 1079 
—, nitration of, 1042 
—, sulphonic acids from, 1035 
Galician spindle oil, oxidation of, 934 
Gallic acid, effect on autoxidation, 890. 913 
Gallium, catalyst, chlorination benzene, 759 
Gardinol, 1022 

Gas analysis. 875, 962. 1093. 1095 
Gas composition, effect on yield of carbon black, 
241 

Gaseous catalysts for oxidation. 864-866 
Gaseous hydrocarbons, liquefaction of, 137-139 
Gaseous products, of cracking, utilization of, 91, 
350 

Gases, by vapor-phase cracking of gas oil. 132 
—, dehydration of, 349, 355 
—, desulphurization of, 349, 355 
—, non-condensible', 219 
—, purification, 213 

Gas-gasoline ratio, influence of time-temperature 
index, 103 

Gas, in petroleum, 11 

Gas naphtha, solvent for separation of hydrocar¬ 
bons. 142 

Gas oil, cracking of, 98, 132, 133 
—, dehydration of sec.-butvl alcohol. 394 
—.distillation characteristics, 1148 
—, iodine value of, 935 
—, naphthenic acids from, 1063 
—.oxidation of, 838, 840, 935. 990 
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Gas oil, separation of acetylene, 152 
—,—higher olefins. 142 
—, sulphonated. 1019 
Gasolines, absorption of oxygen, 902 
—, accelerated oxidation test, 896 
—, acetylene from, 872 
—, action of sulphuric acid, 352, 1006, 1007 
—.aniline points of, 1142 
—, anti-knock value, 110, 111, 985 
—, aromatic hydrocarbons in, 33, 34, 561, 562, 
1142 

—, by oxidation' 991-993 

--.by pyrolysis. 37, 91, 130, 132, 165 

—.calculation of unsaturates in, 1142 

—, characteristics, 813 

—, chlorination, 485, 727, 730, 731 

—, cracking of, 96, 99, 103, 108 

—, determination of gum content, 894-896 

—, dienes in, 631 

—, effect of diolefins, 900, 901 

—. — olefins, 900, 901 

—, — peroxides. 901 

—, — sunlight, 902 

—, extraction of acids from, 902 

—, — oil hy, 939 

—, — sulphonic acids, 1014 

—, — sulphur compounds from. 460 

—, from naphthenes, by aluminum chloride, 203 

—, from natural gas, IS. 242, 355 

—, from Rangoon wax, 191 

—, gum formation. 642 

—, —, mechanism of, 899 

—, gum in. 893-903 

—, gum induction periods. 898 

—.gumming tendency, 110, 113 

—.Gyro process, 113 

—, inhibitors in, 898 

—, iodine number. 104 

—. lead tetraethyl in, 813 

—. mechanism of gum formation in, 902 

—. oxidation of. 835. 836. 854. 895, 900. 973, 980 

—, phenols from, 902 

—, prevention of gum formation, 896-898, 903 
—, products from, 613, 914, 917 
—, refining with aluminum chloride, 190-193. 201 
—, — sulfihuric acid, 352, 1006, 1007 
—.reforming, 112 
—. removal of gum from, 901-903 
—, — methane from gases, 290 
—. — occluded air from, 903 
—, — peroxides from, 901 
—, — sulphur from, 427 

—. separation of soap emulsion with, 1067, 1068 
—, shale-oil, treatment with ozone, 903 
—, solvent in chlorohydrin formation, 490 
—.stability tests, 895, 896. 898 
—.stabilization of, 15, 897, 898 
—, straight-run, 20-26 
—, sulphur content, test for. 1150 
—.testing of, 1147 

—, treats with phthalic anhydride, 1059 

—, treatment of cracked fractions. 900 

—, use with natural gas, 218 

—.yields of, 11, 91, 92, 103, 106-108, 110, 191 

Gastex carbon black, 250 

Gelatin, dehjrdrated with isopropyl alcohol, 366 

—, precipitation by tumenolsulphonic acids, 1038 

—.use in plastic compositions, 860, 1031 

Gelatins, by glycol dinitrate, 517, 518 

Gels, catalysts for photochemical oxidation, 939 

Geraniol, formation, 650 

Geranyl acetate, formation, 649 

German carbon black, 246, 252 

German crudes, thiophene in. 454 

German naphthenic acids, 1062, 1079. 1081 

Germicides, halogenated hydrocarbons, 706 

Gilsonite, nitration of, 1053 

Gilsonite distillates, sulphonated. 1020 

Girbotol, 552 

Glass, catalyst for chlorination. 478, 729 
—, — mineral oil oxidation, 936 
—, effect in oxidation of waxes, 943, 943 
—, — polymerization of acetylene. 82 
—, — pyrolysis of hydrocarbons, 64. 71 
—. effect on ignition temperatures, 967, 968 


Glass packing, oxidation of acetaldehyde, 932 
—, — paraffins, 951 

Glow discharge, action on hydrocarbons, 275, 849. 
987 

Glucinum halides, refining oils. 597 
Glues. 860. 1027, 1028. 1038 
Glutaric acid, 929, 1047 
Glutathione. 496 

Glycerol, anti-freeze properties, 515 
—, by oxidation of methyl alcohol, 989 
—.catalyst, diolefins, polymerization. 619 
—, condensation with olefin oxides. 538 
—, esterification of wax acids. 999 
—, from allyl alcohol, 494, 505, 506 
—, — fats, 1025 

—, — petroleum hydrocarbons, 799 

—.hydration of ethylene, 311 

—, reaction with boron fluoride, 596 

Glycerol diacetate. 160, 664 

Glycerol dichlorohydrin, from allyl chloride, 799 

Glycerol monoacetate. 664 

Glycerophosphates, precipitated by isopropyl al¬ 
cohol. 367 

Glycol —see also Ethylene glycol 

Glycol, butadiene from, 157 

—, by hydration of ethylene oxide. 510, 535 

—, by oxidation of ethylene, 991 

—, — methyl alcohol, 989 

—, dehydration, 526. 534 

—, di^hylene, 526-528 

—, di-metallic derivatives of, Sll 

—, esterification of wax acids, 997. 999 

—, extraction of lubricating oils, 516 

—>, from a-chlorohydriiis, 487. 496, 508-510 

—, — ethyl naphthenates. 1072 

—, — hydrocarbon peroxides. 900 

—olefins, 10, 123, 505, 506, 510, 511, 871, 
873, 876. 877 

—, — olefin dichlorides. 506, 507 
—, ketone formation. 532 
—.mono-metallic derivatives of, 511 
—, nitration of. 517 
—, oxidation of, 514 
—, polyesters from, 521 
—, polyglycols from, 526 
—, reaction with boron fluoride, 596 
—, — sulphuric acid, 555 
Glycol acetals, 512, 513 
Glycolaldehyde. 514 
Gycolamine. 581 

Glycol diacetate, 160, 518, 519, 586, 587 
Glycol di-esters, 160. 518, 519, 540. 586, 587 
Glycol di-formates. 519 
Glycol dinitrate, 515-517, 581 
—.gelatins from, 517. 518 
—, stabilization. 550 
—.toxicity, 517 

Glycol esters, from ethylene chlorohydrin, 487 

—, from ethylene dichloride, 507. 518 

—, from ethvlene glycol, 518-521 

—, from olenn oxides. 518, 519 

—of dicarboxylic acids, 520, 521 

Glycol ethers, 160, 521-523. 539, 548, 549 

Glycollic acid, 514, 530, 674 

Glycol monoacetate. 34, 160, 518, 519, 520, 1143 

Glycol mono-formate, 519. 664 

Glycol oleate. 519 

1.2- Glycol8, higher. 529-532 

1.3- Glycols, from olefins and formaldehyde. 586- 
587 

Glycol stearate, 519 
Glycol succinates, structure, 521 
Glyoxal, 514, 876, 877, 885-888 
Glyoxylic acid, 514 

Gold, catalyst for ammonia-hydrocarbon reaction. 
297 

—, — aromatization, 186 

—, — oxidation of hydrocarbons, 863, 864, 875, 
876 

—, — vinyl ethers, 682 
—, effect on ignition temperatures. 968 
—, hydration of olefins, 307, 314 
Gold-copper, catalyst, oxidation of alcohols, 869- 
870 

Gold salts, action with acetylene, 667 
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Cifioilwin carbon black, 245, 250, 253, 254 
Grahamite, nitration of, 1054 
Graphite, 215. 218. 235. 247. 248. 250 
—.catalyst, aromatization. 182, 18.5" 

—,—.chlorination hydrocarlions, 699, 731 
—,—. ulehns-acetylene pyrolysi.s, 187 
—.—, pyrx)lysis of methane. 39, 40, 136. 166 
—. from natural xas, 208. 216 
Graphite, electrodes. 762, 927 
Graphitization. coke, 229 
Gray Iwnzol, by pyrolysis. 86 
Greases, from halojtenated hydrocarljons. 742 
—. from oxidation products, 996 
—, reaction with sulphur, 1061 
Green acids. 1016, 1021. 1030 
GrtRnard reaction, 371, 749. 750, 801. 812, 813 
Grinding comiwunds. preparation, 1031 
Grit, in cart>nn bl.ick, 254 
Grozny paraffin wax. nitration of. 1053 
—.oxidation of, 941, 943 
Grozny petroleum, cracking of. 101 
—, hydrocarbons in, 30 
—, oxidation of. 950 
—, sulphur compounds of, 450 
Guanidine, reaction with dihalogcn derivatives, 
808 

Gulf Coast petroleum, naphthenic acids frou., 1068 

—, straight-run gasoline from. 20 

Gum content, determination of. 894-896 

Gum formation, accelerated oxi<lation test for, 896 

—.catalyzed by mercaptaiis. 421. 422 

—.cracked gasolines, 642, 871 

—, in gasolines, prevention of. 896-898. 903 

—, mechanism of, 902 

—. removal by sodium vapor, 427 

Gum-forming conitraunds, removal by ozone. 988 

—, test for. 1150 

Gum-forming properties, liquid-phase gasoline, 110 

—.olefins, 1126 

Gum-inhibiting index, 898 

Gums, acids from, 902 

—, analyses of. 901 

—, by oxidation, 840. 894 

—, from peroxides. 900 

—, in gasoline, action in engines, 894 

— .precipitated bv isopropyl alcohol, 367 

—, purification of, 16 

—, removal from gasoline, 902, 903 

—, solubility in sec.-butyl alcohol, 394 

Gum tests, 984, 1153 

Gyro process, cracking. 111, 112 

H 

Halides, catalysts, ammonia-carbon monoxide re¬ 
action, 298 

—, —, condensation of olefins with acetyl chloride. 
569 

—, —, — olefins with aromatics, 260, 559, 563, 
565 

—, —-, — olefins with phenols. 565, 566, 567 
—»—, i*olymeTization of diolefins, 618, 623 
—,—.polymerization styrene, 611 
—, —, production of acetone, 408 
—, dehydrogenation catalysts for alcohols, 405 
—, metallic, reaction with olefin oxides, 540 
Halogen acids, action on ter.-butyl. alcohol, 397 
—, addition to acetylene, 666 
—, hydration catalysts, 305, 306 
—, reactions with conjugated diolefins, 645-648 
Halogenated alkylbenzenes, T)yrolysis of, 147 
Halogenated ethers, extraction of mineral oils 
with, 991 

Halogenated hydrocarljons, acetylene separation 
with. 152 

—, extraction of mineral oils with. 991 
—, fluorinated derivatives from, 709 
—, from^ acid extract, 485 
—, ignition temperatures, 968 
—, lubricants from, 742 
—, oxidation to acids, 931 
Halogenated paraffins, adhesives from, 742 
—, condensation with amines. 808 
—, reaction with alkalis, 742 
—, — cellulose xanthate. 741 


llalogenation, butane. 483 
—, cycloparaffins, 744-753 
—.hydrocarbons, estimation by, 1128 
—. isopropyl alcohol. 373 
—, of methane homologucs, 711 
—.olefin determination by, 1131 
—, secondary alcohols. 433 
- , unsaturated oxygenated products. 837 
Halogen hydrides, see Hydrogen halides 
3‘Halogenopropylene, a<Idition of hydrogen halides 
to, 327 

Halogens, action on iodomethanes, 707 
—, action on tertiary alcohols, 397. 403 
—, addition to acetylene. 666 
—.catalyst, in cracking,-107 
—•—.pyrolysis of hydrocarbons, 134, 135, 152, 
225 

—, compounds with dioxan, 556 
—, ethylene addition, 464 

—, hydrocarbon derivatives, nomenclature, 466, 
467 

—, interchange of, in alkyl halides, 800 
—, reaction with alcohol. 392 
—, — mercaptans, 432, 433 
—, — thiophene, 454 
—, substitution by hydrogen, 478 
Halohydrins, of higher olefins, 502-504 ' 

—. properties of, 486 
Heat, effect of, adsorption of olefins, 143 
—, —, dechlorination of niono chlorn paraffins. 804 
—,—.olefins from alkyl halides. 801. 802 
—, —. production of synthetic rubber. 625. 626 
Heat content, change of, in |»yroIysis of hydrocar¬ 
bons. 172 

Heated surfaces, ignition of gases by, 964 
Heat effect, of cracking, 98 
—, production of gasoline by cracking. 99 
Heating elements, use in pyrolysis of methane, 
148. 149 

Heating time, effect of, acetylene from methane, 
151 

—,—, on unsaturated hydrocarl>ons. 125 
—, —, pyrolysis of ethane. 123 
Heating value of natural gas, 242 
Heat of reaction, ethyl chloride dissociation, 323 
—, methane chlorination, 687 
Heat transfer, high temperature, materials for, 
189 

—, use of ethylene glycol for. 516 
Heavy oils, cracking, by aluminum chloride, 190 
—.sulphur content, tests for, 1150 
Helium, analysis and separation of, 1099 
—.in natural gas, 12. 13, 14 
Helium ions, catalyst, for acetylene polymerization. 
273 

Hemimellitene, from kerosene. 27 
—, in straight-run gasoline, 26 
Hendecane, see Undccane 
Hcptachlorohcxane, from gasoline, 730 
Heptadecane. action of aluminum chloride on. 194 
Heptaisobutylene. properties of, 601 
Heptaldehyde, autoxidation of. 851 
—, by oxidation of octaldehyde, 855 
Heptanaphthene, by pyrolysis of aniylene, 78 
—.decomposition by aluminum chloride, 198 
JTeptanaphthenic acids, 1069, 1070 
Heptane, action of nitrogen pentoxide on, 1044 
—, bromination of, 742. 743 
—, 2'bromobeptane from, 742 
—. by pyrolysis of aniylenc, 78 
—, — wax. 60 

—, chlorinated, olefins from, 803 
—, chlorination of,^ 735, 736, 739 
—.condensation with alkylene oxides. 1059' 

—, critical inflexion temperature of, 966 
—. decomMsition, electric arc. 257 
—, from Pin«* sabiniana. 735 
—, heptyl bromide from, 743 
—, incomplete combustion of, 853 
n-Heptane, critical solution temperature with ani¬ 
line. 1138, 1139 

—, effect on butyl sulphide pyrolysis, 457 
—, in natural-gas gasoline, 18 
—, in straight-run gasoline, 22, 24, 27 
—. knock rating of, 985 
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fi'Heutane, minimum ignition temperature of. 967 
nitration of, 1043, 1044 
—.oxidation of, 836, 915 
—, pyrolysis of, 61, 62 
—, reaction with antimony chloride, 1061 
—, — nitrosyl chloride, 1054, 1055 
—, — sulphur, 428 
—, solvent for thiophanes, 453 
—, sulphonation of, 1007 
—, thermal stability of, 90 
Heptane-octane mixture, hydrolysis of, 61 
n-Heptanol formation, 1059 
Heptanol-2, 402 

3*Heptene, hydration by benzenesulphonic acid, 385 

—, polymerization of, 607 

Heptenes, action of chlorous anhydride on, 504 

—.addition of acetic acid, 331 

—, by decomposition of diamylene, 604 

—. by pyrolysis of wax, 60 

—, hydration, by acids, 300, 313 

—, reaction with sulphuric acid, '.ISS, 386 

sec.-Heptvl acetate, from heptylene, 331 

Heptyl alcohol, from 3*heptane, 385 

sec.-Heptyl alcohol. 402 

—, dehydration of, 394 

Heptylbcnzene, from benzene. 562 

Heptyl bromide, from heptane, 743 

Heptylenes, see Heptenes 

Heptyl esters, from monochlorinated heptanes, 799 
Heptyl mercaptan from distillate, 448 
n-Heptyl mercaptan, properties of, 432 
Hexabromobenzene. from benzene. 768 
Hexabromocyclohexane, formation of, 768 
Hexabromohexahydrotriphenylene, 671 
Hexabromohexane, from n-hexane, 742 
llexabromohexene from divinylacetylene, 670 
Hexabromoisobutane, by isobutane bromination, 
721 


—, by isobutene bromination, 483 , 

Hexabromoisobutylene, by bromination of isobu¬ 
tane, 721 

Hexachlorobenzenes, from chloroform pyrolysis, 


692 


benzene, 757, 758, 761, 762, 764, 774 
—, — diisoamyl, 735 
—, — kerosene, 738 

Hexachlorobutadiene, from diisoamyl, 735 
Ilexachlorocyclohexane, formation of, 757 
, from benzene, 757, 759, 761 
Hexachloroethane, by acetylene chlorination, 476 
—, by chlorination ethane, 712, 713 
—, by ethylene chlorination, 476 
—, by natural gas chlorination, 691, 694, 700 
—, bv tetrachloroethanc chlorination, 476 
—. from carlx)n tetrachloride-methane reaction, 


706 

—, — isobutane and iodine chloride, 721 
—. — kerosene, 738 
—, — natural gas, 714 

1 fcxachloropropane, by chlorination of propane, 
717 

Hexadccane, acidic sul)stances from. 959 
—, mechanism of pyrolysis, 63 
—, oxidation of, 758, 759 
—, —, effect of turpentine, 957 
—. pyrolysis of, 62, 63, 131 
Hexadecene, isomerization of, 590 
—, mechanism of pyrolysis, 77 
—.mercuric salt complex, 1132 
—, polymerization of, 78, 80, 606. 607 
—, pyrolysis of, 76, 77, 606 
—, —, effect of pressure, 78 
—, —, effect of temperature, 78 
—, reaction with sulphuric acid, 386 
1,5-Hexadiene, autoxidation of, 893 
—, polymerization of, 620 
—, reaction with sulphuric acid, 661 
2,4-Hexadiene, autoxidation of, 893 
Hexadienes, by butane pyrolysis, 57, 174 
Hexaethvlbmzene, 560 
Hexahydrobenzaldehyde, production of, 417 
Hexahydrobenzoic acid, from petroleum. 1082 
Hcxahydrocymenc, dehydrogenation of. 85 
Ilexahydrophenol, from phenol, 634 
Hcxahydro-o-phenylenediacetic acid, 929. 930 


Hexahydroterepbthahe acid, production of, 624 
Hexahydrotoluene condensed with alkylene oxides. 

1059 

Hexahydroxylene, dehydrogenation of, 85, 181 

—, from petroleum, 430 

Hexaisobutylene, properties of. 601 

Hexamethylenetetramine. 860, 863 

—, carbon black adsorptive capacity for, 248 

—, formation, 861 

—, from formaldehyde. 882, 883 

—, from methylene dichloride, 705 

—.use in oxidation of paraffins. 945 

Hexanaphthenic acids, 1069 

Hexane, absorption of oxygen by. 754 

—, action of aluminum chloride on. 194, 197 

—, — sulphuric acid on, 1007, 1010 

—, btomination of, 742 

—, butadiene from. ISS 

—.butane from, 194 

—. by pyrolysis of amylene, 78 

—, — wax, 60 

—, chlorinated, olefins from. 803 

—*■. combustion, effect of nitrogen, 976 

—, compression strength of, 978 

—, condensed with alkylene oxides, 1059 

—, critical inflexion temperature of, 966 

—, decomposition by electric arc, 257 

—, dehydrogenation of, 859 

—, effect on oxidation of benzaldehyde, 980 

—, from acetylene pyrolysis, 180 

—, from* acetylene, silent discharge, 265 

—, from ethane, 272 

—, from ethvlene, 195, 872. 876 

—, —, by silent discharge, 269 

—, halogenation of, 744 

—, incomplete combustion of, 853 

—, oxidation of, 852, 854, 938, 979, 990 

—, —, with chromyl chloride, 832 

—. —, with ozone, 868 

—, partial oxidation of, 859 

—, pentane from, 194 

—. propane from, 194 

—, reaction with acetyl chloride. 1058 

—, — antimony chloride, 1061 

—, slow phosphorescent combustion of. 983 

—, solvent, cyclopentadiene isomers. 643 

—, —, hydrojfcn sulphide. 423 

—. —, oxidation of olefins, 880 

n-Hexane action of sulphur trioxide on. 1008 

—, chlorination of, 727, 734, 736 

—, critical inflexion temperature of, 967 

—, from divinyl-acctylene, 670 

—, in straight-run gasoline, 22, 24, 27 

—, mechanism of pyrolysis, 60, 61 

—, minimum ignition temperature of. 967 

—, nitration of, 1041, 1042, 1051 

—, oxidation of, 867 

—.pyrolysis of, 59, 60, 172 

—, reaction with carbon monoxide, 418 

—, — sulphur. 428 

Hexane-air, combustjon products, 973 

—, ignition temperatures of. 978 

—, rate of flame propagation in, 975 

Hexanesulphonic acid,^ 1007 

Hexanoic acid, by oxidation of hexane. 868 

—, formation, 856 

—, from hexadccane, 959 

—, from paraffin wax. 944 

—, from pentane, 939 

Hexanol, from olefins, 318 

n-1!exanol from fusel oil. 797 

2-Hexanol, from 1-hexane, 384, 607 

—, from 2-hexane, 385 

—, use of, 402 

Hexanolamine, 542 

Hexatriene, by pyrolysis. 177^ 

1- Hexene, by ethylene polymerization, 595 

—, from ethylene, hy silent discharge, 266, 269 
—, hydration of, 384. 607 
—. polymerization of, 607 

2- Hexene, hydration of, 385 

—. reaction with N-chlorourea. 503 
Hexene chlorohydrtns, formation of, 503 
—. reactions of. 503 
Hexene derivatives, from benzene. S63 
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2-Hexene oxide, reaction with ammonUi 542 
Hexenes, absorption of oxygen by. 889 
—. alcohols from, 313. 318 
—. alkylsulphuric esters from, 313 " 

—, by acetylene pyrolysis. 81 
—, by butane pyrolysis, 174 
—, by cracking spray oil, 163 
—, by cyclohexane pyrolysis, 85 
by oxidation of hexane, 852, .867 
—, by pyrolysis of ethylene, 66. 68 
—, — wax, 60 

—.chlorination by sulphuryl chloride. 484 
—, condensation with benzene, 563, 1128 
—.dipolymers of, 1127 

—, double compound with mercuric acetate, 583 
—, from ethylene, 876 
—, from hydrolysis of hexyl chlorides, 792 
—, from ntonochlorhexanes, 384 
—, from propylene, 879 

hydratton, by acids, 300, 313, 318 
—, hydrogen halide addition to, 329 
—, polymerization of, 78 
—, pyrolysis of, effect of pressure, 78 
, reaction with formic acid, 330 
—, — ozone. 885 
—, — sulphur, 429 

— sulphuric acid, 376, 383-385 
Hexyl acetate, from hexyl chloride. 792 
sec.-Hexyl acetate, properties of, 402 
sec.-Hexyl alcohol, by hydration of olefins, 383, 
401 

ter.-Hexyl alcohol, dehydration of, 392, 394 
—, properties of, 403 
Hexyl alcohols, by hexene hydration, 384 
—, from lower alcohols, 345 
Hexylamine, by reduction of nitrohexane, 1042, 
1043, 1051 

Hexylbenzene, formation of, 1128 
, from benzene. 562, 563 
Hexyl bromide, from propylene, 326 
Hexyl chloride, from propylene, 326 
—, hydrolysis of. 791, 792 
Hexylene acctochlorohydrin, 503 
Hexylene oxide, reaction with hydrochloric acid, 
503 

Hexylene polymers, cyclicization of, 78 
decomposition of, 78 
Hexylenes, see Hexenes 
Hexyl esters, from monochlorohexanc, 799 
Hexyl formate, from hexene, 330 
Hexyl halides, from hexene. 329 
Hexyl hexanoate, by oxidation^ of hexane, 868 
Hexyl-p-phenylencdiamine, stabilization of gasoline 
by. 897 

Hexylresorcinol, stabilization of chloroethylene by, 
674 

Hexylsulphonic acid, properties of, 1011 
Hexylsulphuric esters, from hexenes, 384 
Hexylylresorcinol, 811 
Hiding power of carbon black, 254 
Higher alcohols, by hydration of olefins, 391 
—, by hydrogenation of acids, 990 
—»by hydrolysis of higher alkyl halides, 786, 787, 
799 

—. by oxidation of waxes. 1001 

—, from alkylene oxides and hydrocarbons, 1059 

—, from carbon monoxide, 799 

—, from cracked gasoline, 349 

—, from higher alkyl halides, 799 

—, from lower alcohols, 799 

—, from oxidized paraffin wax, 990, 995, 996 

—, use in coatings, 995. 996 

Higher sec. alcohols, from petroleum, 401 

—, oxidation to ketones, 402 

—, use in purification of slack wax, 398 

Higher ter. alcohols from petroleum, 402, 403 

—uses, 403 

Higher alkyl halides, hydrolysis of, 786, 787, 788, 
799 

Higher diolefins. 637-638 

Higher glycols, dehydration of, 531 

Higher 1.2-glycols, 529-532 ^ ^ 

Higher olefins, by polymerization of olefins, 80, 
145, 355 . . - 

—, by thermal degradation hydrocarbons, 145 


Higher olefins, mechanism of pyrolysis, 75, /6 
—, polymerization of, by pyrolvsis, 75 
—, premuction by pyrolysis ox ethane, 122 
—.pyrolysis of. 75-77, 144 
—separation of, by gas oil solvent, 142 
High-frcQuency discharge, use, oxidation of hydro¬ 
carbons. 993 

Hollow electrodes, use of, 261 
Hot-wire ignition curves, 969 
Humidity, effect on yield of carbon black, 241 
Humus sulphur content, of Colorado oil shale, 
463 

Hydraphthal, use in detergents. 1022 
Hydration, acetylene to acetaldehyde, 675-678 
—, allyl chloride, b^ sulphuric acid, 500 
—^.amylenes, by dilute acids, 318 
—, i8-butylene oxide, 531 
—, catalytic, of 2-butene, 316-318 
—,—, of ethylene, 306-312 
——, of pr<mylene, 307, 313-315 
—.cyclic olefins, by sulphuric acid, 389 
—, dimethyl ether, 783 
—.ethylene. 303, 305-307, 311-313, 318, 332 
—, ethylene oxide, 510 
—, heptenes, 313 
—, hexenes, 313, 318, 383-385 
—, isobutene. 313, 315, 318, 328 
—, iso-olefins, 389, 390 
—. olefin oxides. 526 
—, olefins, 143 
——, catalysts for, 300-319 
—,—.higher alcohols from, 397, 401, 403 
—,—, oxalic acid, as catalyst, 331 
—. —, phosphoric acid, as catalyst, 303, 304, 307 
—, —, use of sulphuric acid, 792 
—, —, with dilute mineral acid. 353 
—. pentenes, sulphuric acid as catalyst. 382, 387 
—proiylene, 305, 307, 318, 348 
—,—.tree-energy equations, 314 
—, profiylene homologues, 376-389 
Hydrazine, reaction with olefin oxides, 544 
Hydrazine hydrochloride, tests of sulphur by, 
1151 

Hydrazoic acid, treatment of naphthenic acid, 
1077 

Hydrindene, by pyrolysis of acetylene, 81 
Hydriodic acid, estenfication of isopropyl alcohol, 
371 

—. hydration of ethylene, 318 
—, — isobutene, 328 

—, reaction with olefins, 300, 320, 328, 329 
—.treatment of polyvinyl bromide. 681 
Hydroaromatic bases, in California petroleum, 
827 

—relation to alkaloids, 819 
Hydroaromatic olefin oxides, production of, 536 
Hydroaromatics, in kerosene, 28 
Hydrobromic acid, acetylene addition, 472, 477, 
478 

—, allyl bromide addition. 480, 481 
—.catalyst, bromination hydrocarbons, 1131 
—, —, formation of fumaric acid, 918 
—, effect, ethylene bromination, 477 
—, esterification of isopropyl alcohol, 371 
—. reaction with alcohols, 393 
—, — isoprene, 636 
—, — olefins. 300 
—, — vinrlacetylene, 669 
—, vinyl bromide addition, 477, 478 
Hydrocarbon-ammonia reaction, 296. 297 
Hydrocarbon-carbon dioxide reaction. 281-293 
Hydrocarbon gases, by pyrolysis of aliphatic 
mercaptans, 456 
—, — sulphides, 456 
—catalytic desulphurization of, 460 
Hydrocarbon-nitrogen reaction, 293 
Hydrocarbon oils, naphthenic acids from, with 
caustic soda, 1067 

Hydrocarbon oxidation, luminescence, 854 
—, time-pressure curves. 853 
—.with insufficient oxygen, 979 
Hydrocarbon peroxides, reactions of. 900 
Hydrocarbon-steam reaction, 276-281, 425 
—, industrial applications, 283-293 
—, reforming of hydrocarbons, 292 
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Hydrocarbons, activation energy of decomposition, 
98 

addition to olefin oxides, S45 
—, adsorption on charcoal of, 32 
—, aniline equivalent, 985 

—, aromatic, condensation with olefins, 260, 559- 
565 

—, bicyclic, in straight-run gasoline, 25 
—, by reduction of carbon oxides, 276 
—, coal tar, reactivity of. 9 
—, combustion in nitrous oxide, 964 
—, free energy of formation, 93, 94 
—, from coal tar, 9 

—, from crude petroleum by fractional crystalliza¬ 
tion, 19. 20 

—, — distillation, 19, 20 

-r-, from esters of naphthenic acids, 1072 

—, halogenated, nomenclature, 466, 467 

—, in high-boiling fractions, 28, 29. 30 

—, in natural gas. 12, 13, 14 

—, isoparaffin, in wax, 29^ 

—, low-boiling, by pyrolysis, 37 
—, naphthenic, in wax, 29 

number of isomers of, 10, 18 
—, pdraffin, in lubricating oils, 29 
—,'—, in wax, 29 
—.pure, aniline points of, 1139 
—, —, from petroleum, 31-35 
—, reaction with ammonia, 292-293, 295-297 
—, — nitrogen, 292-295 
—, — oxides of nitrogen, 292-293, 298-299 
—. — steam. 276-281 

—, reforming by reaction with steam. 292 
—, separation of, by distillation. 31 
—, tests for purity of, 20 
—, unsaturated, in wax, 29 
Hydrocarbon synthesis, by electrical oscillations, 
264 

Hydrocarbon vapors, extraction of sulphur com¬ 
pounds from, 460 

Hydrocarbon vapors-air, explosive limits, 963 
Hydrochloric acid^ acetylene addition, 472 
—, catalyst, chlorination of butane, 718 
—, —, formation fumaric acid, 918 
—, —. preparation of propylene glycol, 300 
—, —, production of glycols, 537 
—, —production of synthetic rubber. 625 
—, —. reaction of benzene with ethylene oxide, 
545 

—, effect, alcohol synthesis, 305. 307 
—, —, propylene glycol production, 529 
—, in treatment of Kimmeridge shale oil, 463 
—, polymerization catalyst, 599, 612 
—, reaction with glycol, 513, 514 
—olefin oxides. 500, 502, 503. 551 
—, — olefins, 300, 314 
—, — propylene glycol, 529, 530 
—, — trimcthylene sulphide, 453 
—, — vinylacetylene, 638 
—, recovery from chlorination process, 737-733 
•—. use, extraction of hydroxy acids, 955 
—, vinyl chloride by, 680 
—.see also Hydrogen chloride 
Hydrocyanic acid, absorption in alkaline solutions, 
298 

—, formation of, 292-299 
—, from ammonia and hydrocarbons, 296 
—, from ammonia and natural gas, 216 
—, from oil gas, 294 
—, reaction with ketones, 410 
—, recovery as ammonium cyanide, 298 
—, see also Hydrogen cyanide 
Hydrogen, absorption of, 1096 
—I —»by silica, 41, 42 
—, as an antioxidant, 908 
—. by alcohol oxidation, 843 
—, by cracking, effect of flow rate, 175 
—, by oxidation of cyclopentanes, 856 
—, — n-hexane. 868 
—, — methane. 849, 931, 989 
—, — natural gas, 931 
—. by partial combustion, 239 
—, by pyrolysis of acetylene, 82, 180, 220, 221, 
668 

—, — anthracene, oil, 219 


Hydrogen 

Hydrogen, by pyrolysis of aromatic hydrocarbons, 
88 , 89, 164, 209 
—, — beeswax, 209 
—— bitumen. 209 
—, — butane, 53-57 
—, — cyclohexanes, 67, 84, 85, 181 
—ethane, 43-47, 123, 186 
—, — ethane-butane mixture. 163 
—ethylene, 178, 877, 878 
—, — gas oil, 132, 133 
— grease, 209, 210 

—, — hydrocarbons. 60-63, 130. 162, 175, 212- 
223 . 

—, — isoprene 79 

—.—methane, 40-43, 184, 186. 205-207, 213-215, 
219, 220. 223, 236 

—, — natural gas. 167, 206-209, 212-215. 284 
—.—olefins, 65*68, 70-77, 80, 81. 84, 143, 588, 
603 

-propane, 49, 50, 52 

—, — propane-butane mixture, 170 
—;- 7 -propylene, 127 
—, — wax, 63 

—, dehydrogenating agent, 266 
—, determination of, 1095 
—, diluent, ammonia-hydrocarbon reaction, 297 
—, —, ethylene pyrolysis, 149 
—. —, methane pyrolysis, 136, 149 
—, —, unsaturated hydrocarbon pyrolysis, 223 
—, effect of, adsorption of sulphur from gaseous 
naphthas. 462 

—, —, methane chlorination, 693 
—. —, oxidation of acetaldehyde, 932 
—. —, pyrolysis of n-amyl mercaptan, 457 
—, —, pyrolysis of benzene, 88 
—f —. pyrolysis of ethane, 44, 47 
—. —. pyrolysis of ethylene 177 
—. —. pyrolysis of methane. 42, 43, 121, 167, 
168 

—. —, pyrolysis of natural gas 167 
—.—.pyrolysis of paraffin wax, 168 
—, —, pyrolysis of toluene, 88 
—. —. pyrolysis of xylene, 88 
—.effect on methane, electric arc, 256, 257, 258 
—, effect on nitric oxide-ethylene reaction, 299 
—. equilibrium with carbon dioxide and monoxide, 
982 

—, estimation of, 1095 

—, from acetylene poylmers, o-radiation. 273 
—. from anthracene oil. by electric arc, 258 
—, from benzene, by electric arc, 259 
—, from butane, cathode-ray, 274 
—, from carbon dioxide and hydrocarbons, 206, 
281 

—, from carbon monoxide and steam, 263, 283 

—, from chloroparaffins, 225 

—, from coal gas, 208. 230 

—, from coke-oven gas, 219, 284, 286 

—, from coke-oven gas, electric arc, 258 

—, from cracking gas, 139 

—, from crude petroleum, 209. 210 

—, from cyclic hydrocarbons, cathode-ray, 274 

—. from ethane. 257, 264, 268, 269. 272, 274 

—, from ethanol and steam 407 

—, from ethyl chloride, 787 

from ethylene, 257. 262. 264. 273, 274 
—, from ethylene ozonide. 883 
—, from fuel oil, electric arc, 259 
—, from heptane, electric arc. 257 
—, from hydrocarbons, electric arc, 256, 257, 260 
—, —, a-radiatinn. 273 
—, —, semi-corona discharge, 269, 

—. from hydrocarbons and steam', 206, 210 , 276, 
277. 285. 287, 288, 425 
—. from hydrolysis of methyl chloride, 782 
—. from isoamyl sulphide. 456 
—, from isobutylene ozonide, 884 
—, from kerosene, 222 
—, from methane, electric arc. 255, 256, 257 
—, —, glow discharge, 849 
—, —, fl-radiation. 273 
—, —, silent discharge. 264-, 269 
—, from methane and steam. 277. 279, 280, 283, 
284, 288 

—, —, free energy of formation, 278, 279 
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IlydroKcn. from methyl ether, silent discharge, 265 
from natural gas and steam, 280, 281 
—, from natural gas, electric arc, 2S8, 260 
—, from oils, electric arc, 259 
—, from oils and tars, 208, 209, 210 
—, from oil vapors, 213, 214 
—, from olefins and hydrogen sulphide, 425 
—, from paraffins, by cathode-ray, 274 
—, —, silent discharge, 270 
—, from pentane, by mercury atoms. 272 
—, from petroleum, cathode-ray, 274 
—, from propane, by cathode-ray, 274 
—, from propylene, a-radiation, 273 
—, —, silent discharge, 264 
—, from propylene ozonidc, 883 
—, from shale, 209 
—, from turpentine, 209 
—, from water and carbon monoxide. 232 
—, from water gas, 230 
—, from wax, cathode-ray, 274 
—, in cracking gas. 114 
—, in natural gas, 16. 17, 36 
—, preferential oxidation, 23S, 850 
—.preparation of pure, 1113 
—, production of, by cracking, 97 
—purification of, 209, 216, 229-233, 263, 951 
—, reaction with carbon monoxide, 232, 263 
—, — hydrocarlxin peroxides, 900 
—, — olefins, 1134 
—, — phosgene, 418 

—, replacing halogens in olefin halides, 478 
—, separation of. from methane, 1096 
—.use in ammonia synthesis, 203, 215 
—, — electric arc, 218 
—, — extraction of sulphur compounds, 460 
—, — hydrogenations of oils, 286 
—, — manufacture of carbon black, 243 
Hydrogen-air mixtures, ignition of. 983 
—, inflammability limits. 961, 962 
Hydrogenated naphthalenes, as antidetonants, 983 
Hydrogenation, acetone, 412 
—, acetylene, silent discharge, 266, 269 
-.acids, 990. 995 
> .benzene, catalytic, 181, 460 
—, —, silent discharge, 264 
—, carbon oxides. 861 
—, diolefins, 656 
—, Esthonian distillates, 460 
—, ethylene, effect of temperature. 46 
—, —, silent discharge, 265 
—, lactones, 511 
—, middle-oil residue. 936 
—, nitrogen liases, 820 
—, olefin oxides, 548 
—, olefins, 584 

—, oxidized paraffin wax, 990 
—, removal of sulfur compounds by, 934 
—, turpentine, silent discharge, 264 
—, unsaturated oxygenated products, 837 
—, with silent discharge, 269 
Hydrogen combustion, kinetics of. 848 
—, source of heat, 207 

Hydrogen content, carbon black, 244, 246, 247 
—, charcoal, 248 
—, natural gas, 212, 213, 214 
—, petroleum coke, 225 
—, producer gas. 963 
—, reformed butane, 292 

Hydrogen bromide, bromination catalyst, 746 
—, reaction with butadiene. 645 
—ethylene, 322, 324 
—, — ethylene glycol, 499 
—, — ethylenic hydrocarbons, 321 
—, — isoprene, 645 
—, — olefin oxides, 540 
—, — 2-pentene. 329, 330 
—. — propylene, 326. 327 
—, — suMtituted butadienes, 647 
Hydrogen-carbon monoxide mixtures, preparation 
of. 286 

Hydrogen chloride, activator in pyrolysis, 135 
—•, addition to amylenes, 330 
—, — butenes, 328. 329 
—cracked gasoline, 330 
—. — ethylene. 322, 323, 324 


Hydrogen chloride, addition to octatriene, 617 
—. — propylene, 326, 327 
—, — unsaturated hydrocarbons, 329, 330 
—, catalyst, autoxidation of olefins. 881 
—, —, condensation of olefins and aromatics, 562, 
5 63 

—, —, condensation of olefins with anthracene. 
565 

—, —, condensation of olefins with phenols, 566, 
567 

—,—.formation of acetals, 371 
—, —, production of mesityl oxide, 409 
—, chlorination catalyst, 747, 766 
—, cracking catalyst, 193« 

—^effect on pyrolysis of methane, 41, 136, 150, 

—, elimination from chlorohydrins, 504 
—, from carbon tetrachloride-methane, 706 
—, from methane chlorination, 686, 687, 689. 692. 

695. 696,^ 698, 701-703 
—. in chlorination of benzene, 764 
—, oxidation catalyst. 864, 865, 920, 930 
—, purification of sulphonic acids. 1018 
reaction with ethylene diformate, 498 
—, — ethylene oxide, 491, 495 
—, — isoprene, 646 
—, — methanol. 703 
—,— 1,1,2-trichlorocthylcne, 675 
—, — vinyl chloride. 680 
—, removal of gasoline gum by, 902 
—, see also Hydrochloric acid 
Hydrogen cyanide, addition to acetylene, 666 
—. condensation with olefins. 585 
—, from acetylene and nitric oxide. 298 
—, from carbon and ammonia. 295 
—, from hydrocarbons, 292-299 
—. —I by electric arc, 262 
—, from methane, electric arc, 256, 259. 263 
—, from natural gas and nitrogen, 294 
—, from paraffin wax and nitrogen oxides, 946 
—, liberated by carbon dioxide. 263 
—. reaction with acetylene, 684 
—, — olefin oxides, 545 
—, — styrene oxide, 546, 558 
—, removed by alkali, 263 
—, sec also Hydrocyanic acid 
Hydrogen fluoride, fluorinating hydritcarbons with. 
709 

—, use in refining oils, 597 
Hydrogen halides, condensation of acetylene with. 
679-681 

—, esterification of alcohols. 324 
—, reaction with diamylenes, 605 
—, — diolefins, 648 
—, — olefin oxides, 539 

—,—olefins, 320, 322, 327, 329. 330, 331, 471 
Hydrogen iodide, aJlyl iodide addition. 481 
—.catalyst, isomerization of cycloheptane, 87 
esterifying ethylene, 322. 324 
—, reaction^ with olefin oxides, 540 
Hydrogen ions, catalyst, chlorohydrin formation, 
490 

Hydrogen-nitrogen mixtures, for ammonia syn¬ 
thesis, 285, 286 

Hydrogen-nitrogen reaction, equilibrium in, 296 
Hydrogen peroxide, action on mercaptides, 441, 
443 

—, — thiophanes, 453 
—, catalyst, plastics production, 630 
—, decomposition, 882 
—, from ethylene, 879 
—, from olefins, 871 

—, from oxidation of isopropyl ether, 371 
—, from ozonides, 882 
—, from pentane, by mercury atoms, 272 
—, intermediate, combustion methane and oxygen, 
965 

—, oxidation of cvclic compounds. 876 
—, — ichthyoisulpnonic acids. 1037 
—, — naphthenic acids, 1085 
—, — petrolatum, 941 
—, ^— fit and /9-pinene, 890 
—. — wax acids, 955 

Hydrogen persulphide, reaction with acetylene, 267 
—olefins. 585 
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Hydrogen sulphide, action on sugar charcoal, 
458 

—. addition to acetylene, 666 
—.determination of, 1094, 1149, 1151 
—, effect in hydrocarbon pyrolysis, 137 
—, — methane-steam reaction. 279 
—, from mercaptan pyrolysis, 457 
—, from paraffins, 428, 429 
—, from sulphur and hydrocarbons, 1061 
—, impurity in acetylene, 664 
—, in cracking gas, 114, 115 
—, in natural gas. 12, 13, 212, 236 
—, in petroleum, 31 
—, in petroleum oils, 421, 422 
—, inflammability limits, 962 
—, properties. 422, 423 
—, reaction with acetylene, 426, 684 
—, — ethylene, 265, 335 
—, — olefins, 584, 585 
—, — peroxides, 900 

—, removal by preferential oxidation. 988 
—, removal from distillates, 421, 423 
—, — hydrogen, 230, 233 
—, solubility in hydrocarbons. 423 
—, uses of, 425, 426, 439 
Hydrolysis, alkylesters, 300, 403 
—.alkyl halides. 319, 781-787, 801 
—. alkylsulpKuric acid derivatives, 319, 352, 353, 
355 

—, amyl chlorides, 789, 790, 791 
—, amyl cyanide. 811 
—, bornyl acetate, 331 
—, ter.-butyl esters, 397 
—, ethyl chloride, 323 
—, ethyl chlorosulphonatc, 322 
—, ethylene broniohydrin, 499 
—, ethylene chloroformate, 498 
—, ethylene chlorohydrin, 495, 496, 506 
—, ethylene dichloride, 506 
—, ethylsulphuric acid, 332. 340 
—.higher alkyl halides. 787, 788, 799 
—, isopropylsulphuric acid. 346 
—, methyl chloride, 703, 704, 782-785 
—,—.equilibrium in, 781, 782 
—, olefin dihalides, 507, 508 
—, ozonidcs. 268, 627, 882, 883, 884 
—, ozonized oil, 938 
—, propylene chlorohydrins, 500, 508 
Hydronaphthalene. by pyrolysis of acetylene. 81 
Hydroquinone, as antidetonant. 983 
—, diolefin separation with, 160 
—, effect on antoxidation, 890 
—, stabilizer for diolefins, 160 
—, — gasoline, 897 
—, — production of sulphones. 656 
Hydrosilicates, catalysts, production glycol ethers, 
538. 541 

—.—.reaction of olefins with amines, 571 
——, reaction of olefins with aromatics, 564 
—, —. reaction of olefins with phenols. 567 
—, decolorization naphthenic acids with, 1069 
Hydrosulphides, reaction with alkyl chlorides, 
HI I 

Hydrothiophenes, production of. 452 
p-Hydrotoluoin, from toluene, 928 
p-Hvdroxy.*»cctanilidc, from ethylene chlorohydrin, 
^^7 . .. 

Hydroxy acids, by oxidation of petroleum distil¬ 
lates. 830, 934, 999, 1001 
—, conversion, to unsaturated acids, 939, 952 
--.detergency of, 935 
—, extraction by hydrochloric acid, 955 
—, from Grozny paraffin. 943 
—, from stearic acid, 959 
—, in paraffin wax, 955 
—, production of, from hydrocarbons, 935 
—, reaction with wax alcohols, 999 
—, .separation of, 935, 954 955 
—, soaps from. 959 
—, solubility in ter.-butyl alcohol, 398 
—, sulphonation of, 1002 
—, utilization of. 830 
Hydroxyalkylamines, 543 
Hydroxyalkyl ethers, emulsifying agents, 995 
—.production of, 521, 522 


4-Hydroxy-2-butanonc, from l,3-b,utylene glycol, 

1- Hydroxy-2-chloropropane. from propylene. 499 

2- Hydroxy-l-chloropropane. from allyl chloride, 
500 

Hydroxy compounds, condensation with acetylene. 
678-679 

2-Hydroxy cyclohexanone, from cyclohcxene, 892 
Hydroxyethanesulphonic acid, 1033 
Hydroxyethylcyclohexane, 1059, 1060 
Hydroxycthylpyridines, formation, 545 
Hydroxyisobutvric acid, from isopentane. 1042 
ilydroxy-isovaleronitrile, preparation of, 502 
Hydroxyl group, lability of, in tertiary alcohols, 
392 

Hydroxylalkylaminonitriles. production of, 410 
Hydrox)r|amine, by hydrolysis of oximes, 1055 
—, reaction with ketene, 414 
Hydroxylamtne hydrochloride, antioxidant, 907 
—, reaction with acetone, 368, 369 
—, separation of diolefins. 160 
Hydroxylation, cinnamic acid, 505 
—. crotonic acid, 505 

Hydroxylation theory, of oxidation. 831, 846, 847, 
850. 851, 854, 856-858, 874, 877, 905 
2'H.vdroxy-6-methylheptane, 386 
Hydroxystearylsulphuric acid, formation of 311 
a-Hydroxytetrahydronaphthalcne. 930 
4-Hydroxy»etraphenylmcthane, 810 
Hymolal salts, detergents, 1022 
Hypobromites, reaction, with acetylene. 675 
—, — amylene, 503 

Ilypobromous acid, icaction with 1-butene, SOI 
—. — ethylene, 499 
Hypochlorite esters, formation of, 399 
Hypochlorites, action on thiophene, 459 
—, glycols from olefins, 510 
—, reaction, with acetylene, 675 
Ilypochlorous acid, deodorization of naphthenic 
acids with, 1069 
—, effect on chlorohydrins, 490 
—, from N-chlorourea, 502 
—, oxidation catalyst, 844 
—, reaction with acetylene, 683 
—, — allyl chloride, 799 
—, — conjugated dienes, 648 

— olefins. 471. 472, 488-491, 499, SOO, 502. 559 

—,-, dichlorohydrocarbons from, 471, 488-490, 

501, 503 

—, — toluene, 775 
—, — trimethylethylene 502 
—, use in sweetening, 444 


Ichthyoform, 1036 
Ichthyol, 1029, 1036 
Ichthyolsulphonic acids, 1936, 1037 
Igepons, 1022, 1033 

Ignition, by electrical di.scharge, 969-971 
Ignition of fuels, nuclear theory, 977 
Ignition of gases, by electric discharges, 969 
—, by heated surfaces, 964-969 
Ignition temperatures, effect of antidetonating 
substances, 974, 978, 979 
Illinois petroleum, blown residues of, 999 
llluminants, from natural gas, 212, 214 
Illuminating gas, alcohol from olefins in, 333 
—.butadiene from, ISS 
—, removal of carbon dioxide from, 209 
Illuminating value, coal gas, 208 
Imidines, stabilization of gasoline, 898 
Incomplete combustion, production of carbon black, 
235 

Indamines, 434, 897 

indene, by pyrolysis of acetylene, 81, 82, 180 
—.polymerization, 591, 597 
Index of refraction, gasoline fractions, 985 
Indicator-like substances, formed by sulphonation. 
1012 

Indigo, action of peroxides on. 889 
—, determination of acetone, 369 
—, formation, 412, 498 
—, oxidation of, 889 

Indium, use in chlorination benzene, 758 
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Jndophenols, 897 
Indoxyl, {rom anililioethaool, 498 
Induction period, combustion of hydrocarbons, 
8S0-8S5 

—, silent discharge, 269 
Industrial gases, analysis of, 1092 
—, desultifaurization of, 460 
Inert gas, eifect in carbon black production, 2J8, 
240 

—, clfect on ignition of methane, 965 
—, pyrolysis of hydrocarbons, 137 
Inflammability limits of gases, 239, 240, 961-963 
lufra-red rays, refining hydrocarbons, 274 
Infusorial earth, catalyst for oxidation, 933 
Inhibitors, sulphuric acid baths, 829, 1029 
Initial temperature, of cracking, 100 
Ink blacks, properties, 250 
Inorganic matter, in petroleum, 31 
Inorganic salts, double compounds with olefins, 
582-584 

Insecticide, ethylene dichloride, 473 
—, ethylene oxide, 473, 549 
—, com}K)unds of diolenns, 656 
—, efficiency, 1028 

—, from chlorinated petroleum compounds, 742 
—, from isopropyl alcohol, 366, 1027 
—, from mineral oils, 1027-1028 
—, from i>etroleuni, 1027, 1028 
—, from terpenes, 742 

—.from trichlo.'inated hard paraffin wax, 811 

—, oil emulsions as. 455 

—, sulphonated products, 1061 

—, use of alkyl formates, 396 

—, — sec.-butyl xanthate, 394 

—, — nitrogen bases in, 828 

—, — oxidized hydrocarbons, 1000-1002 

Insulating materials, 625 

—, chlorinated hydrocarbons in, 739, 740 

—, from petroleum, 739, 740 

—, use of carbon black. 251 

Insulating oils, from olefins and aromatics, 562 

Inverted fractional-distillation analysis. 1116 

Iodine, adsorptive capacity carbon blacks, 248 

—, alcoholic, determination olefins, 1131 

—, catalyst, bromination of benzene, 768 

—, —, bromination of cyclopropane, 746, 747 

—, —, bromination of toluene, 778, 780 

—, —, carbon disulphide chlorination, 705 

—, r—, chlorination, 734, 738. 739 

—,—.chlorination of benzene, 758, 759, 763, 780 

—, —, chlorination of pentanes 722 

-, chlorination of toluene, 770, 773-775 

—, —, halogenation of aromatics, 756, 780 
—»—.pyrolysis of propane, 135 
—, effect, ignition temperatures, 966 
—,—.nitrogen bases, 820, 821 
—, —, oxidation of triacontane, 958 
—, ethylene addition. 468, 478, 479 
—, in analysis of carbon blacks, 249 
—, iiiduction period, ethane, 850 
—, olefin determination, 464, 465 
—, oxidation of mercaptans, 432, 433 
—.promoter, polymerization styrene, 611 
—, reaction with acetone, 409 
—, — acetylene, 672 
—, reactivi^ with olefins. 464 
—, — paraffins, 686 

Iodine bromide, action on iodomethanes, 707 
Iodine-bromine, analysis of hydrocarbons by, 1122 
Iodine cyanate, combination with olefins, 585 
Iodine monochloride, chlorination of aromatics, 756 
—, chlorination of cyclohexane, 749 
—.chlorination of isopropyl chloride, 717 
—, reaction with benzene, 764 
—, — butadiene, 643 
—, —, crotonic acid, 586 
—, —, propylene, 586 
—, tetrachloroethane by. 673 
—, uses in analysis, 574, 586 
Iodine numbers, 803, 816, 1128 
—naphthenic acids, 1081, 1082 
—, of gas oil, 935 
—, of gasoline, 104, 145 
Iodine olefin cvanates, preparation of, 585 
Iodine trichloride, chlorination of aromatics, 756 
lodocyclohexyl isocyanate, 585 
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Iodoform, conversion to acetylene, 663 

—, from aliphatic oxy^renated compounds, 409, 707 

louohydrins, preparation, 496, 540 

Iodomethanes, action with halogens, 707 

3-lodopentane, from butene-2, 329 

Ionization, gaseous, 982 

lonone, from acetone, 412 

Iridium, catalyst, ammonia-hydrocarbon reaction, 
297 

—, oxidation catalyst, 833 

Iridium compounds, ethylene absorption sulphuric 
acid, 342 

Iridium salts, action with acetylene, 667 
Iron, acetone by, 677 
—.adsorption of sulphur by, 461, 462 
—, — mercaptans by, 446 
—, catalyst, bromination of cyclohexanes, 754 
—, —, bromination of 1 , 2 -dichloro-cyclobutane, 
746, 747 

—, —, bromination of methane, 706 
—,—.bromination of propane, 718 
—, —, bromination of toluene, 778 
—,—.carbon monoxide decomposition, 218 
—, —, chlorination, benzene, 758, 760, 764-766 
—, —, —, ethylene dichloride 475 
—, —, —, higher alkyl benzenes, 780 
—,—,—.hydrocarbons, 702, 713 
—, —, —, methane, 698 
—, —, —, natural gas, 691 
—, —, —, toluene, 775 
—, dipropyl ketone, 416 
—, —, ethylene absorption sulphuric acid, 337 
—, —, for acetylene dichlorides, 674 
—,—, for aromatization, 187 
—, —, for dehydrogenation, 87, 182 
—, —, for hydrocarbon-steam, 288-291 
—, —, for hydrogen production, 280 
—,—.for methane-carbon dioxide reaction, 281, 
282 

— ,—, for methane-carbon monoxide reaction, 932 
-, for methane-steam reaction, 289-291 

—, —, for production of liquid hydrocarbons, 163 
—, —, halogenation of aromatics, 755, 756 
, in cracking, 113, 201 
—, —, in water-gas reaction, 283 
—, —, oxidation, acenaphthene, 929 
——, —, acetaldehyde, 870 
—, —, —, acetylene, 220-223 

— —,—.alcohols, 406, 989 

—, —, —, carbon monoxide, 988 

— ethylene, 511, 874, 876, 878 
—, —, —, methane, 864 

—,—•—.paraffin hydrocarbons, 872, 873, 951 

—, —, —, paraffin wax, 942, 943 

—,—,—.petrolatum oil, 934 

—, —, polymerization, acetylene, 668 

—, —, —, butadiene, 629, 630 

—, —, ethylene, 593 

—. —» pyrolysis, acetylene, 180 

—, —, —, bcnzencj 88 

—, —, —, butane, 170 

—f—.—, coal gas, 208, 210 

—,—,—.ethane, 44. 47. 170 

—»—, —, ethylene, 65-67 

—, —, —, hexadecene, 77 

—f—t—.hydrocarbons, 64, 106, 107, 113, 206, 
218 

—.—,—.methane, 38-42, 166-168 
—, —, —, naphtha. 157 
—. —,—.propane, 50. 127, 170 
—,—,—, solar oil, 127 
—, —, removal sulphur compounds, 461 
—, chlorination catalyst, 673 
—cracking of solar oil with, 193 
—, cuprene by, 672 

—, effect, formation of aromatics by pyrolysis, 163 

—t —, oxidation of petroleum, 905 

—, —, oxidation of transformer oils, 909 

—, —, polymerization of acetylene, 82 

—.-T-, pyrolysis of naphtha, 163 

—, electrodes, 262, 263 

—.hydration of ethylene, 307, 309 

—, 7 -propylene, 307, 314 

—, in hydrocarbon-sulphur reaction, 429 

—, molten bath, 220 

—.oxidation test of turbine oils, 912 
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Iron, reaction on vinyl compounds, 680 
—, removal of gasoline gum by, 902 
—, removal of sulphur from distillates, 427 
—, use in oxidation of mercaptans. 449 
Iron acetate, catalyst, oxidation of alkylbenzenes, 
926 

Iron acetylacetonate, as antidetonant, 983 
Iron alloys, catalysts, for methane-steam reactions. 
291 

—, tetrachloroethane by, 673 
Iron arc activating^ natural gas chlorination, 694 
Iron borate, oxidation catalyst, 833 
Iron carbide, hydrolysis of, 662 
—, in carbon monoxide-ammonia reaction, 298 
—, effect of. pyrolysis of propane, 126 
—, formed during pyrolysis, 39, 106 
Iron carbonyl, as antidetonant, 983 
catalyst, carbon monoxide, 218 
—, effect on ignition temperatures, 978 
—, — ionization of fuel vapors, 983 
Iron chloride as catalyst, bromination of cycto- 
propane, 746 

—, chlorination of benzene, 763, 765 
—, chlorination of hydrocarbons, 730 
—, condensation of phenols and olefins, 566 
—, cyclohexadiene^ polymerization, 623 
—, methane chlorination, 701 
—, pyrolysis of alkyl chlorides, 802 
Iron chromate, oxidation catalyst, 837 
Iron-chromium alloy, oxidation catalyst, 838 
Iron compounds, absorption of hydrogen sulphide, 
424 

—, catalyst, ethylene absorption sulphuric acid, 
340, 342 

removal from maleic acid, 918 
Iron halides, as catalysts, cyclopentadiene poly¬ 
merization, 623 

—, polymerization ethylene, 594 
Iron naphthenates, 935, 1083 
Iron oxide, absorption of hydrogen sulphide, 424 
—, catalyst, conversion of carbon monoxide to 
dioxide, 232 

—, —, in cracking, 106, 107 
—,—, in hydrocarbon decomposition, 221, 222, 
223 

—, —, oxidation of acetylene, 886 
, —, oxidation of alcohols, 869, 870 
—,—, oxidation of hydrocarlions, 874, 875, 918, 
921 

—, —, oxidation of oils, 905 
—, —, ozonization, 988 
—, —, production of acetone, 408 
—,cuprene by, 672 

—, oxidation catalyst, 836, 840, 842, 993 
—, treatment of petroleums, 460 
Iron phosphates, hydration of ethylene, 309 
—, oxidation catalyst, 833 

Iron pyrites, reaction with ethylene and acetylene, 
585 

Iron resinate, catalyst, autoxidation, 890 
Iron salts, action with acetylene, 667 
—, catalysts, methane bromination, 706 
—,—, chlorination of toluene, 775 
—, —, methane chlorination, 698 
—, —, oxidation of lignite paraffin, 949 
—, extraction of sulphur compounds, 460 
Iron sulphides, catalyst, diphenyl production, 189 
—, use in oxidation of mercaptans with air, 449 
Iron sulphonates, prevention of emulsions with, 
1027 

Iron vanadate, catalyst for oxidation, 992 
Iron vapor, effect on ignition temperatures, 979 
—, use in production of cyanides, 294 
Irradiation, polymerization of resin-forming con¬ 
stituents, 987 

Isethionic acid, from carbyl sulphate, 343, 344, 
1032 

—, soaps from, 1034 

Isethionic anhydride, from ethionyl chloride, 1035 
Ishikari distillates, acids from, 1076 
Isoamyl acetate, ignition curves for, 969 
Isoamyl alcohols, hot-wire ignition curves, 969 
—, isoprene from, 636 
—, production, 405 

Isoamylamine, reaction, propylene, 557 
l-Isoamylamino-2-propanoI, 557 


Isoamyl chloride, from isopentane, 723, 724 
—, properties, 724 
—, trimethylethylene from, 803 
sec.-Isoamyl chloride, 724 

Isoamylcyclohexane, decomposition by aluminum 
chloride, 199 

Isoamylenes, dichloroiso-pentanes from, 725 
—, from isopentane. 724, 725, 867 
—. phenol condensation, 566 
—, production, 570 

—, reaction with hydrogen sulphide, 425 
—, separation of, with sulphuric acid, 144 
thermal conversion, 603 
2-lsoamylene, oxidation of, 836 
Isoamyl mercaptan, decomposition of, 456 
—, pickling inhibitor, 434 ■ 

—, treatment with sulphuric acid, 437 
Isoamjd nitrite, effect on ignition temperatures, 
969 

Isoamyl sulphide, antioxidant, for transformer 
oils, 909 

—, decomposition of, 456 
Isobomyl acetate, 331 
Isobutane, 17 

—, action of sulphuric acid on, 1007 
—, aluminum chloride complex, 198 
—, bromination of, 721 
—.chlorination of, 720, 721, 788 
—, determination of, 1101 
—, fractionation of, 138 
—, from heptanapbthene, 198 
—, from p-ter.-butyl-toluene, 200 
—, higher hydrocarbons from, 194 
—, in natural gas, 14 
—, maximum flame temperature. 236 
—.mechanism of pyrolysis, 45, 54, 56, 63 
—, non-explosive oxidation^ 852 
—photochemical chlorination of, 721 
—.pyrolysis of, 53, 56, 63, 71, 73, 123, 129, 130 
—, —. mechanism. 45, 54, 56, 63 
—, —, primary products, 56, 63 
—, utilization of, 16 
Isobutanol, from fusel oil, 797 
Isobutene, additive power with mineral acids, 325, 
328 

—, bromination, 465, 483 
—, ter.-butyl esters from, 328 
—.chlorination, 482 
—, effect of aluminum chloride on, 195 
—, esterification by hydrogen halides, 328 
—.hydration, 376, 377, 378, 386 
—, isobutyl alcohol dehydration, 378 
—, polymerization by sulphuric acid, 378 
—.pyrolysis, 179, 180 

—, rate of sulphuric acid absorption. 177, 377 
—, reactivity with sulphuric acid, 389 
—.separation, by sulfuric acid, 1123 
—, see also Isobutylene, 

Isobutene dibromide, 483 
Isobutene dichloride, decomposition, 482 
Isobutene oxide, properties. 558 
Isobutyl alcohol, by hydrolysis of i.sobutyl chloride, 
788 

—, condensation with phenols, 399 
—, — sulphonates, 1020 
—, dehydration, 378, 379 
—, detection of, 368 

—, from lower alcohols and hydrogen. 345 
—, narcotic action of, 393 
—, production, 405 
Isobutylbenzene, 810 

Isobutyl bromide, isomerization to tertiary bro¬ 
mide, 805, 806 

Isobutyl chloride, by chlorination of naphtha, 719 
—, effect on inflammability limits, 964 
—.hydrolysis of, 788 
—, isobutylene from, 802 
—, nitration, 814 
—, pyrolysis of, 802 
Isobutylene, 315-316 
—, atuiorption of, 354, 1119 
—.butadiene from, 155, 160 
—, ter.-butyl alcohol from. 316 
—, by dehydration of ter.-butyl alcohol, 391. 392, 
397 

—, by polymerization of ethylene, 79 
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Isobutylene, by pyrolysis of hexane, 59 
—. — isohutane. 53, 56, 57, 129 
—.by vapor phase crackins. 129 
—, l-chloro*2-mcthylpropanor-2 from, 502 
—, condensation with acetyl chloride, 568 
—, — phenol, 400 
—.determination of, 1123 
—, from isobutyl chlorides, 802 
—, hydration, 601 

—.—■by acids, 300, 313, 315, 318 
—, in cracking gas, 115 
—, in silent electric discharge. 595 
—, isobutylene glycol from, 505, 531 
—, mechanism of pyrolysis of, 73, 77 
—, 2-niethyl-propane-l,2-diol from, 531 
—, nitration of, 1041 

—, polymerieation of, 77. 316, 591, 592, 598*602 
—, —, by aluminum chloride, 202 
—, —, by boron fluoride, 596. 

—, —, by .silent discharge, 266 

—, —, mechanism of, 600 

—, production of isobutylene oxide, 534 

—, pyrolysis of, 73 

—, —, effect of pressure, 77 

—, reaction with hydriodic acid, 300 

—, — hypochlorous acid. 502 

—, — nitrogen trichloride, 578 

—, — phenol, 810 

—, — sulphuric acid, 649 

—, — xylene, 561 

—.separation of, from butadiene, 641 
—,—.with sulphuric acid, 144 
—, see also Isobutene 

Isobutylene-ethylene mixture, oxidation rates, 
880 

Isobutylene glycol, dehydration, 531 
—, from isobutylene, 505, 531 
—.methyl ethyl ketone from, 531 
Isobutylene iodide, from isobutylene, 300 
Isobutylene oxide, 2*chloro-2-methylpropanol from, 
502 


—.condensed with hydrocarbons, 1059 

—, hydration, 537 

—, i.somerisation, 546 

—, reaction with ammonia, 542 

—, — hydrochloric acid, 502 

Isobutylene ozonide. 884 

Isobutylene polymers, cyclicization of. 77 

Isobutyl ether of ethylene glycol, 523 

Isobutyl formate, formation of. 395 

Isobutyl mercaptan, from distillates, 448 

—, pyrolysis of, 457 

Isobutyraldehydc, 546, 547 

Isoheptane, chlorination of, 735, 736 

—, in matural-gas ga.solinc, 18 

—, in straight-run gasoline, 22, 24, 27 

—.nitration of, 1044 

Isoheptene, diivdymer of. 1127 

Isoheptylene chlorohydrin, 504 

Isohexane, chlorinated products, 727, 803 

—.chlorination of, 734, 736 

—. combustion of, 974 

—, effect of aluminum chloride on, 194 

—, in natural-gas gasoline, 18 

—, in straight-run gasoline, 22, 24, 27 

—.nitration of, 1041, 1042, 1043 

—.production of lower paraffins from, 194 

—.reaction with antimony chloride, 1061 

Jsohexanesulphonic acid from mercaptoisohexanc, 


Isohexyl alcohol, hexene hydration, 383 
Isomerization, allenes, 615, 616 
—, alkyl halides, 805, 806 
—, amyl bromides, 806 

—, butylcyclohcxanes to tetramethylcyclohexane 
mixtures, 199 

—.cyclohexane to methylcyclopcntane, 198, 199 
—, cycloparaffins, 84, 87 
—, dimcthylcyclohexane, 199 
—, hexadecene, 590 
—, higher olefins, 589 
—, isopropylethylene, 590 
. olefin oxides, 546 
—, olefins to cycloparaffins, 196 
—.phenol ethers, 566 
—, n-pronri bromide, 805 


Isomers, butenes, classification, 383 
—, —i separation, 144, 328 
—, in commercial aniylene, separation, 380 
—, in propylene chlorohydrins, 500 
—, of alcohols, 401 
—. of hydrocarbons, 10 
—, pentenes, classification, 383 
Isonitrocyclohexanc, 1048 
Isooctanaphthene; chlorination, 751, 752 
—.nitration, 1049 

Isooctane, in straight-run gasoline, 22, 24, 27 

—.nitration of, 1041 

a-Iso-octene, .sulphuric acid reactions, 386 

Isooctyl alcohol, production, 405 

Isooletins. in pyrolysis of acrtylene, 668 

—, hydration by sulphuric acid, 389 

—, polymerization tendency, 592 

Isopentane, action of chlorosulphonic acid on, 1009 

—, bromination of, 723, 726 

—.chlorination of. 723-725, 728. 731, 791 

—, chlorination products. 724-728 

— , decomposition diamylene, 604 

— .determination of, 1101 
—, from ethylene, 195 

—. from petroleum, chlorination. 724 
—. in nafural-gas gasoline, 17, 18, 22, 24 
—. isoamylenes from, 725 
—. isoprene from, 155 
—.nitration of. 1041, 1042 
—, oxidation of, 867 

pyrolysis of, 58. 130. 174, 175, 724, 725 
—, —, initial temperature of, 59 
—, reaction with carbon monoxide. 418 
—. trimethyl-etbylene from, 155 
Isopalmitic acid, from paraffin wax, 941 
Isoparaffins, in paraffin wax, 1053 
—, nitration of. 1041 
Isopborene, from acetone, 410 
Isophthalic acid, from acetylene polymers. 268 
—, from lignin, 949 
Isoprcn'*, 635-637 
—, activation, 618 

—. ter.-alcohol from hydrobromide of,. 646 
—, autoiw)lynierization, 617 
—, bromine value, 658 
—, 3-bronio-3-raethyl-]-butene from. 645 
—, 4-hromo 2-methyI-2-butcne from, 636 
—, chlorinated, plastics from, 475 
—, condensation with benzoquinone, 650, 653 
—, estimation, 646 
—, ethylation. 656 
—. from acetylene, 159 

— .from acetylcnc-propylene mixture, 158, 159 
—, from amyl alcohol, 6.^6 

—, from 3-l>romo-2-methyl-l-prnpene, 637 
—, from chloroisoamylene, 80.3 
—, from isoamyl alcohol, 636 
—, from isopentane, 154, 15.5 
—, 2-metliyl-4-lmteiie-2-nl, 6.36 
—, 2-methyl-1..3-butylene glycol, 159 
—, from methyl cyclohcxanol, 6.35 
—, from methylenccyclohutane. 84 
—, from methyl-pyrrolidine, 636 

— from rtihher, 154, 626. 627 

—.from trimethylethylene, 75, 155 
—, from turpentine. 154 
—, from unsymmetrical-dimethylallene. 632 
—, hydrogenation, 657 

—, hydrogen halides, mechanism of reaction. 647 

—, identification, 660 

—, in cracked gasoline, 119 

—, m-menthadiene from, 617, 618 

—, 2-methyl-4-bromo-2-hutene from, 645 

—, 2-methylbutadiene-l,2-oxide from. 877 

—, )8-myrccne from. 617, 618 

—, plastics from, 628, 629 

—.polymerization, 614, 616-619. 624-629 

—,—.catalysts for, 618. 619 

—, —, mercurjr light, 272 

—, —, a-radiation, 273 

—, purification of, 636 

—pyrolysis of, 79 

—, —, effect of temperature, 79 

—, reaction with aluminum chloride, 203 

—, — aromatic hydrocarbons, 204 

—t — bromine, 643, 648 
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Isoprene, reaction with hydrobromic acid, 636, 645 
—, — maleic anhydride, 659 
—, — aulphur dioxide, 576, 655 
—, — sulphuric acid, 649, 650 
—, removal from acetylene, 664 
— .synthesis of, 635 
—, synthetic rubber from, 625-628 
—, velocity of autoxidation, 893 
Isoprene alcohol. 636, 646 
Isoprene benzoquinone, 650 
Isoprene dichlorohydrin, properties, 648 
Isoprene dihyrochloridc, 659 
Isoprene hydrochloride, 646 
Isoprene sulphone, 655 
Isoprene tetrabromide, 645, 659, 1145 
Isopropoxides, from isopropyl alcohol, 362 
Isopropyl acetate, preparation of. 315, 327, 358, 
372 

—, properties. 372 
—, use as solvent, 373, 396 
Isopropylacetic acid, formation, 856 
Isopropylacetylene, from amylene, silent dis¬ 
charge, 266 

Isopropyl alcohol, acetone from, 349, 367-369, 374, 
404-4U6 

—, as solvent, 364-366, 1030 

—, bromination of, 374 

—, by hydrogenation of acetone, 359 

—, bv hydrolysis of isopropyl chloride, 788 

—, chlorination of, 373 

—.condensation with sulphonates, 1019 

—.dehydration of, 349, 357, 359, 360 

—, derivatives of, 367, 370-375 

—, esterification of, 371 

—, estimation and detection of, 367-369 

—.extraction of sulphonates, 1016 

—, formation of thymol, 375 

—, from cracking gas, 359 

—.from propylene, 129, 313-315, 321, 325-327. 

346-349, 355-358, 411-413 
—, insecticide from, 1027 
—, oxidation of, 869, 870 
—, production figures, 359 
—, properties, 360-362 
—, purification, 351, 359 
—, separation from polymerized oils, 389 
—, separation of wax acids with, 954 
—, sulphonation of, 372 
—, syntheses with, 374, 375 
—, use as dehydrating agent, 366 
—, use in removal of sulphur, 427 
—, uses of 362-367 
Isopropylaminc, 806 
Isopropyl-p-amiiiophenol, uses, 367 
Jsopropylaniline, intermediate for dyes, 367 
Isopropylated aromatic substances, 374, 375, S6l 
Isopropylated benzenes, production, 561 
Isopropylbenzene, oxidation, 856 
—, production of, 561 
Isopropyl benzoate, uses. 373 
Isopropyl bromide, conversion to n-propyl bro¬ 
mide, 80S 

—, from propylene, 326, 327 
—, from isopropyl alcohol, 374 
Isopropyl ter.-butyl ether, 374 
Isopropyl butyrate, uses, 373 
Isopropyl chloride, chlorination, 717 
—, from propylene, 326, 327 
—, hydrolysis of, 788 
—, properties, 371 
—, reaction with amines, 806 
Isopropyl chloroacetate. 373 
Isopropylcresol, production, 566 
Isopropyl esters, from propylene. 325-328 
—, uses, 367, 371, 373 

Isopropylethane, action of sulphuric acid on, 1007 
Isopropyl ether, 367, 370 

—, by condensation of phenols and propylene, 566 
—, oxidation of, 371 
Isopropylethylene, chlorination, 484 
—, conversion to trimethylethylene, 74 
—.effect of aluminum chloride on, 195 
—. from amylenes, 881 
—. hydrogen halide addition, 329 
—, isomerization, 74. 590. 603 
—, polymerization, 382, 390, 604 


Isopropylethylene, pyrolysis of, 74 
—, reaction with hydrogen bromide, 321 
—, reactivity with sulphuric acid, 389 
—, sulphuric acid absorption, 380-382 
Isopropylethylene dichloride, formation of, 484 
—, properties, 485 

Isopropylethylene glycol, formation of, 505 
Isopropylethylene oxide, hydration, 537 
—, reaction with amines, 558 
Isopropyl formate uses, 373 
Isopropyl mercaptan from distillates, 448 
—, pickling inhibitor, 434 
—, reaction with alkalies, 436 
Isopropyl methyl ketone, 502 
Isopropylnapthalene, production, 561 
Isopropylnaphthalene sulphonic acid. 375, 1027 
Isopropyl nitrite, knock inducer, 984 
n-lsopropylphenol, production. 566 
Isopropyl salicylate, uses, 373 
Isopropyl sulphate, production of, 347 
Isopropylsulphonic acid, properties, 1011 
Isopropylsulphuric acid, hydrolysis, 321, 325-327, 
346 

—, from propylene, 321, 325-327, 347 
Isopropyl valerate, uses, 373 
Isoquinoline, catalyst, chlorination napthalene, 761 
—, inhibitors, in pickling solutions, 839 
Isothermal variation, use for separation of lique¬ 
fied olefins, 139 

Isoxazole-a-carboxylic acid, formation of, 683 
Itaconic acid anhydride, reaction with dtolefins, 
652 

Italian natural gas. analysis of, 15 

J 

Japanese ga.<iolines, aromatics in, 1053 
Japanese petroleum, acids from gas oil distillate, 
1063 

—, mcthylcyclopentane from, 23 

—, naphthenes from, 25 

—.naphthenic acids from, 1065 

—, nitrogen content, 819 

—, straight-run gasoline. 21 

Japanese wax, chlorination of, 740 

—, condensation with ethionic acid, 1033 

—, triacontane from, 958 

—, wetting agents from, 1033 

Jellies, from cuprous mercaptides, 445 

Jelly, petroleum, composition of, 29 

K 

Kniista carbon black, analysis of. 246 
Kauri, solvents for, 373, 395, 402, 525 
Kentucky carbon blacks, 251 
Kentucky cokes, analysis of, 227 
Kerosene, acetylene from, 872 
—, acids from, 939 
—.aromatic derivatives from, 561, 562 
—, aromatic hydrocarbons in, 33. 34 
—, as a solvent, 142, 230, 493. 741 
—.bacterial oxidation, 1004 
—.burning tests, 1153 
—.carbon from, 216 
—, chlorination of, 738, 939 
—, classification of, 26 
—, drying oils from, 740, 805 
—.flash point of, 1152 
—, from crude petroleum, 26-28 
—, hexachlorobcnzene from, 738 
—, hexachlorethane from, 738 
—, hot wire ignition curves, 969 
—, maleic acid from, 1063 
—, naphthenic acids from, 1063 
—, nitration of, 1054 
—, nitrogen compounds from, 821 
—.oxidation of, 992, 993, 1002 
—, perchloromesole from. 738 
—.pyrolysis of, 61, 222 
—.reaction with ammonia, 216 
— , — olefin oxides, 545, 1059 
—, — sulphur chloride, 1060 
—.refining of, 1148 
—.removal of aromatics from, 1143 
—, soaps from, 939 
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Kerosene, sulphonation of, 1007 
f-, suli^onic acids from, 1020 
—, sulphur dyes from, 430, 431 
—, sulphur in, 1008. 1150 
testinff of, 1147 

—, tetrachloromethane from, 738 
—, used in purifying hydrogen, 230, 231 
Ketene, as acetylating agent, 399, 414 
—.chemical ;>ropcrties. 413 
—.decomposition of, 414 
—, physical properties, 414 
—, preparation of, 413, 414 
—, reactions of, 414 
Ketols, formation of. 856 
Ketones, acetylene solvents, 262 
—, alkylation of, 419, 574 
—, bisulphite compounds, 1084 
—, by dehydration of glycols, 531 
—, by dehydrogenation of alcohols, 415 ‘ 

—.by Friedel-Crafts reaction, 417, 418, 1056-1059 
—, by hydroljfsis of ozonides, 831, 844, 882, 939 
—, by isomerisation of olefin oxides, 546 
—, by nitration of naphthenes, 1048, 1051, 1052 
—, by oxidation of hydrocarbons, 831. 834, 837, 
843, 938, 939, 987, 990. 1001 
—, — pinene, 889 

—.catalyst, polymerization of styrene, 611 
—, condensation with olefins, 574 
—, cyclic, formation of, 419, 547 
—, effect on antiknock value. 984 
—, from alkylbenzenes. 1055 
—, from aromatic alcohols, 926 
—, from butene-2. 318 
—, from ceresin, 950 
—, from cyclohexane, 197 
—, from ethylene, 307 
—, from Kimmeridge shale oil. 463 
—. from naphthenic acids, 1084, 1085 

from olefins, 129, 419, 502, 559, 843, 844, 871, 
882 

—, from olefins and acid chlorides, 568-570 
—, from oximes, 579 
—, from paraffins, 951 

—, from secondary alcohols, 391, 396, 402, 404 

—, from water vapor and hydrocarbons, 274 

—, from wax acids, 998 

—, pum inhibitors, 897 

—, Ignition temperatures, 968 

—, in oxidized hydrocarbons, 991, 992 

—, properties of, 408, 409. 415, 416 

—, reaction with cyclopentadiene, 658, 891 

—, — ethylene oxide, 556 

—, — hydrocyanic acid, 410 

—, — mercapthns, 433 

—, sulphide solution for removal of sulphur, 427 
—.utilization of, 411, 412. 413, 414, 415, 416 
—, unsaturated, condensation products from. 585 
—, —, from cycloparaffins by aluminum chloride, 
197, 198 

—, x-ray examination of, 958 
Ketone complexes, promoters, polymerization of 
ethylene, 594 

Ketone oximes,^ reaction of hydrocarbons and 
nitrosyl chloride, 1055 

Ketonic acids, by Friedel-Crafts reaction, 565, 
1058, 1059 

Ketoses, condensation with olefin oxides, 538 
fl-Ketotetrahydronaphthalene, from Hydroaromatic 
compounds, 926, 930 
Kettleman Hills, crude oil from, 11 
Kieselguhr, adsorption of mercaptans by, 446 
—, catalyst for esterification of olefins, 324 
—I — pyrolysis, 134 

—, for extraction of sulphur compounds, 461 
—..separation of acetylene by. 134 
—, use in olefin-sulphite reaction, 575 
Kimmeridge shale oil. refining of. 463 
—. sulphur compounds in, 463 
Kissling reagent, for extraction of oxidized pro¬ 
ducts. 911 

Knock-inducers, effect of, on ignition. 969, 971 
—. —. mechanism of combustion, 977. 

Vtio/*king. of motor fuels. 982 
Knocking tendency, effect of chain length. 985 
Knock rating, bouncing pin method, 984 
-, mea.surement of, 984-986 


Knock-suppressing compounds, 983 
Knock-suppressors, effect on ignition, 969, 971 
—, — mechanism of combustion, 977 
Knoop's rule, jff-oxidation^ 960 
Koetei petroleum, aromatics in, 25, 

Kontakt, 1014, 1020, 1022. 1026 
Krasnodar gasoline, photochemical chlorination of, 
794 

Kurokawa petroleum, effect of ozone on, 844 
L 

Labile oxygen, 267 
Labile residues, from ethan^ 44 
—, from ethylene, 66 
—, from hydrocarbons, 107 
—, from methane, 40 
—, polymerized, 40 
—, reaction of, 44, 66 
—, see also Free radicals 

Lachman process, extraction of . sulphur com¬ 
pounds, 460 

Lacquer plasticizers,. extracted from petroleum 
oxidation products, 366 
Lacquers, compositions, 548 
—, dichlorodiethyl ether as diluent, 498 
—, from acid sludge, 1030 
—, from polymerized butadiene, 617 
—.manufacture of, 541 
—, methanol solvent in, 785 
—, oxygenated solvents for, 992 
—, resins in, 498 
—, use of amyl esters, 797, 798 
—, — sec.-butyl acetate, 394-396 
—, — higher secondary alcohol esters, 401, 402 
—, — isopropyl acetate, 373 
—, — isopropyl alcohol in, 366 
—, — nitrat^ distillates, 1052, 1053 
—, — oxidized paraffin esters, 998 
Lacrimatory oil, 2,3-dimethylbutadiene hydrobro¬ 
mide, 647 

Lacrimatory substances, from nitrosyl chloride 
reactions, 1055 

Lactic acid nitrile, solvent, diolefin separation. 160 
Lactone method, constitution of naphthenic acids, 
1078 

Lactones, from oxidation of paraffin wax, 960, 
1001 

—.glycols from, 511 

Lactonic acjds, from hexadecane, 959 

Lag on ignition, definition, 964 

T..akes, suspension of, 375 

Lampblack, 234, 243 

—, analysis of, 246 

—, by incomplete combustion, 234 

—, early use, 252 

—.from carbon monoxide, 218 

—, from chlorination of hydrocarbons, 687 

—.from hydrocarbons, 214, 215, 218. 219 

—, from hydrocarbons and air, 220, 221 

—, from natural gas, 207, 216, 217, 224 

—, from oil, 218 

—, from tar, 218 

—, in hydrocarbon-sulphur reaction, 429 
—, precipitated, 220 
—, production, 206, 207 
—, properties, 250 
—, removal of, 216-220 
—.separation, by filtration. 218, 219 
—, use in printers ink. 252 
—, use in production of cyanides, 293 
—, volatile matter content, 245 
Lamp method, total-sulphur test, 1150 
Lanadin, 1022 

l anthanum, catalyst, chlorination of benzene. 759 
Lanthanum oxides, catalysts, petroleum pyrolysis. 

Latex, butadiene polymerized in presence of, 628 

—, synthetic, from chloroprene. 639 

Latex mixtures, preparation of, 629 

Laurylsulphonic acid, 1011 

T.ava burner tips, 241 

Lead, absorption of hydrogen sulphide, 425 

—, catalyst, ethylene chlorine addition, 470 

—> —» for hydrocarbon-steam reaction, 285 

—.—, glycol production, 511 
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Lead, cafalyst, natural gas chlorination, 691 
—, —, olefins-acetylene pyrolysis, 187 
—, —, oxidation of transformer oils, 908, 909 
—, —, oxidation of petrolatum, 934 
—• —• polymerisation of olefins. 610 
—» —, production of olefin oxides, 536 
—,—.pyrolysis of mineral oils, 134 
—, distillation of butadiene in plant of, 641 
—, effect on ignition temperatures, 967 
—, — oxidation of petroleum oil, 934, 935 
—, — pressure oxidation, paraffin wax, 942 
—, heat absorbent, oxidation of hydrocarbons, 923 
—, molten, dehydrogenation catalyst for alcohols, 
405 

—, —, use in hydrocarbon decomposition, 220 
—, reaction with vinyl compounds, 680 
—, removal of gasoline gum by, 902 
—, sulphur from distillates with, 427 
—, use in chlorination vessels, 728, 729 
Lead ammonium chloride, reaction, with aromatics, 
774, 780 

Lead arsenate, use in insecticide, 1027 
Lead Ixirate, aromatization catalyst, 183 
—, oxidation catalyst, 863 

Lead chloride, catalyst, methane chlorination, 690 
—, —, nuclear chlorination of toluene, 771 
—, —, oxidation of methane, 864 
—, —, pyrolysis of alkyl chlorides, 802 
—, lead tetraethyl from, 813 
Lead chromate as catalyst, oxidation of gas mix¬ 
tures, 1098 

—, oxidation of methane, 848, 864 
Lead compounds as catalysts, ethylene absorption 
in sulphuric acid, 340 
—, oxidation of paraffin wax, 944, 953 
—, oxidation of petroleum fractions, 933 
—, preparation of lubricating oils by oxidation, 
901 

Lead dioxide, catalyst, oxidation of hydrocarbons, 
920 

—, —, oxidation of transformer oils, 909 
—, removal of gum from gasoline by, 903 
Lead disulphide, formation in sweetening, 442 
Lead electrodes, for benzene oxidation, 927, 928 
Lead methyl mercaptide, 443 
Lead mercaptides, basic, 441, 442 
—, formation of peroxides, 442, 443 
neutral, 441, 442 

—, reaction with hydrocarbon peroxides, 900 
—. removal of sulphur from distillates by, 427 
—, sulphonic acids from, 1011 
Lead monoxide, antioxidant for transformer oils, 
909 

Lead naphthenate, 1089, 1090 
—, catalytic activity, 935 
—, use in varnish dryers, 1090 
Lead oxide, catalyst activator, 345 
—, catalyst, oxidation of methane, 863 
—, —, formation of dioxan, 555 
—, —, oxidation of paraffin oil, 934 
—, —, surface combustion of carbon, 981 
—. desulphurization of hydrocarbon gases with, 
460 

—, effect on chlorohydrin formation, 489 
—, oxidation catalyst, 833, 840, 993 
—, treatment of petroleums with, 460 
—, — sulphur oils with, 459 
—, use in sweetening, 438, 439 
Lead peroxide, catalyst, production of plastics, 630 
Lead phosphate, aromatization catalyst, 183 
—, catalyst, oxidation of methane, 863 
—, —, hydration of ethylene, 308 
Lead resinate, autoxidation catalyst, 890 
Lead-salt method, separation of wax acids, 950 
Lead salts, action with acetylene, 667 
—, effect on oxidation of lignite paraffin, 949 
—, of oxidized paraffins, 995 
Lead silicates, aromatization catalysts, 183 
Lead soap, anticatalyst, oxidation of transformer 
oils, 909 

Lead-sodium alloy, lead tetraethyl from. 813 
Lead sulphate, effect on ethylene absorption in 
sulphuric acid, 335 
—, formation in doctor test, 439, 440 
—.use in hydration of ethylene, 311 
—, — sweetening, 439 


Lead sulphide, absorption of mercaptans, 445, 446 
—, catalyst for o^dation of mercaptans, 441 
—, formation during sweetening, 439 
—, in refining of gasoline, 446 
—, test for mercaptans, 1150 
Lead sulphonates, use as driers, 1030 
Lead tetra-acetate, reaction with cyclic olefins, 587 
Lead tetraethyl, addition to lubricants, 996 
—, anticatalyst, oxidation of turbine oils, 912 
—, antidetonating properties, cause of 977 
—, antioxidant, for lubricating oib, 907 
—, —, for amylene, 879 
—, as antidetonant, 983 
—, from halogen derivatives of ethane, 801 
—, effect on active oxygen,' combustion of fuels, 
978 

—, — ^as'phase oxidation, 980 
—, — Ignition temperatures, 966, 967, 969, 978 
—, — ionization oi fuel vapors, 983 
—, — liquid-phase oxidation. 980 
—, — methane oxidation, 848 
—, — oxidation of benzaldehyde, 980 
—oxidation of hydrocarbons, 979 
—, — pentane-air ignition, 973 
—, — peroxide formation, 978 
—, — pressure increase of explosive mixtures, 
974 

—, — rate of oxidation, 981 
—, in fuels as secondary standard, 985 
—.production with organic metallobalides, 813 
Lead tetrasalts, reactions of, 893 
Lead vapors, effect on ignition temperatures, 979 
Leather waste, wetting agents from, 1024 
Lebeau's reagent, preparation of, 1094 
Le Chatelier^ theorem, applied to cracking proc¬ 
esses, 104 

Levulinic acid, selective solvent for aromatic 
hydrocarbons, 34. 1143 
Light, action on copper mercaptides, 445 
—, activating methane chlorination, 693, 694, 699- 
701 

—, activating natural gas chlorination, 688, 690, 
69^ 695 

—, effect on decomposition, asymmetric-dichloro- 
ethylene, 815 

—, — olefin bromination, 465. 466, 477 
—, — oxidation of aromatic hydrocarbons, 926 
—, — peroxide formation, 443 
—, — polymerization of olefins, 591, 625 
—. use in chlorination, 723-730 
—, — chlorination of pentanes, 722 
—, — condensation of olefins with acid chlorides, 
949 

Light hydrocarbons, pyrolysis of, 134, 135 
Light oil, by pyrolysis of methane, 40 
Lignin, acids from, 949 
—. oxidation, 949 
Lignite, pyrolysis of, 133 
Lignite paraffins, oxidation of. 942, 949 
Lignite tar. asphalt from, 949 
—, composition of, 948 
—, cyclopentadiene from, 1145 
—, wax acids from, 948 
Lignite-tar creosote, oxidation of, 987 
Lignite-tar oil, treatment with sulphur dioxide, 
938 

Lignite wax, oxidation of, 957, 997 
Lignoceric acid, from paraffin wax, 941 
FJgroin, action of sulphuric acid on, 1008 
Lime, absorption of carbon dioxide by, 232 
—, catalyst, in naphtha-steam reaction, 277 
—, —, production of acetone, 407. 408 
—, —, pyrolysis cyclohexane, 158 
—, —, pyrolysis of methane, 39 
—, dechlorination of acetylene tetrachloride with, 
673 

—, — trichloroethane with, 675 
—, in pyrolysis of ethylene. 67 
—, use in pressure oxidation of wax, 942 
—, — carbon production, 229 
—, — hydrolysis of methyl chloride, 781, 782, 783, 
784, 785 

—• — pyrolysis of oils and tars, 209 
Limonene. pyrolysis. 154 
—, velocity of autoxidation of, 893 
Linalool, 650 





Linokic 


SUBJECT INDEX 1242 


Linoleic acU, reaction with wax alcohols, 999 
Linoleum, use of oxidised paraffin in, 998 
Linseed oil, oxidation in presence of wax, 1003 
—, solubility in amyl alcohol, 79iS 
—, — sec.'butyl acetate, 395 
— sec.-^tyl alcohol, 394 
Linseed oil substitutes, by polymerization of 
olefins, 613, 614 

—, from acid sludges, 1013, 1030 

from chlorinated petroleum, 740, 741 
—, from olefins and ozone, 844 
Liquefaction, of acetylene, 664 
—, of butanes, 139 
—, of butylenes, 139 
—, of gas mixtures, 140 
—, of gases, separation by, 355 
—, of gaseous hydrocarbons, 137, 1103 
—, of methane-ethylene*propylene mixture, 140 
—, of olefins, critical pressure of, 137, 138 
—, of propylene, 140 

Liquefied hvdrocarbuns, scrubbing with, 140 
Liquefied olefins, separation by isothermal vapori¬ 
zation, 139 

Liquid air, cooling with, 138, 1110 
Liquid hydrocarbons, from natural gas, 150 
—.decomposition in electric arc, 218 
—, from olefins, 195 
—, pyrolysis of, 130 
Liquid nitrogen, cooling with, 138, 139 
Liquid olefins, industrial uses of, 348, 349 
Liquid-phase cracking, 103, 108, 109, 110 
definition of, 92 

Liquid-phase oxidation, of aromatic hydrocarbons, 
925-926 

—, of hydrocarbons, 839-842, 933-936 
—of hydrocarbons to acids, 931 
Liquid-phase pyrolysis, of paraffin hydrocarbons, 
130 

Liquid products, of cracking, utilization of, 91 
Liquid soaps prepared with isopropyl alcohol, 
.366 

Liquid sulphur dioxide, solvent, separation of 
olefins, 141 

Liquors, detection of isopropyl alcohol in, 367 
Litharge and soda, ‘‘doctor solution”, 1149 
Litharge, use in sweetening, 441 
Lithium carbide, hydrolysis of, 662 
Lithium, catalyst, pyrolysis of aromatics, 146 
Lithium chloride, electrolyzing agent, chlorination 
of benzene, 761 
Lithium naphthenates, 935 

Lithium salts, separation of soap emulsion with, 
1067, 1068 

Lithographic inks, 237 

Lithographic varnish, 252 

Lithographic work, cartxin blacks for, 252 

Lithopone, manufacture of, 228 

Long blacks, definition of, 244 

I^ng inks, definition of, 244 

—, from carbon blacks, 252 

Louisiana carbon blacks, 251 

Louisiana natural gas, composition, 242 

—, yield of carbon black, 242 

Lovibond tintometer, 1148 . 

Low-boiling olefins, conversion to high-boiling, 
134 . 

Lower aliphatic alcohols, pyrolysis of, 159 
Lower olefins, higher olefins from, 145, 159 
—, saturated hydrocarbons from, 145 
—, separation from gas mixtures, 137 
Low-luster artificial silk, 370 
Low-temperature fractional condensation, analysis 
by, 1103 

Low-temperature fractionation, methods of, 1104- 
1115 

—, separation of olefins by, 137 
Low-temperature methods of analysis, 1101 
Low-temperature refining, with ozone, 988 
Lubricants, by condensation of olefins and aro¬ 
matics, 559, 562, 564. 565 
—. by hydrocarbon oxidation, 838, 906, 996 
—, by polymerization of olefins, 352, 353, 613, 
834 

—, rliethers of diethylene glycol as, 528 
—. from halogenated hydrocarbons, 742 
—, from mineral oils, 1030, 1031 


Lubricants, from olefins, by aluminum chloride, 
197 

—, from oxidized paraffin wax, 994 
—, from oxidized pcitroleum, 837 
—, in residual oils from aluminum chloride cradr- 
ing, 191 

, —, propylene glycol as, 529 
—, sodium naphthenate as, 1088 
—, synthetic, characteristics of, 202 
—, —, by aluminum chloride, 196 
—, textile. 1028, 1029 
—, use of sulphonated hydrocarbons, 1001 
Lubricating oils, absorption of oxygen, 903 
—, antioxidants for, 907, 903 
—, asphaltenes in, 904 * 

—, autoxidation of, 987 
—, carbenes in, 904 
—, carbonization of, 904 
—, catalytic oxidation of, 992 
—, cause of failure of, 903 
—, color stabilization of, 553 
—, composition of, 29 

—.conditions for obtaining high viscosity-index, 
191 

—, — low pour points, 191 
—, cyclohexane in, 30 

—, dehydration of sec.-butyl alcohol with, 394 
—, determination of deterioration of, 904, 905 
—, dewaxing with methylene dichloride, 70S 
—, etiect of metals on resin content, 906 
—, — oxidation on viscosity of, 904, 905 
—, — resin content on lubricating |>owers, 906 
—, — ozone on, 845 

—, extracted with isopropyl alcohol, 366 
—, evaporation tests of, 904 
—, from acid extract of olefins. 353 
—, from brown-coal tar oils, by aluminum chlo¬ 
ride, 201, 202 
—,—, by boron fluoride, 201 
—, from Kdeleanu extract. 565 
—, f»-om ethylene, 200, 202 

, from mineral oils, by aluminum chloride, 201 
—, —, by boron fluoride, 201 
—»—» by silent electric discharge, 270, 271 
—, from olefins by aluminum chloride, 200, 202, 
609 

—, from paraffin wax, by aluminum chloride, 201, 
203 

—, from petroleum residues, by aluminum chlor¬ 
ide, 201 

—. —. by boron fluoride, 201 
—, from tars, by boron fluoride, 201 
—, - - , by aluminum chloride, 201 
—, impurities removed by glycol-phenol mixture, 
516 

—, naphthenes in, 30 
—, oxidation catalysts for, 905 
—, oxidation inhibitors for, 907-908 
—, oxidation of, 903-906 
—, oxidation tests for, 903, 1153 
—, oxidized paraffins in, 952 
—, polynaphtlicnrs in, 30 

- pour point, reduction of, 741, 810 

—, protective action on metals, increase of, 906 
—, refining, extent of, 1148 
—, refining with dichlorodiethyl ether, 498 
—, — sulphuric acid, 1006, 1008, 1012 
—.synthesis, by iiolymerization of olefins, 129, 
200, 201, 353, 593, 606 
—,—.from middle oils, 201 
—, sulphonated, 1019 
—.tests of, 1148 

—, treated with sulphur chloride, 1060 
—, use of nitrogen^ bases in, 828, 829 
—, viscosity reduction by ozonization, 988 
Lubricating stocks, naphthenic acid soaps from, 
1066 

— redistillation of, 1066 

Luminescence, during oxidation of hydrocarbons, 
854, 855 

M 

Magnesia, catalyst activator, 280, 408 
—, catalyst, chlorination of olefins, 469 
—, —, oxidation of alcohols, 406 
—, , reaction of diolefins with amines, 656 
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Magnesia, e/Tect on pyrolysis of methane, 39 
—, saponification of wax acids with, 9 S3 
Magnesite, catalyst, chlorination of ethylene, 470 
Magnesium, action on chlorocyclofaexane, 749 
—, catalyst, pyrolysis of hydrocarbons, 38, 47, 12S, 
128, 146 

—, —, formation of cuprene, 672 
—, —, methane-carbon monoxide reaction, 932 
-—, extraction of sulphur compounds by, 462 
—, molten, use in decomposition of hydrocarbons, 
220, 

—, oxidation catalyst, 945 
—.reaction with acetone, 411 
—, — alkyl chlorides, 812, 813 
—, use in distillation of butadiene, 641 
Magnesium alkyl halides, 812 
Magnesium amalgam, production of diacetone al* 
cohol. 410 

—, reaction with acetone, 411 
Magnesium bromide, catalyst, polymerization of 
acetylene, 668 

Magnesium carbonate, aromatization cataylst, 182 
—, oxidation catalyst, 8^, 909 
Magnesium chloride, action on vinylacetylene, 669 
—, catalyst, formation of alkyl halides, 371 
—,—.hydration of ethylene. 312 
—, —, methane chlorination, 699 
—, extraction of mercaptans with, 436 
—, production of halohydrins, 493 
Magnesium chromate, catalyst for pyrolysis of 
benzene homologues, 146 

Magnesium compounds, absorption of carbon 
monoxide and diolcfins with, 160 
—, — hydrogen sulphide with. 424 
—; catalysts, benzene pyrolysis, 189 
—, —, carbon monoxide-hydrogen reaction, 232 
—, effect on detergents, 1024 
—, oxidation, catalyst. 947 
—, use in organic synthesis, 812 
Magnesium hydrosulphide, 423, 424 
Magnesium hydroxide, removal of hydrogen sul¬ 
phide with, 423 
—, use in sweetening, 443 
Magnesium naphthenate. 1089 
Magnesium oleate. catalyst for oxidation, 936 
Magnesium oxide, catalyst activator, 280, 289, 
290 

—, catalyst, formation of ethylene oxide, 536 
—, formation of higher alcohols, 345 
•—.hydration of ethylene, 312 
—, —. hydrocarlxm-nitrogen reaction. 295 
—, —, methane-steam re.nction, 280, 288-290 
—, —. pyrolysis of paraffin hydrocarbons, 135, ISO 
—, catalyst support, 223 

—, desuliduirization of hydrocarbon gases with, 
460 

—, oxidation catalyst, 833. 849, 909, 915 
—, use in production of halohydrins. 493 
Magnesium pyrophosphate, isomerization of olefin 
oxides. 419. 547 

Magnesium resinate, catalyst for oxidation, 936 
Magnesium silicate, catalytic effect in propylene 
polymerization, 599 

Magnesium snaps of oxidized paraffin wax, 954 
Magnesium sulphate, catalyst, isomerization of 
olefins, 547 

—,—.production of ketene. 414 
—, use in polymerization of diolefins. 629 
—, — salting out chlorohydrins. 493 
Magnetic iron oxide anode. 762 
Mahogany acids, 1016, 1018, 1021, 1028, 1029, 
1031 

Malachite green, oil-soluble, 1029 
Maleic acid, catalyst for partial oxidation of wax, 
943 

—, condensation with diolefins. 653, 660 
—, — olefins, 568 

—, from benzene. 915, 916, 917, 918, 923 
—.from furfural. 917 
—, from paraffin hydrocarbons, 836, 838 
—.from petroleum. 914. 915, 916, ,918, 937 
—, from quinone, 916, 917 
—.from toluene, 916, 917 
—.production of, 916-9]8 
—, tartaric acid from, 506 


Maleic anhydride, absorption of diolefins by. 
1124 

—.condensation with diolefins, 119, 651, 652, 659, 
660, 1145 
—, — olefins, 568 
—, reaction with chloroprene, 639 
—, — 1,2'dihydrobenzene. 651 
—, treatment of cracked gasoline fractions with, 
900 

Malic acid, by hydrocarbon oxidation. 838 
Malonic ester, condensation with naphthenic acid 
bromides. 1072 

Malthas, insulating materials from, 740 
Manganates, oxidation catalysts, 946 
Manganese, catalyst, ammonia-carbon monoxide 
reaction, 298 

—,—.chlorination of ethylene chloride, 475 
—, —, hydration of olefins, 307, 314 
—f—.pyrolysis of hydrocarbons, 134, 158, 221, 
223 

—, effect on ignition temperatures. 979 
—.oxidation catalyst, 511, 833, 834, 836, 864, 
86.5, 869. 870, 942. 951 
—, removal of gum by, 902 
—, use in distillation of butadiene, 641 
—, used to dissolve nickel in molten iron, 220 
Manganese acetate, catalyst for acetylene-steam 
reaction, 677 

—, oxidation catalyst, 856, 870 
Manganese acctylacetonate, oxidation catalyst, 936, 
945, 947 

Manganese alloys, catalysts for methane-steam re¬ 
action, 291 

Manganese borate, aromatization catalyst. 183 
Manganese butyrate, oxidation catalyst, 869 
Manganese carbide, hydrolysis of. 662 
Manganese chloride, catalyst for chlorination, 690, 
775 

Manganese-copper, aromatization catalyst, 187 
—, oxidation catalyst, 869, 870 
Manganese compounds, catalysts, carbon monoxide- 
hydrogen reaction, 232 

—, —, ethylene absorption in sulphuric acid, 340 
—, oxidation catalysts, 906, 953 
Manganese dioxide, catalyst, acetylene-steam re¬ 
action. 677, 678 ^ 

—, —, carbon dioxide from monoxide, 289 
—,—.hydrocarbon decomposition, 222 
—, —, production of acetone, 407 
—, oxidation catalyst. 406, 832, 833. 834, 847, 
848, 918, 919, 920, 926, 929, 934, 944, 949, 
950. 993, 1003 

—. purification of i)hthalic anhydride, 924 
—, use in chlorination. 493, 764, 765 
Manganese dioxysulphate, oxidation catalyst, 919, 
920 

Manganese naphthenate, driers, 1090, 1091 
—.oxidation catalyst, 935, 936, 945, 990, 1001, 
1034 

Manganese oleate, oxidation catalyst, 934, 936, 
994 

Manganese oxide, catalyst activator, 281, 288 
—, catalyst, hydrocarlion decomposition, 221 
—, —, reliction of naphthenic acids. 1084 
—, combustion retarder, 868 
—, oxidation catalyst, 836, 840, 863, 864, 869, 

944, 995 

Manganese phosphate, aromatization catalyst, 183 
—, catalvst, hydration of ethylene, 309 
Manganese resinate, oxidation catalyst, 890, 926, 
936 

Manganese salts, catalysts production of acetone, 
407 

—, extraction of .sulphur compounds with, 460 
—, oxidation catalysts, 949 
—, of oxidized paraffin, 995 
—, of sulpho-acids, 935 
—, use in electrolytic oxidation, 927 
Manganese sesquioxide, oxidation catalyst, 893 
Manganese silicate, aromatization catalyst, 183 
—, oxidation catalyst, 944 

Manganese stearate, oxidation caUlyst, 926, 934, 

945, 958 

—, removal of sulfur compounds by hydrogena¬ 
tion with, 934 





SUBJECT INDEX 


1244 


Manganese 


Manganese sulphate, catalyst, production of ke* 
tene, 414 

—, use in electrolytic oxidation, 928 
Manganese sulphonates, 1027, 1030 
Manganese triUecanapbthenate, 1089 
Manganic salts, dehydrogenation catalysts, 405 
Mani^anites, oxidation catalysts, 946 
Manila, solubility in sec.-hexyl acetate, 402 
Marcasite, in Colorado oil shale, 463 
Marcol, 994 

Marquardt composition, catalyst, ISO 
Marseilles soap, reaction with isethionic condensa¬ 
tion products, 1034 

Mastic, solvents for, 366, 373, 395, 525, 798 
Mazout, cracking of, 110 

Mechanism, cracking by aluminum chloride, 192 
—, of carbon black formation, 235 
—, of production of coke, 234, 235 
—, oxidation, olefins, 877, 879 
—.pyrolysis of gaseous paraffins, 168, 169, l72, 

M^icinal extracts, use of isopropyl alcohol in, 
362, 364. 365 

Medicinal paraffins, production of, 1012, 1016, 
1017 

Medicinal products, by oxidation of oils, 1002 

Mellitic acid, from coal, 930 

—, from cuprene, 671 

m-Menthadiene, from isoprene, 617, 618 

Menthane, chlorination of, 752 

—, dehydrogenation of, 181 

—, from octatriene, 617 

—, nitration of, 1049 

—, menthenol acetate from, 587 

—, oxidation of, 893 

Menthanedisulphonic acid, 575 

Menthene oxide, isomerization of, 547 

Menthenol acetate, from menthene, 587 

Menthone, as antiknock 980 

—, formation. 415 

Mercaptals, 433, 448 

Mercaptans, action of air on, 440 

—, — sodium hypochlorite on. 459 

—, adsorption by metallic sulphides, 445 

—, — nickel, 461 

—, condensation with unsaturated compounds, 585 
—, conversion to disulphides, 421 
—, — polysulphides, 438, 440 
—, corrosion oy, 422 

, decomposition with alkalies, 435, 436, 437 
—.determination of, 432, 439, 1150, 1151 
—, distinction between primary and secondary, 
441, 442, 445 
—, extraction of, 435 
—, formation of, 431 
—, from alkyl chlorides, 811 
—, from alkyl disulphides, 1152 
—, from alkyl sulphides, 456, 457 
—, from olefin-hydrogen sulphide reaction, 425, 
584-585 

—, ^um-formation catalysts, 421, 422 
—, identification of. 1150 

—, inhibitors in polymerization of butadienes, 630 
—, in petroleum oils, 31, 421, 422, 1149 
—.oxidation of, 432, 435, 439, 440, 441, 444, 
446, 458, 459 
—, properties of, 452 
—, pyrolysis of, 451, 452, 457 
—.reactions of, 431, 434, 435, 437, 438, 445 
—, removad from distillates, 434, 435, 446, 447, 
448, 1149, 1151 

—, stabilization of gasoline with, 898 

—.tests for, 1149, 1151 

—, use in detection of gas-main leaks, 432 

Mercaptan group, bathochromic action of, 434 

Mercaptides, formation of, 432 

—, hyarolysis of, 436 

—, oxidation of, 442 

Mercapto acid esters, 434 

Mer^ptoisohexane, 433 

Mercaptoles, 433 

Mercuriated olefins, 584 

Mercuric acetate, action on mercaptans, 446, 447 
—, double compounds with olefins, 582, 583 
—, ether formation with. 583 
—, extraction of sulphur compounds by, 459 


Mercuric acetate, hydration of vinylacetylene 
with, 669 

—.reaction with aromatic hydrocarbons, 1132 
—, — diolefins, 1145 
—, — vinylacetylene, 685 
—, salts with acetylene, 666 
—, use in determination of olefins, 574, 1132 
Mercuric acetylide, 667 
Mercuric chloride, action on mercaptans, 432 
—, — vinylacetylene, 669 
—, addition compounds with thioethers, 450 
—, catalyst, acetylene-hydrogen chloride reaction, 
680 

—, —, hydration of ethylene, 307 
—, —, olefin-organic chloride condensation 
—, effect on catalysts in cracking, 202 
—, extraction of sulphur compounds by, 459 
—, formation of complexes with oils, 192 
—, isolation of thiophanes with, 452 
—, reaction with sulphur compounds, 453, 454 
—, treatment of cradeed distillates with, 454 
Mercuric chloride salts of acetylene, 666-667 
Mercuric chloride salts of nitrogen bases, 826 
Mercuric cyanide, as antidetonant, 983 
—.reaction with olefins, 1132 
Mercuric iodide, action on thiophanes, 453 
—, addition compounds with thioethers, 450 
—, formation of sulphonium compounds, 449 
Mercuric halides, use in refining, 609 
Mercuric naphthenates, 1089, 1090 
Mercuric nitrate, absorption of ethylene by, 1122 
—, catalyst for nitration, 582 
Mercuric oxide, action on mercaptans, 447 
—. catalyst, hydration of acetylene, 676 
—,—.oxidation of paraffin wax, 941, 943 
—, —, production of dioxan, 555 
—, use in acetal formation. 678 
—, — acetylene-organic acids reaction, 681, 683 
Mercuric palmitate, use in determination of ole¬ 
fins, 1132 

Mercuric phosphate, catalyst, acetylene-steam re¬ 
action, 677 

Mercuric salts, absorption of olefins by, 142, 582 
—, double compounds of olefins with, 582-584 
—, effect on oxidation of lignite paraffin. 949 
—.reaction with tetramethylethylene. 1132 
Mercuric stearate, determination of olefins with, 
1132 

Mercuric sulphate, absorption of acetylene by, 664 
—, — ethylene by, 582 

—.catalyst, acetylene-steam reaction, 676, 677 
—, —, formation of vinylsulphuric acid, 679 
—,—.glycol-acetylene condensation, 513 
—, —, hydration of monovinylacetylene, 669 
—.determination of olefins with, 1132 
—, polymerization of ethylene with, 1032 
—, reagent for isopropyl alcohol, 367, 368 
Mercuric sulphide, adsorption of mercaptans by, 
440, 446. 

Mercuric vanadate, catalyst, acetylene-steam re¬ 
action, 677, 933 

Mercurous acetate, salt with acetylene, 667 
Mercurous acetylide, 666 

Mercurous chloride, action on vinylacetylene, 669 
Mercurous nitrate, determination of sulphides 
with. 1152 

Mercurous salts, catalysts, polymerization of eth¬ 
ylene. 594 

Mercurous sulphate, catalyst, ethylene polymeriza¬ 
tion, 336 

Mercury, catalyst in cracking, 107 
—.heat absorbent in oxidation, 916, 917, 923, 
924 

—, oxidation catalyst, 833, 849, 874 
—, reaction with sulphur, 1149 
—, removal of gasoline gum with. 902 
—, removal of sulphur from distillates with, 427 
Me^ry atoms, excited, action on hydrocarbons, 

—,—.use in polymerization of ethylene, 594 
Mercury compounds, catalysts, ethylene absorp¬ 
tion In sulphuric acid. 340 
—, —. pyrolysis of alkylbenzenes, 147 
—. oxidation catalysts, 906, 933, 944 
Mercury light, action on hydrocarbons, 272 
—, —, hydration of acetylene, 664, 870, 887 
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Mercury naphthenates, antidetonants, 983 
Mercury safts^ addition to acetylene, 666*667 
—, determination of olefins with, 1131 
—, extraction of sulphur compounds with, 460 
Mercury sulphonates, 1027 
Mercury vapor, use in pyrolysis of paraffins, 135 
Mercury-vapor lamp, use in chlorination, 693, 
694, 700, 701, 714, 719, 724, 727, 728, 729, 
730, 731 

Mesitylene, chlorination of, 779 
—, condensation with cyclohexene, 561 
—, from acetone, 410 
—, from acetylene, 81, 180 
—, nitration of, 1046 
—, occurrence in petroleum, 26, 27, 1035 
Mesityl oxide, condensation with aliphatic al¬ 
cohols, 411 
—, glycols from, 506 
—, production, 409, 410, 411, 568 
Metal surfaces, function in carbon deposition, 235 
Metals, pickling of, 829 

Metaphosphates, catalysts, pyrolysis of paraffins, 
134 

Metaphosphoric acid, absorption of ethylene by, 
322 

Metastyrene, 610 
Methane, acetaldehyde from, 932 
—, acetic acid from, 932 
—, acetone from, 932 

—, acetylene from, 147, 148, 149, 150, 151, 180, 
296, 663, 871, 872 
—, action of nitric oxide on, 299 
—, aromatics from, 147, 161, 166-170 
—bromination of, 706, 707 
—, butadiene from, 147 
—, by decomposition of coal-tar, 258 
—— diamylene, 604 
—, — hydrocarbons by a-radiation, 273 
—, — hydrocarbons by cathode-rays, 274 

~ hydrocarbons in electric arc. 257, 259, 262 
—, — hydrocarbons in mercury light, 272 
—, — hydrocarbons in semi-corona discharge, 269 
—, — hydrocarbons, in silent dtscharij;e, 268. 269 
—— hydrocarbons, in ultraviolet light, 272 
—, — methyl ether, 265 
—, — sodium acetate. 787 
—, by hydrolysis of metallic carbides, 663 
—, by pyrolysis of acetylene, 82, 668 
—, — aromatics, 89, 164 

—butanes, 53, 54, 55, 56, 57, 63, 123, 129, 
130 

—, — butenes, 72, 73, 180 
—, — cyclohexane, 84, 181, 182 
—, — cycloparaffins, 274, 856 

—ethane, 43, 44, 45, 46, 47, 257, 268, 269, 
272 

ethylene, 65. 66, 67, 68, 257, 262, 273 
—, — hexadecene, 77 
—hexanes, 59, 60, 61, 130 
'—, — higher hydrocarbons, 61 
—, — isoprene. 79 
—, — methyl halides, 802 

—olefins, 135, 143. 273, 602 
—, — paraffin hydrocarbons, 64, 106, 184, 188, 
218, 257. 269, 273, 274 
—, — pentanes, 58, 63. 130, 174 
—, — pentenes, 74, 75, 80, 603 
—, — petroleum distillates, 134, 162, 163, 222, 
259. 274 

—. — propane, 44, 49, 50, 52, 53, 123, 127 
—, — propylene, 70, 71, 84, 273 
—, by reduction of carbon monoxide, 184, 186, 
295 

—.carbon black from, 148, 207, 213, 215, 220, 
222, 223 

—, carbon monoxide from, 151, 874 

—, chlorination of, 225, 686-703. 713, 784, 1039 

—» —t by antimony pentachloride, 687, 701 

—, —, by cupric chloride, 701 

—, —, by phosgene, 687, 701 

—, —, by sulphury 1 chloride, 687, 701 

—, chlorine derivatives of, 467 

—, combustion, effect of nitrogen. 976 

—, condensation with acetylene, 267 

—condensation with ethylene, 264 

—, decomposition by electric sparks, 38 


Methane, decomposition in a-radiation, 272, 273 
—, — electric arc, 255, 256, 257, 259, 260, 263 
—, — glow discharge, 274, 849 
—, — silent discharge, 264, 268, 269 
—, determination of small amounts of, 1098 
—, effect of aluminum chloride on, 194 
—, effect on pyrolysis of hydrocarbons, 128, 135, 
223, 258 

—, equilibrium values for pyrolysis of, 38, 39 
—, formation from methyl chbride, 782 
—, from acetaldehyde, 885 
—, from acetic acid, 407 
—, from acetone, 413 
—, from anthracene oil^ 258 
—, from butylene ozonide,*883, 884 
—, from coal-distillation gases, 32, 208, 210 
—, from hydrogen and ethylene in silent dis¬ 
charge, 265 

—, from olefins and hydrogen sulphide, 425 
—• hydrocyanic acid from, 296 
—, hydrogen from, by oxidation, 243, 931 
—.—.by pyrolysis, 151, 213, 214, 215, 220, 222, 

—, in cracking gas, 114, 115, 141, 144 
—, in natural gas, 12, 13, 14, 212 
—, in producer gas, 963 
—, maximum flame temperatures, 236 
—, mechanism of pyrolysis of. 39, 40, 41, 42, 
43 

—, methyl alcohol from, 989 
—, oxidation of, 206, 207, 235, 239, 242, 285, 663, 
833, 843, 846-849, 857-864, 867, 872, 874, 875, 
931, 965 

—, —, by silent electric discharge, 866-867 
—, —, effect of inert gases, 850 
—, —, effect of lead tetraethyl, 848 
—, —, effect of nitric acid, 848 
—, —, intermediate products, 965 
—, —. mechanism of, 235, 846, 965 
—, oxidation to acetylene, 663 
—, — to carbon monoxide, 849 
—-, — to formaldehyde, 846, 860, 867, 872 
—, — with carbon dioxide, 863, 867 
—, — with gaseous catalysts, 864-866 
—, — with oxides of nitrogen, 858 
—— with oxone, 862 
—, preparation of pure, 1113 
—.pyrolysis of, 38-43. 65, 99, 105, 121, 126, 136, 
147, 150, 151, 166-173, 176, 182-187, 205, 213- 
215, 216, 220, 222, 223, 235, 296, 663, 861 
—,—, by carbon filaments, 43, 121 
—, —, thermodynamic considerations, 39 
—, reaction with acetylene, <^4 
—, — ammonia, 292-293, 295-297 
—, — carbon dioxide. 206, 279-293, 932 
—, — carbon tetrachloride, 706 
—, — chloromethanes, 692 
—, — fluorine, 707 
—, — hydrogen sulphide, 425 
—, — nitrogen, 208, 292-295 
—, — oxides of nitrogen, 298-299 
—, — phosgene, 418, 1060 

—steam. 206, 276-280, 283-293, 834 
—, — sulphur, 428 
—, — sulphuric acid, 849, 1007 
—, separation from other gases, 140, 230, 290, 
696, 1096. 1101, 1102, 1103 
—, slow-oxidation, 846, 982 
—, thermal relationships of combustion, 235 
—, thermal stability of, 63, 64, 205 
—, thermodynamic stability of, 93 
—, use of, 16 

—, —, in production of synthetic rubber, 629 
Methane-air, flames, characteristics, 970, 975 
—.ignition, 969, 971, 974. 978 
—, inflammability limits, 239, 240, 861, 961, 962, 
964, 970 

—, rate of flame propagation. 975 
Methane-ethylene, heat-exchange material, 140 
Methane homologues, by pyrolysis of methane, 65 
—, halogenation methods, 711 
—, separation by steam distillation, 33 
—, slow oxidation of, 958 
—, thermal stability of, 64, 65 
Methane-oxygen, ignition, 847, 861, 970 
Methanol, see Methyl alcohol. 
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Methionic acid, from acetylene, 1034 
3*Methoxy-4'ter.<butyltoluene, 567 
Methyl acetate, by oxidation of gas oil. 840 
—, from methyl chloride, 784, 786 
—, hydrolysis of. 784, 786 
l-Methyl-2-acetylcyclopentane. 1057, 1058 
Methylacetylene, allene from, 632 
—, from acetone, 411 
—, from propylene dibroniide, 481 
—, Mlymerization of. 272 
MeUiylacraldehyde, from propylene glycol, 529 
Methylal of ethylene glycol, 512 
Methvl alcohol, action with aluminum chloride 
and olefins. 196 

—, by hydrolysis of methyl chloride, 703, 781, 
782, 783, 784 

—, by hydrolysis of ethylene chloroformate, 498 
—, by oxidation of gas oil, 840 
—. — methane, 846, 847, 848, 851, 854, 857, 858, 
859, 989 

—, — petroleum, 333 
—.dehydration of, 159 
—, esterification by hydrogen chloride, 703 
—, extraction of oxidized paraffins, with 952 
—.extraction of sulphonic acids with, 1014, 1015 
—, from carbon monoxide, 232, 263, 288, 785, 989 
—, from methane and steam reaction, 276 
—, from methyl formate, 395 
—, oxidation to formaldehyde, 786, 860 
—, oxidation with air, 989 
—, properties of, 785 
—, reaction with boron fluoride, 596 
—. removal of gum from gasoline with, 903 
—, solvent in hydrolysis of methyl chloride, 680, 
785, 953 

—, toxicity of, 362 

—, use in production of amyl alcohol, 792 
Methyl alcohol-air, explosive limits, 963 
Methyl alkyl ketones from higher alcohols, 402 
Methylallene, from crotonaldehyde, 632 
—, pyrolysis of, 614, 615, 616 
Methylallene tetrabromide, 632 
Methylamine, reaction with vinyl acetate, 656 
—, use as solvent, 140, 141, 516 
Methyl-n-amylcarbinol, 402 
Methyl amyl ether, from trimethylethylene, 383 
Methyl-n-aniylethylene, reaction with sulphur, 429 
Methyl n-amyl ketone, 416, 1055 
Methylaiiiline, reaction with olefin oxides, 543 
—, stabilization of gasoline with, 897 
Methylanthracene, 227 
Methylbenzanthrone, oxidation of, 930 

1- Methyl-2-beiizoylcyclupentane, 1057 
p-Methylbenzyl chloride, 777 
Methyl bromide, 706, 707 

2- Methyl-4-bromo-2-butene, 645 

1- Methylbutadiene, condensation with maleic acid 
and anhydride, 660 

—, polymerization of, 619 

2- Methylbutadiene, condensation with maleic acid 
and anhydride, 660 

—, dipentene from, 617 

2'Methylbutadiene-l,2-oxide, from isoprene, 877 
2-Methylbutane, see Isopentane. 

Methylbutanols, 402, 416, 797 
2-Methyl*4-butene-2-ol, 636 
sym.-Methybter.-butylallene dibromide, debromina* 
tion of, 485 

Methyl butylcartunol, see 2-Hexanol. 

Methyl n-butyl ketone, by reduction of nitro* 
hexane, 1042 
—, from n-hexane, 1051 
—.properties, 416 

2'MethyM, 3-butylene glycol, isoprene from, 159 
8-Methylcarboxyquinoline, 820 . 

Methyl chloride, by chlorination of methane, 688- 
703 

—, — of natural gas, 690, 691, 692, 694, 698, 
700, 703, 731 

—, by decomposition of ter.-butyl hypochlorite, 
399. 

—, by esterification of methyl alcohol. 703 
—. chlorination of, 688, 697, 703, 704 
—.hydrolysis of, 703. 704. 782, 783, 784, 785. 
786 

—.hydrolysis with steam. 782-785, 787 


Methyl chloride, properties, 703 
—, purification of, 152, 696, 704 
—, pyrolysis of, 783, 802 
—, toxicity, 709 
—, uses, 152, 664, 703 

2-Mcthyl-3-chlorobutanc, from isopropylethylcne, 
329 

Methylcyclobutane, in cracked gasoline, 119 
—, pyrolysis of, 84 

Methylcyclobutene, by pyrolysis of methylene- 
cyclobutane, 84 

Methylcycloheptane, by pyrolysis of cyclooctane, 
86 

MethylcycloheXane, action of sulphuric acid on, 
1010 

—, hromination of, 751 
—, by pyrolysis of hydrocarlx)ns, 78, 85, 86 
—, chlorination of, 745, 750, 753 
—.dehydrogenation of, 85, 181, 1144 
—.effect of aluminum chloride on, 199 
—, in straight-run gasoline, 22, 25, 27 
—, nitration of, 1048, 1049 
—, pyrolysis of. 84 

—, reaction with antimony chloride, 1061 
—, — sulphur, 430, 1061 
Methylcyclohexanol, adipic acid from, 929 
—, isoprene from, 635 

Methylcyclohexanone, production of, 198, 419, 420 
—, use as acetylene solvent, 262 
Methylcyclohexene, by isomerization of methyl- 
enecyclohexane, 85 
—* by pyrolysis of butenes, 179 
—, double compound with mercuric acetate, 582 
Methylcyclohexadicne, 179 
l-Methyl-4-cyclohexyl-3-hydroxybenzene, 567 
Methylcyclopentadiene, by pyrolysis of butanes, 
57, 174 

Mcthylcyclopentanc, by pyrolysis of cyclohexane. 
85 

—, chlorination of, 747 
—, from cyclohexane, 197, 198 
—, from hexane, 197 
—.from petroleum, 1147 
—, halogenation of, 747, 748 
—, in straight-run gasoline, 23, 27 
—.nitration of. 824, 1047 
—, reaction with acetyl chloride, 197 
Metbylcyclopentenes, from cyclohexane, 197 
Methylcyclopentyl residues, 1079 
Methylcyclopropane, action of sulphuric acid on, 
1009 

—, hromination of, 746 
.—. pyrolysis of. 83 

Methyldiazomethane, reaction with butadiene, 652 
Methyldiethylcarbinol, 402 
Methyldiethylethylene, oxidation, 880 
Methyldiphenylamine, stabilization of gasoline 
with, 897 

Methyl disulphide, properties of, 452 
—, use in adhesives, 456 
—, — sweetening, 443 

Methyl esters ot naphthenic acids, 1070, 1083 
Methyl ether, decomposition in silent discharge, 
265 

—, from methyl chloride, 782, 783, 784, 785, 786 
Methylethylacetic acid, 856 
Methylethylcarbinol, 345 
Methyl ethyl ether, 786 

Methylethylethylene, absorption, by sulphuric acid, 
380, 381, 382 

—, addition of hydrogen halides, 329 
—, from amylene. 881 
—, from ethylcyclopropane, 83 
—, hydration of, 403 
—, oxidation of, 881 
—, polymerization of 382, 604 
—, reaction with sulphuric acid, 380, 381, 382, 
389 

sym.-Methylethylethylene oxide, hydration of, 537 
Methyl ethyl ketone, by oxidation of wax, 857 
—, from acetylene. 159 
—, from butane, 1055 
—, from sec.-btttyl alcohol, 379, 396 
—, from 2-chloroDutanol-3, 501. 

—, from isobutylene glycol, 531 
—, from methyl vinyl ketone. 41S 
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Methyl ethyl ketone^ from propylene oxule» 547 
—I propertiee, 416 
—, uses, 262, 416 

2-Methyl*3*ethylpentane, oxidation of, 855 
2*Methyl-6'ethylpyridine, from shale tar, 827 
Methyl ethyl sulphide from petroleum, 450 
Methyl formate, isobutyl formate from, 395 
—, hydrolysis of, 792 

Methylglutaric acid, by nitration of naphthenes, 
1047 

Metbylglyoxal, from propylene, 879 
—, from propylene glycol, 530 

2- Methylheptane, ismation from petroleum, 33 

3- Methylheptane, oxidation of, 855 
Methyl heptanapthenecarboxylate, 1072 
6-Methyl-2-heptanone, 856 

5-Methyl-1-heptene, polymerization of, 607 
Methyl heptyl ketone, 856 

2-Methvlhexane, see Isoheptane. 

Methylhexanone, 892 

5- Methy 1-1-hexene, polymerization of, 386, 607 

4- Methyl-2-hexyl-l,3-dioxolane, 557 ‘ 

Methyl hydrogen peroxide, 859 
Methyl iodide, action on thiophanes, 453 
—, pyrolysis of, 802 

—, reaction with ethyl sulphide, 451 
—, — trimethylene sulphide, 453 
Methyl isoamyl ketone, 856 
Methyl isobutyl ketone, 856 
Methylisopropylcarbinol, 380, 401, 402 

1- Methyl-4-isopropylcyclohexane, halogenation of, 
745 

Methyl isopropyl ketone, from dimethylallene, 301 
—, from 3-methylbutanol-2, 402, 416 
—, from trimethylene oxide. 419, 546 
, from trimethylethylene glycol, 531 
—, properties, 416 

Methyl isopropyl sulphide from petroleum, 450 
2‘Methyl-3-ketobutanoI. from acetylene, 159 
Methyl mercaptan, adsorption by sulphides, 445 
—.properties of, 431, 432, 452 
Methylmesityl oxide, 568 
Methylnaphtnalene, from acetylene, 82, 180 
—, from isobutene, 179 
—, from kerosene, 28 
—, phthalic anhydride from, 922 
Methyl-a-naphthylamine, antioxidant, 907 
Methyl neopentyl ketone, 884 
Methyl octanaphthenecarboxylate, 1072 
4-Mcthyl-4-octene, 656 
Methyl octyl ketone, 856 

2- Mcthyl-2,4-pentadiene, autoxidation of, 893 

3- Methyl-1,3-pentadiene, polymerization of, 627 

3-Methyl-1,4-pentadiene, from acetylene trimer, 

268 

2- Methylpentane, see Isohexane. 

3- Methylpentane, in straight-run gasoline, 22, 
27 

—, nitration of, 1042 

4- Methylpcntanol-2, 402 
2-Methyl-1-pentene, 384 

2- Methyl-2-pentene nitrosate, 580 

3- Methyl-2-pentene, from diamylene, 604 
—, polymerization of, 607 

4- Methyl-1-pcntene, 75, 813 
Methyl peroxide, formation of 854 
Methylpnenylcarbinol. from ethylbenzene, 926 
—, styrene from, 147 
MethyIphenyl-l,3-dioxolane, 557 
Methylphenylfulvene diperoxide, 892 
2-Methylpropa'ne-l,2-dio], from isobutylene, 531 
Methyl n-propyl acetone, 417 
Methyl-n-propylcarbinol, 401, 402 

Methyl propyl ketone from ethylene and acetone, 
574 

—, from pentanol-2, 402, 416 
—, properties, 416 
—. use as acetylene solvent, 262 
Methylpyridines, separation. 820, 828 
2-Methylpyridine, from shale tar, 827 
Methylpyrrolidine, isoprenc from, 636 
j8-Methy1quinoIine, 820 

6- Methy]qtiinizarin. 653 
Methylstyrene, from ethyltoluene, 146 
—, polymerization of, 612 
Methylstyrene oxide, 547 


Methylsucctnic acid, from propylene dichloride, 
480 

MethyUttccinonitrite, 480 
Methyl sulphonates, 1021 
Methylsulpbonic acid, properties, 1011 
Methyl thioether, properties of, 452 
Methyl thiophene, from acetylene, 426 
—, from naphtha, 455 

2-Methylthiophene, in Kimmeridge shale oil, 463 
2-Methyltricosane, slow-combustion of, 857 
2-Methyl-2-undecene, polymerization of, 607 
—, reaction with sulphuric acid, 386 
Methyl vinyl ketone, 415 
Methylene, attempts to produce, 782 
Methylene blue, adsorption by carbon blacks, 248 
Methylenecyclobutane; pyrolysis of, 84 
Methylenecyclohexane, 85 
Methylonecyclopentane, 579 
Methylenecyclopropane, pyrolysis of, 84 
Methylene dibromide, from methane, 706, 707 
Methylene dichloride, butadiene isomers from, 643 
—, by chlorination of methane, 688-695, 697, 698, 

699, 701, 702, 703, 784, 785 

—, — methyl chloride, 688, 697, 703, 704 

-—. — natural gas, 690, 691, 692, 694, 695, 698, 

700, 703 

—, chlorination of, 705 
—, hexamethylenetetramine from, 705 
—f physical properties, 704 
—, separation from methyl chloride, 704 
—, solvent action, 704, 705 
—, stabilization of, 704 
—.uses, 704, 70S 
Methylene glycol, 858 
Methylene radical, 266 
Methylene tetrahydrophthalic anhydride, 653 
Mexican petroleum, asphalt in, 11 
—, chlorinated, insulating materials from, 740 
—, chlorination of, 740 
—, sulphur compounds in, 11, 421 
Mica disc, use in decomposition of natural gas, 
218 

Microanalysis of gases, 1095 
Micronex black. 245, 250. 253, 254 
Mid-Continent cokes, analyses of, 227 
Mid-Continent gas oil, cracking of, 100, 101, 145, 
146 

—^.pyrolysis of, 124, 132 

Mid-Continent petroleum, cycloparaffins from, 23, 
25 

—. straight-run gasoline fromj 20 
Middle oils, condensation with chlorinated me¬ 
thanes, 203 

Mineral matter, in petroleum oils, 1125 
Mineral oil distillates, varnish materials from, 
741 

Mineral oils, analysis of. 1143 
—, coke-forming value of, 911 
- distillation residues, pyrolysis of, 133 
—, electric decomposition of, 259. 262 
—.emulsifying agents from, 1022, 1023, 1024 
—, oxidation of, 936, 939 
—, polymerization of, '202, 629 
—, pyrolysis of, 133. 134 
—, reaction with oleum, 1033 
—, — sulphur chloride, 576 
—.saponifiable products from, 1066 
—, separation from alkali sludge, 1067, 1068 
—, solubility in isopropyl ether, 370 
—, styrene from, 146 

—. sulphonated, production of, 1008, 10^3-1020, 
1037 

—,—.properties, 1022, 1023, 1024 
—, —, uses of, 1022-1031 
—, tanning materials from, 1033 
—, tar-forming value of, 911 
—, treatment with ozone, 939 
—. tumenolsulphones from. 1037 
Mineral oil sulphonic acids, production of, 1008, 
1013-1020, 1037 
—, properties, 1020 

Moisture, effect on pyrolysis of 2-pentene, 75 
—, — pyrolysis of amyl chlorides. 803 
Moisture contents of carbon blacks, 212, 244, 253 
Molecular weights, naphthenic acids, 1063 
—.olefin polymers, 80 
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Moloxide theory of oomlmstioii, 854 
Moloxides* formation, 853, 858 
Molten chlorides, dehydrogenation catalysts for 
alcohols, 405 

Molten lead, use in pyrolysis of hydrocarbons, 
130 

MoUen tellurium, catalyst for pyrolysis of butane, 

Molybdates, catalysts for diphenyl production, 189 
—, dehydrogenation catalysts for alcohols, 405 
Molybdenum, aromatisation catalyst, 182 

catalyst, ammonia-carbon monoxide reaction, 
298 

—, —, carbon dioxide-methane reaction, 281 
—,—, chlorination of benzene, 759 
—, —, diphenjrl production from benzene, 189 
—,—, hprdration of olefins, 307, 314 
—ignition temperatures with, 969 
—,—, in cracking, 113 

—, —f methane-carbon monoxide reaction, 932 
—.oxidation catalyst. 836, 868 
—,—, pyrolysis of hydrocarbons. 40, 134, 136, 
146, 166, 189 

Molybdenum electrodes, use of, 261 
Molybdenum oxide, catalyst, decomposition of hy¬ 
drocarbons, 223 

—, —, hydrogenation of benzene, 460 
—, —, methane-steam reaction, 288 
—•—.petroleum pyrolysis, 157, 158 
—, oxidation catalyst. 833, 834. 836, 837, 843, 
864, 869, 870, 914, 915, 916, 917, 919, 921, 
922, 924, 925. 929, 938, 992 
Molybdenum pentachloride, catalyst, chlorination 
of hydrocarbons, 690, 730, 756, 758, 770, 771 
—, reaction with benzene, 764 
Molybdenum sulphide, catalyst, hydrogenation of 
benzene, 460 

Molybdenum sulphides, extraction of sulphur com¬ 
pounds with, 460 

—, catalysts, diphenyl production, 189 
Molybdenum trichloride, catalyst, chlorination of 
benzene. 730, 764 

Molybdenum trioxide, effect on pyrolysis of 
ethane, 123 

—, use in deodorizing soaps, 938 
Molybdic acid, catalyst, ethylene absorption in 
sulphuric acid, 334 
—, —, hydration of acetylene, 676 
—.oxidation catalyst, 833 

Monel metal, effe^ on pyrolysis of propylene, 70 
Monoalkyl ethers of ethylene glycol, 521, 522, 
523-525 

— propylene glycol, 530 

Monobasic naphthenic acids, in Russian petro¬ 
leum, 1062 

Monobroraohutenes, from 1-butene dibromide, 482 
Monocarboxylic naphthenic acids, by oxidation of 
naphthenes, 1064 

Monochlorinated hydrocarbons, reactions of, 806- 


808, 814, 815 

Monochlorinated paraffins, alcohols from, 792 
—, ethers from, 808 

Monochlorinated wax, condensation with aromat¬ 
ics, 741 

Monocyclic acids of petroleum, 1072, 1073 
Monocyclic saturated hydrocarbons, thermal sta¬ 
bility of, 83 

Monoethanolamine, production, 541, 551, 552 
Monoethanolamine dinitrate, 552 
Monoethanolamine oleate, uses, 554 
Monoethyl ether of ethylene glvcol, 521, 523 
Monolefins, compared with diolefins, 642 
—, separation from diolefins, 641 
—, see Olefins 

Monometallic derivatives of glycol, 511 
Mononaphthenes, isolation of, 33, 1071 
MonovinylaceCylene, from acetylene, 669 
Montan wax. action of ozone on, 948 
—, amides of, 1002 
—, chlorination of, 740 
—, deresination. 520 
—.driers from, 995 
—, from lignite tar, 948 
—.oxidation of, 943, 946. 951, 996, 1002 
—, oxidized, reaction with alkylene oxides, 541 
—, rust-preventative from, 1031 


Montan wax, sulphonation of, 1002 
—, wax acids from, 948, 996 
Motor fuels, addition of amino compounds to, 
1054 

—, by cracking petroleum fractions, 91, 92 
—, by oxidation of hydrocarbons, 836, 840, 844, 
991, 992, 993 

—, by pyrolysis of gaseous hydrocarbons, 164, 
165, 169, 175, 186 
—.examination of, 1148 
—, naphthenic acids in, 1086 
—, use of isopropyl alcohol as, 366 
—, use of methanol in, 786 
Mustard gas, 576 
Mustard oils, from acetylene, 684 
Myrcene, from isoprene, 617, 618, 625 
—, oxidation of, 893 
—, polymerization of, 619 
Myricyl mercaptan, 432 

Myristic acid, in petroleum distillates, 944, 1063, 
1076 

Myristylsulphonic acid, properties, 1011 
N 

Nail polishes, use of isopropyl alcohol, 364 

Naphthalene, bacterial oxidation, 1004 

—, butylene derivatives, 563, 564 

—, by pyrolysis of acetylene, 81, 82, 180, 668 

—, — butadiene, 79 

—. — butenes, 73, 179, 180 

—, — cumene, 88 

—, — ethane. 44, 46 

—, — ethane-propane mixtures, 44 

—, — ethylene, 66. 69, 177 

—, — gaseous hydrocarbon. 184 

—, — hydronaphthalenes, 84 

—methane, 38. 40, 166, 168, 169 
—, — natural gas, 167 
—, — paraffin wax, 176 
—, — petroleum distillates, 86, 162 
—,— 4-pheny 1-1-butene, 89 
—, —propylene, 179 
—, — toluene, 88 
—, — xylene, 88 
—, chlorination, 761 

—, condensation, by aluminum chloride. 202 • 

—, condensation with chloromethane, 810 
—, cyclohexene derivative, 561 
—, decomposition, electric arc, 257 
—, dinaphthyl from, 199 
—, ethylene derivatives, 562-565 
—, from 2-butene, 602 
—, from cyclohexene, 624 
—, from ethane-propane, 170 
—, from kerosene, 28 
—, from methane, electric arc, 256 
—, from pitch, 227 
—.from propane-butane, 170 
—, higher hydrocarbons from, 199 
—, high-temperature heat transfer. 189 
—.oxidation of, 915-917, 919, 921-923 
—, — pentane, 852-853 
—, phthalic acid from. 919, 921-923 
—, iwlymerization of butenes, 602 
—, presence in carbon black, 206 
—, propylene derivatives, 563, 564 
—, pyrolysis of, 89 

—, reaction with monochlorinated wax, 741 

—, — olefin oxides, 545 

—, refining by oxidation, 987 

—, removal, from gas. 216 

—, stabilization of gasoline. 897 

—, sulphuric acid reaction, 564 

—.toluene condensation, 564 

Naphthalenes, condensation with olefins, 562-565 

—, from cuprene, 671 

—, from Persian petroleum, 34 

—, hydrogenated, from kerosene, 28 

—, —, in straight-run gasoline, 25 

—, polyalkyl, production, 559 

—, production of alkyl derivatives, 563-565 

—, purification of, 934 

—, separation of paraffin hydrocarbons from, 
1146 
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Naphthalenedisulphonic acid, hydration o£ propy< 
lene, 314 

Naphthalenesulphonic acids, condensation with pro* 
pylenc. 564 

—, reaction with benzoin and isopropyl alcohol, 
367 

T—, use in dyestuffs, 1006 
—, — oxidation of gas oil, 935 
Naphthalic anhydride, from acenaphthene, 915, 
929 

Naphthas, adsorption of sulphur from, 462 
—, chlorination of, 719, 739 
—, cracking of, 98, 99, 158, 163 
—, detergent formation, 1024 
—, extraction of thiophene from, 462 
—, from California crude petroleum, 455 
—, insulating materials from. 739 
—, isobutyl chloride from, 719 
—, napthenic acids from, 1063 
—, oxidation to alcohols, 990 
—, production of aromatics from, 165 
—, reaction with steam, 277 
—, removal of sulphur compounds from, 461 
—, solvents for thiophanes, 453 
—, sulphur compounds in, 455 
—, testing of, 1147 
—, thiophene in, 455 

- •, use in paints, 614 

Naphtha solutions, adsorption of sulphur com¬ 
pounds, by nickel oxide, 462 
Naphthasulphonic acids, detergents, 1023, 1024 
Naphthazarin, reaction, conjugated dienes. 653 
Naphthenamine, methylation of, 1077 
Naphthcnates, 935. 1068, 1083. 1087*1089 
—. oxidation cat.iilysts, 987 
—. uses of, 935, 1089 
Naphthene-base oils, pyrolysis of, 86 
Naphthenes, absorption of, 1095 
—, aniline points of. 1138 
—, aromatic sulphonic acids from, 1035 
—, hicyclic, in straight-run gasoline, 25 
—, by pyrolysis of ethylene, 67 
—.—olefins, 67, 187 

—, condensation with chlorinated hydrocarbons, 
203 . , 

—.conversion into aromatics, 1144 
—, cracking of, 97 

--.dehydrogenation of, 97, 182, 187, 1035, 1144 
—, —, equilibrium constants, 87 
—, derivatives of, 419 
—.determination of. 1126, 1140, 1143, 1144 
—, effect on oxidation of transformer oils, 912 
—. formation during cracking, 104 
—. Friedel-Crafts reactions, 1056-1059 
—, from ethylene, 196 
—, from gasoline. 35, 914 
—, from isobutylene. 266, 600 
—, from mineral oils, 35 
—, ^m formation in. 902 
--.in cracked gasoline, 116, 118, 119 
—, in gasoline made with aluminum chloride, 
191 

—, in lubricating oil, 30 
—. in natural-gas gasoline, 18 
—, in petroleum, 11, 19^ 

—, in straight-run gasoline, 20, 21, 23, 27 
—.maleic acid from, 917-919 
—, naphthenic acids from, 1064 
—, oxidation of, 838, 1002 
—, —, catalysts for, 945 
—.oxidation products, 1001, 1033 
—, paraffins from, 199 

- -, photochemical oxidation of, 1064 
—, polymerization, 193, 202 

—, pyrolysis of, 86 

—, reaction with aluminum chloride, 193, 197, 199, 
203 

—. — bromine, 1131 
—, — sulphur, 429, 430 
—, relation of naphthenic acids to, 1062 
—, separation by ethylene chlorohydrin, 498 
—.separation from paraffins. 35, 1146 
—, sulphonation of, 1009, 1035 
—, thermal stability of, 87, 95 
—, sec also Cycloparaifins 


Naphthenesulphonic acids, 1020, 1021 

—, detergents, 1023, 1024 

—, effect on oxidation of oils. 910 

—, preparation of resins. 1086 

—, test for, in transformer oils, 910 

Naphthenic acids, acid chlorides of, 1083 

—, adsorption, 1082 

—, aliphatic acids from, 1072 

—, alkali salts of, 1066 

—, Alleman process, 1082, 1089 

—, amides, 1083 

—, applications of, 1085-1087 

—, as antidetonants, 983 

—.Baku, 1081 

—, by oxidation of cycloparaffins, 1063 

—, by vaporization of oils, 1067 

—, Californian, 1079*1081 

—, constants of, 1074, 1075 

—, constitution and chemical properties. 1070-1081 

—, content in different crudes, 1062-1064 

—, cracking reactions, 1085 

—, cycloparaffin ring in, 1072 

—, decolorization, 1069 

—.defined, 1073 

—degradation method, 1078 

—, deordorization. 1069 

—, detergent preparation, 1068, 1069 

—, dicyclic acids from, 1072 

—, esterification of, 1070-1073. 1083 

—.extraction from petroleum, 1064-1067 

—, from Emba crudes, 1063 

—, from Gulf Coast crudes, 1062. 1068 

—, from Potok petroleum, 1072 

—, Galician. 1062, 1076. 1079 

—, German. 1079, 1081 

—» glycerol esters. 1083, 1086 

—. impurities in. 1067 

—, in motor fuels. 1086 

—, in petroleum, 36 

—, isolation of individual acids from, 1070-1073 

—, Tapanese, 1065 

—, ketone formation, 1085 

—, methods of formation, 1063 

—, molecular weights of. 1063 

—, properties of, 1081-1084. 

—, purification of, 1067-1069 
—, reaction with alky lene oxides. 541 
—, — bromine, 1083 

—, relation to naphthene hydrocarbons, 1062 

—, removal by sulphuric acid, 1012 

—, Rumanian, 1062. 1064, 1076. 1079. 1081, 1084 

—. Russian, 1062, 1069 

—, soaps from. 1066, 1069, 1082. 1085, 1087 

—, solubility of, 1063 

—. sources of, 1074, 1075 

—, siilphonated, 1086 

—, sulphonated alcohols of, 1019 

—.Texan. 1079, 1081 

Naphthenic alcohols, from naphthenic acids, 1086 
Naphthenic bases, presence in petroleum, 819 
—, berberonic acid from, 824. 825 
Naphthenic content, of cracked gasolines, 117-119 
—, alcohols from. 1072 
Naphthenic esters, as antidetonants, 983 
--.as plasticizers, 1086 
Naphthenic sludge, benzene from, 1035 
Naphthofluorene, from pitch, 227 
Naphthols, from naphthalenes. 922 
.—, retardation of ignition of cotton. 890 
—. stabilization of gasoline, 897. 898 
/8-Naphthol, antioxidant for textile oils, 1029 
—, — transformer oils, 909 
—, /1-dinaphthol from, 929 
—, purified with isopropyl alcohol, 364 
Naphthoquinone, reaction with butadiene, 650, 653 
Naphthoxyparaifins, from chloroparaifins, 809 
Naphthylamines, antioxidant for lubricating oils, 
907 

—, stabilization of gasoline, 897, 898 

^-Naphthylethanol, 545 

Naphthylethylene, 625 

Natural gas, 12*17 

—, acetylene from, iSO 

—. analysis of. 13*15, 1116 

—, carbon black from, 236, 238, 240-242, 246 
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Natural gas, carbon dioxide content, 236, 242 
—, carbon dioxide from, 212 

carbon from. 208, 210, 215, 216. 236 
—, carbon monoxide from, 212 

chlorination. 688, 690, 691, 692. 694^, 695, 697, 
698, 700, 703 - . 

—, —, activated by light, 688, 690, 694, 695. 700, 
714 

—.—.catalysts, 690, 691. 697. 698 
—, —, effect moisture. 691 
——, effect temperature, 687, 688, 691 
—, chloromethanes from. 714 
—, combustion, 849, 857 
—, composition of, 12. 242, 1092 
—.conversion to aromatics, 161, 166 
—, — carbon monoxide and hydrogen, 989 
—.cracking, 212. 215 
—, decomposition. 208, 209 
—.—.electric arc. 218. 219, 258, 260 
—, dichloroethane from, 714 
—.dry, 12, 13. 14 
—, ethane content. 242 
—, formaldehyde from, 860 
—. fractionabdistillation curve of, 1110 
—, graphite from, 208 
—, hydrogen chloride from, 224 
—.hydrogen from. 208. 209, 212-216. 219, 277, 
931 

—, hydr<ven sulphide content, 236 

—, iliuminants from, 212 

—, incomplete combustion to acetylene, 663 

—, lampblack from, 207, 224, 225 

—, maximum flame temperatures. 236 

—, methane content, 242 

—. methane from, 212 

—, nitrogen content, 212. 236. 242 

—, occurrence of, 12, 13 

—, oxidation of, 834, 843 

—, oxidation to formaldehyde, 864, 865 

—, oxidation to form gasoline, 993 

—, oxygen content. 236 

—, partial combustion, 239 

—, photochemical chlorination, 688, 689, 694, 695, 
700, 714 

—, production of cyanides from. 294 
—, pyrolysis of, 91. 121, 128. 150, 167, 172. 182, 
184, 206. 216, 224, 229 
—, reaction with ammonia. 216 
—, — steam, 989 
—, recovery of gasoline, 242 
—, reforming by oxidation. 844 
—, removal of hydrogen sulphide from, 424 
—, — oxygen from, 988 
—.separation of ethane from, 122. 123, 126 
—.solvents by chlorination of. 715 
—, tetrachloroethane from. 714 
—.utilization of, 15*17, 260 
—, water*vapor contents 236 
—, wet. 12. 14, 15 

Natural-gas gasoline, chlorination of, 727 

—.composition of, 17, 18 

—, hydrocarbons in, 24 

—, low-temperature fractionation, 790 

—, stabilization of. 129 

Nekal. 1022 

Neomerpin, 1022 

Neopentane, see tetramethylmethane 
Nemst approximation formula, 782 
Neutral glycol succinates, structure, 521 
New Brunswick gasoline, isohexane from, 24 
Nickel, adsorption of sulphur compounds by, 461 
—. catalyst, decomposition of hydrocarbons, 218. 
220-223 

—,—.dehydrogenation of cyclohexane, 83, 181 
—, —, for dichlorocthylene. 675 
—, —, for pyridine bases. 684 
—, —, formation of carbon monoxide, 218, 849 
—,—.glycol production, 511 
—, —, hydrogen from natural gas and steam, 280, 
281 

—.—.hydrogenation of acetone, 412, 413 
—, —, hydrogen sulphide-oleiin reaction, 585 
—, —, in cracking, 201 
—, —, in submerged combustion, 1000 
—, methane bromination, 706 


Nickel, catalyst, methane-carbon dioxide reaction, 
279, 281-283 

—t —. methane-carbon monoxide reaction, 932 
—, —, methane-steam reaction, 278-280, 284, 285, 
288-291 

—, —, natural gas chlorination, 691 
—, —, olefin oxides, 536 
—, —, olefins, 584 

—, —, oxidation of accnaphtliene, 929 
—alcohols, 406. 869, 870 
—, —, — methane, 847, 863, 864 
—, —, — paraffin wax, 944 
—,—, — paraffin hydrocarbons, 872, 873 
—, —, polymerization of acetylene, 668 
—. —, — olefins. 597. 609 
—, —, pyrolysis of benzene.-88 
—,—, — butane, 57 
—, —, — coal gas. 210 
—, —, — ethane, 123 

—,—, — ethane-propane mixtures, 44, 170 
—, —, — ethylene, 65. 67 
—, —, — hexadecene. 77 

—,—, — hydrocarbons, 64, 106, 135, 136. 164, 
205. 206 

—methane. 38-41, 166, 167 
—, —, — naphtha, 157 
—,—, — pentane. 129 
—,—, — propane, 49, 50. 127, 170 
—, —, — solar oil. 127 

—, —, reaction of acetylene and hydrogen sul¬ 
phide, 426 

—, —, reduction ethylene oxide, 548 
—. —. synthetic rubber production. 629, 630 
—, dehydrogenation catalyst, 85, 87, 405 
—, dehydrogenation of cyclohexanes with. 163 
—t desulphurization of hydrocarbon gases, 460 
—, distillation of butadiene, 641 
—, effect of, on action of aluminum chloride, 202 
—, —, on methane decomposition, 205 
—, —, on oxidation of oils. 90S, 909, 934 
—, —, on polymerization of actetylene, 82 
—, -on pyrolysis of petroleum, 163 
—, electrodes, 263 
—, hydration of olefins, 307, 314 
—, hydrogenation of oxidized paraffin wax, 990 
—, in petroleum ash, 31 
—, molten bath, 220 
—, oxidation catalyst, 833 
—, removal of gasoline gum by, 902 
—, — sulphur from distillates. 427 
—, use in oxidation of gas oil. 935 
Nickel acetylacetonate. 936, 983 
Nickel borate, oxidation catalyst, 833 
Nickel carbide, ammonia-carbon monoxide reaction, 
298 

—during hydrocarbon pyrolysis, 39, 106 
Nickel carbonate as catalyst, hydrogenation of 
acetone. 412 

—;, methane-carbon dioxide reaction, 932 
Nickel carbonyl, antidetonating properties, 977 
—;, carbon monoxide catalyst, 218 
Nickel chloride as catalyst, diphenyl production, 
189 

—, natural gas chlorination. 691 
—, pyrolvsis of alkyl chlorides, 802 
Nickel chromate, methane-steam reaction. 289 
Nickel compounds, catalysts, for ethylene absorp¬ 
tion sulphuric acid. 340, 342 
— oxidation of paraffin wax, 953 
Nickel hydroxide, catalyst for acetylene-hydrogen 
sulphide reaction, 684 

Nickel-kieselguhr catalyst for hydrogenation, 936 
Nickel naphthenate, paint, 1091 
Nickel nitrate, catalyst for natural gas chlorina¬ 
tion, 691 

—— sulphur removal, 988 
Nickelous sulfate, effect on ethylene absorption, 
,1118, 1120 

Nickel oxide, absorption of hydrogen sulphide, 425 
—, catalyst activator, 345 

—, catalyst, carbon monoxide and hvdrogen, 232 
—, —, methane-steam reaction. 280, 288, 290, 291 
——.oxidation of hydrocarbons, 915, 918. 951 
—.—. — methane, 847, 848. 863. 864, 987 
—»—. production of acetone, 408, 411 
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Nickel oxide, catalyst, pyrolysis of methane, 39 
—.effect on oxidation of petroleum, 906 
—, oxidation catalyst, 833, 842 
•— removal of sulphur compounds from naphthas, 
461,462 ... 

Nickel phosphate, oxidation catalyst. 833 
Nickel resinate, caUlyst, autoxidation. 890 
Nickel salts, action with acetylene, 667 
—, catalysts, methane bromination, 706 
—, effect on oxidation of lignite paraffin, 949 
—, extraction of sulphur compounds from gasoline, 
460 

Nickel soap, anticatalyst, oxidation of transformer 
oils, 909 , , , , . 

Nickel sulphide, removal of sulphur compounds, 
433, 424, 440. 460 

Nickel vanadat^ pyrolysis catalyst, 224 
Nickel vapor, effect on ignition temperatures, 979 
Nicotine, insecticides, 1027, 1028 
stabilization of gasoline. 898 
Nicotine sulphate, 1001 
Nitrated castor oil, 1053 
Nitrated phenols, odor of, 400 
Nitrates, catalysts in cracking, 107 
Nitration, of alkyl chlorides. 814 
—, of aromatics, 1143 
—, of ethylene, 516 
—, of ethylene mixtures, 517 
—, of ethylene oxide, 517 
—, of isobutyl chloride, 814 
—, of glycol, S17 
—, of methylcyclopentane, 824 
—, of naphthenic bases, 824 
—, of paraffin hydrocarbons, 1040-1046 
—, of petroleum distillates, 1052-1054 
—, of sulphoglycol, 517 
—, of tertiary carbon atoms, 1006 
—, of toluene fraction of cracked petroleum, 165 
—, production of liquid fuels, 993 
Nitric acid, action on amyl nitrite. 580 
—, — cyclohexadiene dimer, 623, 624 
—, — hydrocarbons, 1039*1054 
—, — thioethers, 451 
—, — thiophanes. 453 
—.catalyst, oxidation hydrocarbons, 919 
—, compound with dioxan. 556 
—, deodorization of soaps, 938 
—.determination aromatics, 1141, 1142 
—, effect on oxidation of methane, 848 
—, evaluation of transformer oils. 912 
—, formation of fumaric acid, 918 
—, formed by submerged combustion, 1000 
—, glycol dinitrate from glycol, 516 
—, hydration, of olehns, 300 

naphthenic acid purification. 1069 
—, nitration of alkyl chlorides, 814 
—, oxidation of aromatics, 929 
—, — hydroaromatics, 929, 930 
—, — paraffins, 949 
—, — petrolatum, 949 
—, — propylene glycol, 530 
—, — pyrroline, 917 
— residues. 1003 
—, — wax acids, 955 
—, oxidizing agent, 844 

—, plastics from action on petroleum, 628, 629 
—, puriheation of alcohols with, 351, 352 
—, — hydrocarbons with, 934 
—, reaction with acetylene, 683 
—, — cuprene, 671 
—, — thiophene, 454 
—, — trimethylene sulphide, 453 
—, resins from olefins with, 582 
—, separation of naphthenes from paraffins, 35 
Nitric esters, from olefin-nitrogen pentoxide re¬ 
action, 581 

Nitric oxide, action on cuprous oxide catalyst, 
357 

—, — metallic catalyst, 343 
—, from oxidation of paraffin wax, 946 
—, production of hydrocyanic acid, 298 
■—.reaction with olefins, 581-583, 1134 
Nitric-sulphuric acid, determination of aromatics, 
1141 

Nitrides, formation of, 294 


Nitriles, from acetylene, 684, 685 
—, from ketones and hydrocyanic acid. 410 
—.production, 571, 684, 810 
—, —, catalysts for, 684 
—, reaction with boron Buoride. 596 
—, saponincation, 684 

Nitrobenzaldehyde, determination of acetone, 369 
Nitrobenzene, antioxidant, for lubricating oils, 907 
—, benzaldehydc from, 920 
, carboxylation, 930 

—. catalyst, condensation butadiene, 653 
—.critical solution temperature, 1136, 1139, 1140 
—.determination of aromatics, 1140 
—, effect on ignition temperatures, 969 
—, emulsifying agent, ethylene absorption, 34J 
—, production, 608 
—1 puritication of plastics, 628 
—, selective solvent for naphthenes, 35 
—.separation of acetylene, 152 
—, solvent, oletin separation, 141 
—, —, oxidation of anthracene, 925 
—;, stabilization of gasoline, 897 
Nitrobenzene complexes, polymerization of olefins, 
594. 600 

p-Aitrobenzoic acid, from toluene, 929 
Nitrocellulose, dehydrated with isopropyl alcohol, 
366 

—, oxidized solvents for, 930, 992 

Nitro compounds, by nitrogen oxide-olefin reaction. 

581 . . 

—, inhibitors, polymerization of butadiene. 630 
—, ]x>lymerized ethylene. 265 
—, properties, 1050, 1051 
—, reduction of, 10S0-10S2 

secondary, 1043. 1050. 1051 
Nitrocotton, gclatinizatiun of, 517 
Nitrocresols, antioxidants for lubricating oils, 
907 

—, formation of, 832 
Nitrocyclohexane, 1048 
Nitrocyclohexanone. 1048 
Nitrocyclopentane, 1047 
Nitrodecanaphthenes, 1050 
Nitrodecane, 1045 

Nitro derivatives, acetylene polymers. 267 
Nitrodimethylbutane. 1043 
Nitrcidimethylhexane, 1044 
Nitrodimethyloctane, 1051, 1052 
Nitrodimethyluentane. 1044 
i8-Nitroethanol. 516, 581, 582 
/9-Nitroethyl nitrate, 582 
Nitroform, 581, 582 

Nitrogen, analysis and separation of, 1099 
—, antioxidant, for transformer oils, 908 
—, cyanides from, 293 

—, diluent, ammonia-hydrocarbon reaction, 297 
—, —, butadiene formation, 159 
—,—.chlorination hydrocarbons, 713 
—, —, olefin-ammonia reaction, 571 
—, —. oxidation of hydrocarbons, 873-875,905 
—, —, — toluene, 918 

—.—.pyrolysis of benzene homologues, 146 
—, —, — paraffins, 135 
—— propane, 128 
—.Effect, carbon black production, 238 
—, —, deblooming of petroleum distillates. 940 
—, —. electrical decomposition hydrocarlwns, 256, 
262, 264, 266 

—,—.methane chlorination, 690, 691, 693 

—, —, methane-steam reaction, 278 

—, —, flame propagation, 976 

—, —, on inflammability limits, 963 

—, —, oxidation of acetaldehyde, 932 

—, —t — acetylene, 886 

—, —, preparation of cuprene, 671 

—f —t pyrolysis of benzene, 88 

—, —, — butanes, 57 

—, —, — methane. 43, 167, 168 

—,—,—propane, 50 

—, from anthracene oil, electric arc, 258 

—, from coal gas,. 209 

—, from fuel gases, 21S 

—. in carbon black, 247 

—, in natural gas. 12. 13, 212 

—, liquid, refrigeration with, 1113 




Nitrogen SUBJECT 


Nitrogen, liquid, use in purifying hydrogen, 230 
—, occlusion of, by carbon black, 247 
—.prevention of gum formation in gasoline, 903 
—, reactions with hydrocarbons. 292*295 
—, removal from hydrogen, 229, 230 
, separation and analysis of. 1099 
—, separation of wax acids with, 954 
Nitrogen bases, chloroplatinates from, 821, 826 
—, extraction, 819, 820, 822, 825 
—, from California oils, 819, 820, 828 
—, from crude gasoline, 828 
—, from ethane, 264 
—, from ethylene, 264, 571 
—, from methane, 264 
—, from propylene. 264 

inhibitors, picklinv solutions, 829 
oxidation, 820, 827 
—, phthalones from, 821 
—, picrates of. 826, 827 
—, pyrindane, 828 

—, stabilizers, cracked distillates. 829 
—, use in lubricating oils, 828, 829 
Nitrogen compounds, antioxidants, for lubricating 
oils. 908 

—, extraction from oils. 821. 822 
—.in netroleum. 31. 36. 819-829. 1125 
—, isolation from acid extract, 822 
—. of non-basic character. 821 
—.'oxidation. 822 
—, polymerization. 822 
—, sttlphonation. 822 
Nitrogen content, carbon black. 244. 246 
—, natural gas, 236. 242 
—, oils and tars, 209 
—, petroleum oils, 819 
—. producer gas. 9^3 

Nitrogen dioxide, action on hydrocarbons, 831, 832 
—, addition products with bmzene. 832 
—, catalyst, oxidation of hydrocarbons, 866 
—, —. oxidation of methane, 865. 866 
—. oxidation of hvdrocarbons by, 931 
—, — methane with, 864 
—. — paraffin wax, 946 
. reaction with n-undecane. 946 
—.treatment of soap, 938 
Nitrogen-fixation apparatus, 218 
Nitrogen-hydrocarbon reaction, endothermic nature 
of. 293 

Nitrogen-hydrogen reaction, eouilibrinm in. 296 
Nitrogen ions, catalysts, acetylene polymerization, 
273 

Nitrogen oxides, acetylene reaction. 887-888 

—. by submerged combustion. 1000 

—, catalysts, acetic acid. 677 

—, —, carbon dioxide-ethvlene reaction, 586 

—, —, oxidation of acetylene. 888 

—, —, — benzene. 929 

—,—, — methane. 865. 867 

—, —, — olefins. 876. 878 

—, oxidation of anthracene, 925 

—, — benzines. 938 

—. — olefins. 887-888 

—, — paraffin wax. 947 

—, oxidation catalyst, 834. 837. 843 

—, oxidizing agents. 831, 832 

—, —, wax acids. 960 

—, reactions with hvdrocarbons. 292-293. 298-299 
—, —, mechanism of. 299 
—, reaction with olefins. 580-582 
Nitrogen pentoxide. action on olefins. 581-582 
Nitrogen peroxide, induction period, ethane. 850 
'SitTQwm tetroxide. action on olefins, 580-581 
—, oxidation of toluene, 920 
—, pressure oxidation of paraffin wax. 946 
Nitrogen trichloride, reaction with olefins, 578*579 
Nitrogen trioxide, reaction with olefins. 580-581. 
Nitrogenous organic compounds, as antidetonants, 
983 

Nitroglycerol, cuprene as adsorbent agent for, 672 

—, in explosives, 517. 518, 582 

—, stabilization of. 550 

Nitrohendecane. 1045 

Nitroheptane. 1043 

Nitrohexane, 1042 

Nitrolamines, 580 
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Nitrolic acids. 1042, 1044, 1051 
Nitromenthane, 1049 

Nitromethane complexes, catalysts, polymerization 
olefins, 594, 600 
Nitromethylbutanc, 1042 
Nitromethylcyclopentane, 1047, 1052 
Nitromethylpentane. 1042 
Nitronaphthalene. as antidetonant, 983 
Nitronitrates, 581 
Nitrononane, 1045 
Nitrooctane, 1044 

Nitroparaffins, use in Diesel fuels, 986 
Nitrophenol, condensation with propylene, 566 
m-Nitrophenylhydrazine, determination of acetone, 
368 

Nitroprusside test for acetone, 367 
Nitro-resins, 1052-1054 
Nitrosates, formation of. 580, 581, 832 
Nitrosation with nitrosyl chloride, 1055 
Nitrosites, 580 
Nitroso-amines, 820 

Nitrosobenzene, determination olefins, 1131 
Nitrosochlorides, 579, 580 
Nitroso compounds, from n-heptane, 1055 
—, intermediates, 581 
—. selective solvent for aromatics, 34 
p-Nitroso-dimethylaniline, reaction with naphthols, 
897 

Nitrosyl chloride, inhibiting methane chlorination, 
695 

—. polymerization of isoprene, 625 
—, reaction with olefins. 579-580 
—, — paraffins, 1054, 1055 
—. — terpenes, 579 
Nitrotoluenes, chlorination of, 772 
—, from aromatics fractions, 1053 
—, oxidation, 928. 929 
—♦ production, 608 
Nitroundecane, 1045 
Nitrous acid, action on olefins, 580 
—, behavior toward nitro compounds, 1051 
—, deodorization of naphthenic acids, 1069 
Nitrous oxide-ethylene reaction, 299 
Nitrous oxides, oxidation of toluene. 920 
Nomenclature, habgenated hydrocarbons, 466, 467 
Nonanaphthenes, by pyrolysis of amylene, 78 
—, in straight-run gasoline, 25. 27 
—, nitration of. 1050 
Nonanaphthenic acid, 1071 
Nonane, by pyrolysis of wax, 60 
—, chlorination of, 736, 737 
—, effect of aluminum chloride on. 194 
—, nitration of, 1045, 1046 
—, oxidation of, 855. 856 
n-Nonane, in straight-run gasoline, 22, 24, 27 
Nonanoic acid, from hexadecane, 959 
—, from paraffin wax, 944 
—, from n-undecane, 946 
Nonanylic lUdebyde, formation, 857 
Non-aromatic hydrocarbons, separation from distil¬ 
lates, 35 

Nonene, by pyrolysis of wax, 60 
—, decomposition of diamylene, 604 
Nonyl alcohols, 345 
Nonylbenzene, production, 562 
Nonyl chloride, 737, 738 
Nonyl mercaptan, 445, 447 
Nonylsulphonic acid, properties, 1011 
Novocain. 496, 497, 498 
Nujol, 995 

O 

Occluded air, removal from gasoline, 903 
Occlusion of gas by carbon blacks, 247 
OctachloromeUiylcyclohexane, 769 
Octadecane, condensed with alkylene oxides, 1059 
Octadecene, sulphonation of, 1033 
Octadecylamine, condensation with olefin oxides, 
543 

Octahydrocinnamic-o-carboxylic acid, 929, 930 
Octaldehyde, 855 

Octanaphthenes, action of sulphuric acid on, 1010 
—, by pyrolysis of amylene, 78 
—, from petroleum, 629 
—, in straight-run gasoline, 25 
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Octanaphthenet, reaction with atUphur, 430* 1061 
xylenes from, 629 
O^anaphthenic acidi 1071 
Octanes, action of atuminum chloride on, 194 
—, by pyrolyaia of amylene, 7$ 

—, by pyrolyaia of wax, 60 
•—.chlorination of, 735, 737 
—, combustion products, 973 
—, critical inflexion temMrature, 966, 967 
—, from butane, silent discharge, 270 
—, from ethane, ultraviolet light, 272 
—, from fatty acids, 735 
—, incomplete combustion, 853 
—, in natural gas, 12, IS 
—, octyl chloride from, 735, 737 
—, oxidation, 854-856 
—, pyrolysis of, 60-62 
—, slow oxidation, 855 
—, solubility of hydrogen sulphide in, 423 
n-Octaue, action of sulphuric acid on, 1007 
—, from Oklahoma crude oil, 1147- 
—, in straight-run gasoline, 22, 24, 27 
—, minimum ignition temperature, 967 
—.nitration of, 1041, 1044, 1051 
—, non-catalytic oxidation, 854 


—, oxidation of, 836 
—, pyrolysis of, 61, 62 
—, reaction with bensoyl peroxide, 1061 
—, reaction with sulphur, 428, 429 
Octane number, definition, 985 
Octanoic acid, from paraffin wax, 944 
Octanol, from octane, 856 

Octanone, from hexane and acetyl chloride, 1058 
Octatriene, 617 

Octeiies, by decompositloa of octyl chloride. 328 
—, by pyrolysis ot wax, 60 
—, chlorohydrins from, 504 
—, from diamylene. 604 
—, isomerization of. by pyrolysis, 76 
—, polymerization, by sulphuric acid, 386 
—, production, 601 
—, pyrolysis of, 76 

1- Octenc, 1128 

—, polymerization of, 60S, 606 

2- Octene, 504, 607, 1128 
Octyl acetate, 331 

Octyl alcohols, from lower alcohols, 345 
sec.-Octyl alcohol, 386, 402, 416 
Octylamine, reaction with ethylene oxide, 544 
Octylbenzene, production, 562 
Octyl chloride, 328, 735, 737 
Octylene, from butane, 270 
—, from ethylene, 594 
—, reaction with acetyl chloride, 568 
—, — sulphur, 429 
Octylene oxide, preparation. 534 
Octyl mercaptan, from distillates, 448 
Oenanthylic aldehyde, formation, 857 
Ohio petroleum, hydrocarbons in, 24 
Oil gas, alcohols from, 353 
—, aromatics from, 161 
—, bromination, 480 


—> by pyrolysis of decane, 60 


—, — octane, 60 

—, — paraffin distillates, 60 

—, chlorohydrins from, 491 

—, cyclopentadiene from, 1145 

—, ethylene from, 491 

—, form^ by pyrolysis, 37 

—, from liquid hydrocarbons, 209 

—, hydrocyanic acid produced from, 294 

—, propylene chlorohydrin from, 491 

—, solvent for hydrocarbons, 230 

Oils, analysis with iodine monochloride, 574, 586 

—, aromatic, by pyrolysis of natural gas, 91 

—, asphalt content, 229 

—, brown-coal tar. lubricating oils from, 201 
—. by pyrolysis of methane, 166 
—, — isobutylene, 77 
—, — 2-pentene, 74 
California, 218 


—,eoke from, 225. 228, 904 
—, Conradson carbon from, 904 


—. cracking temperature of, 192 
—.crude, distillation, 225 
—, cupric chloride complexes with, 192 


Oils, dewaxing of, 70S, 7.06 
—, dispersion of, 937 
—.drying, produetkm of. 613 
—. enect of electric are on, 218 
—, — osone on, 906 
—. electrical decomposition, 259. 262 
—electropy roly sis of. 219 
—. ferric chloride complexes with. 192 
—, formation of oxidation sludge. 904 
—.from butadiene. 617 

—. heavy, action of aluminum chloride on. 193. 
198 

—, high-boiling, from naphthenes, 203 
—. hydrogen tor hydrogenation of. 286 
—.hydrogen from. 213 

—. incomplete combustion for carbon black. 24l 
—. linspea substitute. 614 
—^lubricating, oxidation tests for. 1153 
—. —. polymerization products in. 353 
—.—.silent discharge, 270, 271 
—. non-cutting, addition of sulphur compounds to, 

- , oxiiUtion of. acid-treated. 909, 910 
—, —, Bone’s hydroxylation theoiy. 90S 
—, —, sludge formation, 90S 
—. oxidation products of, 905 
—, ozonized, hydrolysis of, 938 
—, purification of, 16 
—t solar, cracking of, 193 
—, straight-run, velocity df cracking. 101 
*—, sulphurless, oxidation of, 906 
—, tar from, 904 
—, voltolization of, 270, 271 
—»see also Gas oil. i^ubricating oils, Mineral 
oils, Petroleum oils. Tar oils, American oils, 
California oils, Rumanian oils, etc. 

Oil-shale fractions, refining with ozone, 988 
Oil-soluble suinhonates, 1014, 1016 
Oil-soluble sulpbonic acids, 1030 
Oil vapors, hydrogen from, 213, 214, 215 
—, pyrolyzed by heated fuel, 263 
Oil viscosity, effect of ozone on, 906 
Oklahoma carbon blacks, 251 
Oklahoma kerosene, hydrogenated naphthalenes 
from, 27 

Oklahoma petroleum. 1145 
—, hydrocarbons isolated from, 22, 27 
—, isomeric hexanes from, 1147 
Oleates, catalysts for oxidation of benzines. 938 
Olefin compounds, as drying oils, 804 
Olefin content^ of cracked gasolines, 117, 118, 119 
Olefin dibromides. coal gas bromination, 480 
—, reduction to olefins, 478 
Olefin dichlorides, by chlorination, 469-471, 482, 
483 

—, glycols from, 507 

Olefin dihalides, allenes from, 483, 485 

—, halogeno-olenns from, 483 

—, hydrolysis, 508 

Olefin oxides, 533-558 

—, acylation, 538 

—, addition to hydrocarbons. 545 

—.butadiene from, 157 

—, condensation with amines, 543 

—, — phenols, 521 

—, — sodium bisulphate, 519 

—, — sulphuric acid, 519 

—, from chlorohydrins, 487, 533 

—, hydrogenation, 548 

—, isomerization, 546 

—, polymerization. 547 

—^reaction of, with alcohols, 521, 522, 526, 528. 

—, —, with kerosene. 545 
—, —, with polyvinyl alcohol. 538 
Olefinphosphorous oxides, 875 
Olefins, absorption in sulphuric acid, 333, 347, 
349, 353, 354, 1094, 1126 
—, absorption by charcoal. 338 
—, absorption of ozone, 947 
—, acids from, 871 

—, action of aluminum chloride on, 194-197 
—,—hypochlorous acid on, 471, SOI, 504 
—, — sulphur dioxide on, 901 
—, — sulphuric acid on, 900, lOOS 
—, addition to boron fluoride^ 596 




Olefins, additive power with mineral acids, 325, 
328 

alcohols from, 10, 129, 300, 313, 333, 349, 351, 
355, 401, 559, 871 

—,—.free energy eouation, 301, 302, 303 
—, aldehydes from, 8/1, 882, 883 
alkylated compounds, 559*561 
—, aluminum diloride complex, 195 
analysis of, .574, 1)30, 1133 
—, aryl-substituted, polymerization, 610 
—, autoxtdation. 881 
—, bacterial oxidation, 1004 
—, bromination of, 465, 466, 1129 
—, rates of, 1124 
—, by alcohol oxidation, 843 
—, by coal gas oxidation, 834 
—, by cracking of naphthenes, 97 
—, by dechlorination of alkyl halides, 801-805 
—, by decomposition of olenns, 80 
—, by dehydration of tertiary alcohols, 399 
—, by dehydrogenation of paraffin hydrocarbons, 
93, 96 

—, by electrical discharges, 263 
—, by gasoline oxidation. 836 
—, by hydrolysis of alkyl halides, 801 
—, — metallic carbides, 662 
—, by oxidation of hydrocarbons, 993 
—, — paraffin, 998 
—> by pyrolysis of acetylene, 668 
—, — amylene, 77 
— , —asphalts, 133 
—, — bituminous coal, 129, 133 
—. — butanes, 129, 130, 134, 135 
—, — crude naphtha, 124 
—, — cyclohexane, 84, 85, 87 
—, — 2,3-dimethylbutane. 130 
—, — 2,2-dimethylproMne, 130 
—, — distillation residues, 133 
—ethane. 123, 130, 135 
—, — ethane-propane mixtures, 44, 49 
—, —gas oil. 132, 13^ 

—, — hexadecene, 78 
—, — hexane. 130 
—, — isobutene, 77, 130 
—, — isopentane, 130, 175 
—, — lignt hydrocarbons, 134, 135 
—methane, 38, 40, 42, 43, 135 
—,—mineral oils, 133 
—, — natural gas, 91, 167 
—, — octenes, 76 

—, — paraffin hydrocarbons, 64, 65, 98, 99, 129, 
134, 135. 137, 176, 183, 184 
—, — paraffin hydrocarbons in vapor-phase, 130 
—, — pentane, 58, 130 

—, — petroleum distillates, 129, 134, 161, 162 
—propane, 50, 129, 130, 134, 135 
—, — propane-butane mixture, 123, 124 
—, — propylene, 179 
—, — straight-run gasoline, 130, 131 
—,-^tar oils, 126, 133 
—, — tars, 133 
—, — wax, 60 

—, catalysts in isoprene polymerization, 624 

—, catalytic production of, 803 

—, chemical separation, 143-144 

—chlorination, 482, 483 

—, chlorohydrlns from, 471, 489, 492, 494, 559 

—, combination with acids, 320 

—, — cyanogen and thiocyanogen, 585-586 

—, — i^ine cyanate, 585 

—.concentration in cracking gas, 124 

—.condensation with acetone, 411 

—, — acid chlorides, 419 

—, — alcohols, 568 

—, — amines. 571-573 

—, — aromatic hydrocarbons, 559-565 

—, — butadiene, 155, 156 

—, — carbazole, 573 

—, — crotonic acid, 568 

—. — diolefins, 624, 625 

—, —hydrogen cyanide, 585 

—, — ketones, 411, 574 

—, — middle-oils. 201 

—. — organic chlorides. 568-570 

—, —phenols. 399, 565-568 

—, — saturated hydrocarbons, 565 


Olefins, cracking of, 96. 202 
—, cyclic, esterification, 331 
—• —* hydration, 389 
—, —, pyrolysis of, 182 
—, —, reaction with organic salts of lead. 587 
—, —, unsafurated hydrocarbons from, 195 
—, cyclicization of, 97, 605 
—, cycloparaffins from, 195 
—, decomposition of, 79, 80, 135, 194, 592, 593 
—, — alkyl halides to. 801-805 
—, dehydrogenation of. 223, 584 
—, depolymerization of, 93. 95, 97 
—.determination of, 464, 465, 581, 1122, 1126- 
1134 

—, — structure of, 882 ♦ 

—.dibromides from, 1121' 

—, double compounds with inorganic salts, 582- 
584 

—, effect on gasolines, 900 
—, effect of light on polymerization, 591 
—, — pressure on polymerization of, 104 
—, emulsification, 947 

—. esters from, 144, 312, 313, 318, 320, 323, 324. 

327, 328, 330, 331. 376 
—.ethers from, 311 
—, ethylene glycol from, 10, 505 
—, ethylene pyrolysis, 180 
—, explosives from, 881-883 
—, fatty acids from, 948 
—, fractional extraction of, 354 
—, from alkyl chlorides, 781, 787, 792, 794, 795, 
801-803 

—, from amyl chloride hydrolysis, 796 
—, from amylene-hydrogen, silent discharge. 266 
—, from chlorinated petroleum, 106 
—, from combustion of propane, 852 
—.from cracked gasoline, 613 
—, from cracking gas, 332, 334, 354 
—, from crude oil oy oxidation, 832 
—. from ethylene, 143, 195, 259, 355, 876 
—. from hydrocarbons, 107, 137, 143 
—, from hydrocarbons-hydrogen-carbon monoxide, 
263 

—, from isobutylene, silent discharge, 266 
—, from mercaptans, 436, 457 
—, from monocnloropentanes, 727 
—, from natural gas, electric arc, 258, 259 
—, from paraffin hydrocarbons, 871-873 
—, from petroleum, 157 
—, from tertiary chlorides, 789, 795 
—, gaseous, absorption in sulphuric acid, 377, 
381 

—,—, aromatization of, 173 
—,—, by pyrolysis of petroleum distillates, 130, 
133 

—,—.chlorine addition, 469, 470, 471 

—,—.from gaseous paraffins, 173 

—,—.mercuric complexes, 1131 

—,—.production of, 129-133 

—.—.pyrolysis, 185, 186, 187 

—.glycols from, 10, 129, 505, 510, 511, 871 

—, halogen addition, 464 

—, —, mechanism, 465 

—, —, orientation, 330 

—, halogen substitution, 464 

—, halohydrins of, 502-504 

—, hexanol from, 318 

—, higher, bromine derivatives, 659 

—,—.formation of, 119, 605 

—, —, from ethylene, 592 

—, —, isomerization, 589 

—, —, sulphuric acid reactions, 329, 386 

—.hydration, by boron phosphate, 310, 311 

—t—» by oxalic acid, 331 

—»—» by phosphoric acid. 303, 304, 307 

—, —, catalysts for. 300-319 

—, —, effect of dilute acids, 300 

—, —, effect of metallic salts, 304 

—♦—.general reaction, 318 

—, —, to alcohols. 300, 301 

—, —, to esters, 301 

—, —, to higher tertiary alcohols, 403 

—, hydrogenation of, 584 

—, hvdrocen halide addition, 330 

—, identification, 871 

—, in cracked gasoline, 118', 119, 352, 502, 1126 
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Otefins, in cracking gas, 114, 354 

—, in gasoline, gum formation of, 871 

—, in natural gas, 36 

—, in straight-run gasoline, 20 

—.isolation of, 1145 

—, isomerisation, 196, 590 

ketones from. 129, 416. 419, 559, 871, 882 
—, liquid, by pyrolysis ot distillates, 133 
—, —, by pyroWsis of gaseous olefins, 185-187 
—, lower paraffins from,' 195 
—, lubricants from, 129, 197, 202 
—, maleic acid condensation. 568 
—, maximum ignition pressure, 972 
—, mechanism of oxidation, 877-879 
—, mechanism of polymerisation, 590 
—, mercuriated, 584 
—, molecular weights of polymers, 80 
—.occurrence, 871, 1125 
—.oils from, 613 
—.olefin dibromides reduction, 478 
—.oxidation of, 738, 871-888 
—,—, by nitrogen oxides, 580, 887, 888, 1134 
-i-,—, by potassium iodate, 1119 
—, —. by sulphuric acid; 333 
rates of, 871, 880, 881 
—, paraffins from, 195 
—, peroxide derivatives, 871 

—, polymerization of, 79, 80, 93, 94, 97, 354, 
588-614, 834 

—, —, by alpha radiation, 589 
—,—, by aluminum chloride, 194, 196, 197, 200- 
204 

—, —, by boron trifluoride, 197, 595, 597 
—,—, by electric discharge, 589, 591, 610 
—, —, by sulphuric acid, 347, 1032' 

—I —» by zinc chloride, 197 
—, —, exothermic nature of, 588 
—, —, mechanism of, 591 
—, —, pressure, 590 
—, —, thermal, 590, 609 
—,—, uses of product!^ 613, 614 
—, primary products of cracking, 97 
—, products of polymerisation, 589 
pyrolysis of, 158, 182, 187, 188, 60S 
—.reaction of, with ozone, 871, 881-885, 1134 
—,—.with aluminum chloride, 196 
—, —, with chlorosulphonic acid, 1035 
—, —, with cyanogen halideS, 585 
—, with formaldehyde, 586-587 
—, —, with halogens, 464, 466, 559 
—, —, with hydrobromic acid, 300 
—,—.with hydrogen sulphide, 425, 584, 585 
—, —, with hypochlorous acid, 502, 559 
—,—.with mercury salts, 1126, 1131, 1132 
—,—.with nitric acid, 581, 582 
—, —, with perbenzoic acid, 534, 1134 
—, —, with selenium chloride, 576 
,—.with sulfuric acid, 301, 559, 1127 
—, —, with sulphites, 574-576 
—, —with sulphur, 429 
—,—.with sulphur chloride, 576, 1133 
—, —, with sulphur dioxide, 574-576 
—, reactivity with sulphuric acid, 357, 389, 390 
—, reduction to paraffins, 289, 290 
—, resins with nitric acid, 582 
—, secondary, 144, 387, 390 
—. separation of, 77. 137-144, 333, 356, 357, 1144, 
1146 

—,—, by absorption, 141-143 
—.—.by fractional condensation, 137-139 
—, —, by fractional distillation, 137-140, 356, 
357 

—, —, chemical methods for, 143, 144 
—.solubility, 141 

—, sulphonation of, 1012, 1019, 1032-1034 

—, synthetic lubricating oils from, 200, 201 

—, synthetic resins from, 203 

—, tertiary, 390 

—.textile reagents from, 1034 

—, thermal reactions of, 79-81 

—, thermal stability of, 65 

—, utilization of, 1092 

Oleic acid, addition to lubricants, 996 

—, butadiene from, 157, 629 

—, catalyst, oxidation of transformer oils, 909 

—, dihydroxystearic acid from, 505, 506 


Oleic acid, esterification of, 528, 539 
—, use in hydrolysis of alkyl chlorides, 790 
Oleum, extraction of mineral oils, 1029 
—, reaction with mineral oils, 1033 
— sulphation of oleBns by, 1034 
—, treatment of Baku gas oil, 934 
Oleyl chloride, 1033 
Olive oil. 341, 990 

Ore-flotation reagents, from mercaptans, 434 
Organic acids, as antidetonants, 835 
—.condensation of acetylene, 679-681 
—t esterification of olefins with, 320, 324, 327, 
328, 330. 331, 804 

—, esterification of secondary olefins, 387 

—, from oxidation of pinene, 889 

—, isobutene hydration, 378 

Orgamc acid salts, esters from, 324, 327 

Organic bases, production, 571-573 

Organic chlorides, condensation with olefins, 568- 

Organic peroxides, fuel combustion, 987 
Organic theory, origin of petroleum, 36 
f^rgano-magnesium compounds, 812 
Organometallic complexes, formation, 591 
OrthophoBphoric acid,. ab^rption of ethylene by, 
322 

—. hydration of olefins, 312 
Orthosulphuric acid, alkyl esters of, 313 
Orsat apparatus, 1093 

Osmium, catalyst, ammonia-hydrocarbon reaction, 
297 

—, —, oxidation of cyclohexene, 892 
—, —, oxidation of ethylene hydrocarbons, 873 
—, dehydrogenation catalyst, 87 
—.electrodes, use of, 261 

Osmium compounds, catalyst, ethylene absorption 
sulphuric acid, 342 

Osmium oxides as catalysts, glycol production. 
505, 506 

—, oxidation of cyclohexene, 893 

—.oxidation of ethylene, 883 

—, oxidation of paraffin wax, 944 

Osmium salts, action with acetylene, 667 

Oxalic acid, by glycol oxidation, 514, 530 

—, by hydrocarbon oxidation, 831, 838, 1004, 1042 

—, catalyst, conversion of pinacone, 532 

—, —, oxidation of transformer oils, 909 

—, decolorization of wax acids by. 952 

—.dehydration of ter.-butyl alcohol, 391, 397 

—, esterification of pinene, 331 

—, from acetylene trimer, 268 

—, from lignin, 949 

—, hydration of olefins, 300, 331 

—, reaction with olefin oxides, 538 

Oxalic esters, from olefins, 331 

Oxazine, stabilization of gasoline, 897 

Oxidation, acetaldehyde, 870, 932 

—, acetylene, 885-887 

—, acetylene trimer, 268 

—.alcohols, 391, 932 

—, aldehydes, 870, 932 

—, anthracene, optimum temperature, 925 

—, aromatic hydrocarbons, 914-930 

—, butyl alcohol, 396 

—, butyraldehyde, 932 

—, carboxylic acids, from synthetic oils, 201 
—, catalytic, acetone by, 349 
—, Caucasian oil, 935 

—, conversion of halogen derivatives to acids, 931 
—, crude oils by bacterial'action, 1004 
—.cycloparaffins, to naphthenic acids, 1063 
—, deodorization of naphthenic acid by, 1069 
—. determination of paraffins by, 1096 
—, distillates, effect of stirring, 993 
—, during cracking, 838 
—, during distillation, 839 
—, during sulphonation, 1012 
—, effect on saponification and acetyl values, 936 
—P2^®^*^^****‘®*^* aromatic hydrocarbons, 927, 

—, —, petroleum hydrocarbons. 832 
—, esterified hydrocarbons, 933 
—, ethyl alcohol, 932 
—.ethylene, 932, 989, 990 
—.ethylene hydrocarbons, 873-877 
—.fuel oil, 999 
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Oxidation, Galician spindle oil, 934 
—, gaseous hydrocarbons, 833-B3S, 931*933 
—, gas oil, 935 
Hexane, 938 

—, hydrocarbons, by sulphuric acid, 1005, 1006 
—, —, conditions, 914 
—, —, time-pressure curves, 853 
—, — to alcohols, 989, 990 
—, — to acids, 931, 935 
—, hydrogen sulphide, 424, 425 
—, light distillates in vapor phase, 937 
—, lignite-tar creosote, 987 
—, liquid hydrocarbons, 933, 934, 938-939 
—, — in vapor phase, 937-938 
—, — in liquid phase, 933-936 
—, liquid phase, 831 
—, —, aromatic hydrocarbons, 925-926 
—mechanism, 877-879 
—, merca}>tans, 433, 437, 438, 440, 441, 449 
—, —, action of light, 443 
—, chlorous acid, 444 
—, —, elTect of catalysts, 441 
—, —, sweetening, 438 
—, metallic oxide catalysts for, 987 
—, methane, 167, 846, 850, 860, 931, 982 
—, —, exothermic nature of, 285 
—, —, silent electric discharge, 866-867 
—j methyl alcohol, 782, 989 
—, mineral oils, 936, 939 
—, montan wax, 997 
—, naphthene hydrocarbons, 1064 
—, nitrogen-base fraction. 820, 824 
—, nitrogen compounds, 822 
—, octane, luminescence, 855 
—.olefins, 580, 877-881, 888, 1119, 1143 
—, paraffins with nitric acid, 1040, 1041 
—, paraffin wax, 931, v9y ^ 

—, petroleum distillates, formation of lubricants, 
996 

—, petroleum hydrocarbons, 938 

—, —, mechanism of, 831 

—, petroleum oil, 934 

—, petroleum wax, 830 

—, photochemical, of paraffin oils, 939 

—, propylene, 599 

—I propylene glycol, 530 

—, removal of phosphine from acetylene by, 664 
—, rosin, 998 
—, Solar oils, 935 
—, spindle oil, 998 
—, sulphur derivatives, 429 
—, vapor phase. 831 
—, —, of petroleum distillates, 830 
—, with nitrosyi chloride, 1055 
—, with ozone, 844, 845 

Oxidation products, extracted with isopropyl alco¬ 
hol, 366 

Oxidation tests for lubricating oils, 1153 
Oxides, catalysts, dehydration of isopropyl alcohol, 
370 

—, —, dehydrogenation of alcohols, 405 
—,—.hydrogenation of acetone, 413 
—, —, isomerization of olefin oxides, 419, 547 
—, —, production of acetone, 407 
—, —, pyrolysis of mineral oils, 133 
—, —, pyrolysis of paraffins. 134 
—, —, pyrolysis of tars, 133 
—, extraction of sulphur compounds by, 462 
—, metallic, oxidation catalysts, 832, 833, 834 
Oxides of carbon, occlusion of by carbon black, 
247 .... 

Oxides of rare earths, ammonia-hydrocarbon re¬ 
action, 297 

—, promoters for catalysts, 223, 922 
Oxidizability of acid-refined oils, 935, 937 
Oxidized mineral oils, metallic salts from, 995 
Oxidized paraffin hydrocarbons, extraction of, 
1001 

Oxidized paraffin wax, dehydration, 999, 1001, 
—, driers from, 995 
—, emulsifying agents, 994, 995 
—, greases from, 996 
—, reduction to alcohols, 990 
—, resin with glycerol and phthalic anhydride, 999 
—, sulphonated. 1019 
—, use in rubber, 1003 


Oxidized paraffin wax alcohols, addition to lubri¬ 
cants,' 996 

Oxidized petroleum, resinification of, 837 

Oxidized rosin, 998 

Oxidizing agents, 831 

Oximes, 579, 1051 

Oxozone, 844 

Oxygen, absorption by olefins, 889 
—, — gasolines, 902 
—, — lubricating oils, 903 
—, acetylene reaction, 885, 886 
—, activation, 915, 916 
—» —» polymerization propylene, 599 
—, analysis and separation of, 1099 
—, anodic, oxidation of benzene, 927 
—, bomb test, gum content of gasolines, 895, 896 
—, catalyst, polymerization of diolefins, 617, 619, 
621, 626, 628-630 
—, determination of, 1094 
—, —, in peroxides, 899 

—.effect, bromination of hydrocarbons, 1121 
—,—.butane-butene chlorination, 483 
—, —, catalytic action of aluminum chloride, 202 
—, —, ethylene chlorination, 469 
—, —, hydrocarbons, 944 
—,—.preparation of cuprene, 671 
—.evaluation of transformer oils, 911 
—. labile, 267 

—, liquid, cuprene as adsorbing agent for, 672 
—, occlusion by carbon blacks, 247 
—.oxidation of aromatics, 914-930 
—, ~ olefins, 871, 873-888 
—,— paraffins hydrocarbons, 871-873 
—, — wax acids, 960 
—.oxidation test of turbine oils, 912 
—, ozonized, oxidation of olefins, 877 
—, reaction with cyclopentadiene rubber, 623 
—, — mercaptans, 433 
—, removal from gases with copper, 289 
—, —, transformer oils, 908 
—, removal of carbon, 206, 220 
—, — gum from gasolines, 903 
—, — sulphur com{)ounds, 459 
—.separation and analysis of, 1099 
— .synthesis of acetic acid, 677 
—, use in converting hydrocarbons to alcohols, 
990 

—, — oxidation of methane, 217 
—, — pyrolysis, 210 

Oxygen-activated polymerization, of ethylene, MS, 
146 

Oxygenated compounds, effect on aluminum 
chloride cracking, 192, 815 
—, extraction of mineral oils, 991 
—, from pentane, by mercury atoms, 272 
—, from Pennsylvania middle oil, 936 
—, from residual cracking gases, 183 
—, in petroleum, 30 

Oxygenated sulphur compounds in petroleum oils, 
421 

Oxygen carriers, in iwlymerization, 626, 628-630 
Oxygen compounds, decomposition of, 219 
Oxygen content, carbon black, 244, 246 
—, natural gas, 236 

Oxygen derivatives, acetylene polymers. 267, 268 
Oxygen-hydrogen chloride, methane chlorination 
with, 687, 701, 702 
Oxygen inhibition, 688, 757 

Oxygen pressure, effect on induction period. 853 

Oxysulphones, 1008 

Ozokerite, composition of, 29 

—, oxidation with nitric acid, 1003 

—, wax acids from, 948 

Ozone, absorption by olefins, 947 

—. acids from hydrocarbons by, 938 

—, action on acetylenic hydrocarbons, 930 

—, — aromatic hydrocarbons, 930 

—, — lubricating oils, 845 

—, — methane, 862 

—, — phcnylcyclohexene, 930 

—, — styrene, 930 

—, — waxes, 948 

—, aldehydes from hydrocarbons by, 938 
—, desulphurization by, 461 
—, effect on oils, 906 
—, ketones from hydrocarbons by, 938 
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Ozone, oxidizing agent, 831, 844, 845 
—, —, for wax acids, 960 

—.oxidation of hydrocarbons with, 864, 868, 931 
—, reaction with acetylene, 887 
—, — diolefins, 654 
—, — ethylene, 882, 883 

—. — olefins, 605, 831, 844, 871, 877, 881-885, 
1134 

—, refining benzol, 988 

—, removal of sulphur compounds, 459 

—, treatment of mineral oils, 939 

—, — shale-oil gasoline, 903 

—, use in asphalt manufacture, 842 

—, — resin formation, 998 

Ozonides, acetylene trimer, 268 

—, catalysts for polymerization, 618, 619, 626 

—. decomposition of, 882. 883, 948 

—, decomposition products, 627 

—. from olefins. 831, 844, 871, 882, 883 

—, from synthetic rubber, 627 

—, hydrogen peroxide from, 882 

—. hydrolysis of, 831, 844, 882, 883, 939 

—, ketones from, 882 

—, petroleum, properties, 885 

—, properties, 882, 883 

—, removal of, 939 

—. vields, from ethylene, propylene, butylenes, 
884 

Ozonization, benzene honiologues, 930 

—, cracked gasoline, 844 

(1zoni7e<l air, deodorant, 1069 

—. oxidation of oil, 937 

Ozonized oil, 938, 939 

Ozonized oxygen, action on petroleum, 844 

—, oxidation of ethylene, 877 

—, removal of sulphur compounds, 459 

Ozonizer. oxidation of olefins, 882 

Ozonolysis, olefins, 884 

P 

Paint removers, isopropyl alcohol in, 366 
—. use of ter.-butyl alcohol, 398 
Paints, carb'»n black in, 252 
—-. from dichloroethyl sulphide. 576 
Paint vehicles, by oxidation of hydrocarbons, 995 
—. from polymerized hydrocarbons, 97. 614 
Palladium, catalyst in ammonia-hydrocarlwn re¬ 
action, 297 

—.colloidal, absorption of hydrogen by, 1096 
■—. dehydrogenation catalyst, 85, 87, 181 
—, hydrogenation catalyst. 478, 584 
—, oxidation catalyst, 833, 847, 848, 869, 870, 875, 
892 

—, polymerization catalyst, 87. 629, 682 
—. pyrolysis catalyst. 223 

Palladium black, dehydrogenation catalyst, 163 
—. pyrolysis catalyst, 85 

Palbadium salts, catalysts, ethylene absorption in 
sulphuric acid, 342 
—, reaction with acetylene. 667 
Palmitic acid, esterification of. 539 
—, from cetyl chloride, 740. 814 
—, from Ishikart <li.stillates, 1076 
—. from paraffin wax. 944 
—, from spindle-oil extract, 1063 
—. production of, 938 
Palmitic anhydride, hydrogenated, 990 
Panhandle coke, analysis of. 227 
Panhandle gas oil, velocity constant of thermal 
decomiiosition of, 99 

Paper sizes, oxidized paraffin wax. 994. 995 
Paracuniaron resin, solubility in thioether, 452 
Paraffin, as diluent, olefin absorption in sulphuric 
acid, 349 

—, carbon disulphide from, 956 
—, chlorine derivatives, oxidation of, 947 
—, decomposition, electric arc, 257 
—, dehydrogenation with sulphur. 956 
—, from lignite tar. 948 
—, hydrogen sulphide from. 956 
—, in petroleum oils, test for, 958 
—, liquid, action of ozone on. 845 
—, mechanism of oxidation. 956-959 
—, oxidation, in ultraviolet light, 948 
—. reaction with selenium, 956 


Paraffin, reaction with tellurium, 956 
—, soaps from, 945 
—, test for, 958 

Paraffin-air mixtures, ignition temperatures, 964 
—, critical temperature. 966 
Paraffin cartmxylie acids, in naphthenic acids. 1076 
Paraffin distillates, pyrolysis of, 60 
Paraffin oil. chlorination of, 699 
—, oxidation of, 934, 939 
oK pyrolysis of, 175. 176 
—, sulphonated. 1019 
Paraffins, absorption of, 1095 
—, acetylene from. 147 
—.action of aluminum chloride on, 193-194 
—, action of chlorosulphonic acid on, 1009 
—, bacterial oxidation, 1004 
—, bromination of, 693. 706, 742. 743 
—, by4 petroleum pyrolysis, 161 
—, by polymerization of olefins, 326, 347, 348, 
379. 603, 613 

—. by pyrolysis of acetylene, 668 
—, — aliphatics, 59, 62. 63. 130 
—, — cyclic hydrocarbons, 87 

.— olefins, 66-68. 70. 76-78. 80. 178, 180, 389, 
290 

—. — wax 60, 63 

—. chlorination of. 686, 688. 692. 693, 719, 734, 
736. 737. 739. 740. 817 
—, condensed with alkylenc oxides. 1059 
—. cracking of, 96 

—, critical solution temperature in nitrobenzene, 
1140 

—.decomposition of, 79. 219 
—, dehydrogenation of. 4.S, 9.3. 96 
—, demethanation of, 45 

— .determination of. 1096. 1126. 1140, 1143, 1144 
—, diguanidine derivatives of. 807, 808 

—. electrochemical oxidation of, 948 
—, emulsification with mineral oils. 1025 
—, fatty acids from. 959 
—, Friedel-Crafts reactions. 1056. 1057 
—. from amylenc-hydrocarbons, silent discharge, 
266 

—, from cycloparaffins by action of aluminum 
chloride. 199 
—, from gasoline, 35 ' 

—.from hydrocarbons, silent discharge. 270 
—, from isobutylene, silent discharge, 266 
—, from isopropyl alcohol, 370 
—, from mineral oils, 35 

—, from olefins by action of aluminum chloride, 
190, 195 

—, from wet natural gas. 32 
—, gaseous, available quantities, 830 
—, in cracked gasoline. 116, 118 
—.in petroleum, 11 

—. in straight-run gasoline, 20, 21, 22, 27 
—, isomers of. 32, 711 
—, knock rating of, 985 
—, nitration of, 1040-1046 
—.nitrogen derivatives of. 808. 817 
—.oxidation of. 830, 852. 943. 948-953. 959, 967 
—, —, general theories. 960 

—, purification with nitric and sulpuric acids. 934 
—, reaction with phosgene, 418, 1058, 1060 
—. — sulphur, 428, 956 
—, — sulphur chloride, 1060 
—, refining, by sulphuric acid, 948 
—, resistance to chemical reagents. 1039 
—, separation of, by distillation, 1095, 1101 
—, —, by ethylene chlorohydrin. 498 
—.—.from petroleum, 1146. 1147 
—, sulphonation of. 1006, 1007. 1008 
—.thermal stability of. 65. 95. 96. 97. 1039 
—, unsaturated aliphatic acids from, 939 
—, vapor pressures of. 1099 
—, wetting agents from. 1029 
Paraffin wax, action of aluminum chloride on, 
194 

—, — ozone on, 948 
—, — sulphuric acid on. 1008 
—, bacterial oxidation. 1004 

— chlorination of. 738. 739. 740. 741. 947 
—. constituents of. 946 

—.cracking of 16S. 175. 176, 203 
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Paraffin wax, dechlorination of petroleum products 
with, 804 

—, emulsifying agents from. 994 

—, lubricating oils from, 201, 203 

—, oxidation of, 857, 946-960, 990, 991, 1034^ 

—, oxidized, detergents from, 1024 
—, —, esterification of, 539 

reaction with sulphur, 428, 429 
—, separation from lubricating oils, 20 
—, treatment with aluminum chloride, 191 
—, vacuum distillation of, 957 
Paraformaldehyde, from formaldehyde, 861, 869 
Paraldehyde, production of, 547 
Paraphenylen^iamine, diazotization of, 598 
Partial combustion, of hydrocarbons, 216 
—, of natural gas, 239 
Particle size of carbon blacks. 245 
Peat, hydrocarbons from, 933 
Peat oil fractions^ refining with ozone, 988 
Peat paraffins, oxidation of, 942 
Penetrants, from dichlorodiethyl ether, 498 
Penetrating agents, textile, 1028, 1029 
Penniman process, hydrocarbon oxidation, 839. 840 
'Pennsylvania cokes, analyses of, 227 
Pennsylvania distillates, oxidation of, 1000 
Pennsylvania gas oil, velocity constant of pyrolysis, 
99 

Pennsylvania gasoline, paraffin hydrocarbons from, 
24 

Pennsylvania oils, nitrogen content, 819 
Pensylvania petroleum, action of sulphuric acid 
on, 1007 

—, oxidation products from, 935, 936 
—, sulphur content of, 421 
Pennsylvania petroleum fractions, pyrolysis of, 62. 
130, 131 . 

Pentabronioisobutanes, from isobutene, 483 
Pentabromotoluene, formation of, 751, 778 
Pentacetate, 396, 798 

Pentachloroacetone, from lower chloroacetones, 374 
—, from isopropyl alcohol. 373 
Pentachclorobenzene, from benzene, 757, 758, 764 
Pentachlorobenzyl chloride, from toluene, 774 
Pentachcloroethane, by chloroform pyrolysis, 692 
—, from acetylene tetrachloride, 715 
—, from chloroethylene, 674 
Pentachlorophenol, formation of. 761 
Pentachlorotoluene, from toluene. 770, 774 
Pentacyclopentadiene, 621, 622 
Pentadecanaphthene, by pyrolysis of amylene, 78 
—, chlorinated products of, 753 
Pentadecene, by olefin polymerization, 608 
1.3-Pentadiene, synthetic rubber from. 627 
Pentaerythritol, condensation with ethylene oxide, 
538 

—, wetting agents from, 1086 
Pentaethylbenzene, from kerosene. 28 
—, production of, 560 
Pcntaisobutylene, formation of, 600 
Pentamethylene sulphide, from l.S-dibromopentane, 
453 

—, from petroleum, 453, 459 
Pentane, action of sulphuric acid on, 1007 
—, butadiene from. 155 
—, by amylene pyrolysis, 77 
—, by ethylene polymerization, 195, 872 
—, chlorination of, 721-723* 726-732, 790-792 
—, combustion, effect of nitrogen, 976 
—, condensed with alkylene oxides, 1059 
—, critical inflexion temperature. 966 
—, decomposition of, mercury atoms. 272 
—.determination of, 1116 
—, fractional distillation of, 32 
—, from cracking gas, 139, 355 
—, from fatty acids, 721 
—, from hexane, 194 

—, from hydrolysis of chloropentanes, 794 
—, from isohexane, 194 ^ 

—, from wax, by pyrolysis, 60 

—, in natural gas, 14* 32 

—, incomplete combustion of, 853 

—, ketone from, 939 

—, monochlorinated, pyrolysis of, 635 

—, oxidation of, 854 

—, —, induction period, 852 


Pentane, pyrolysis of, 58-59, 130, 183 
—, recovery from chlorination process. 731-733 
—.removal from gases, 1116 
—, separation from butane, 1101 
—, thermal chlorination, 731-733 
n-Pentane, condensation with acetyl chloride. 417, 
1057 

—, critical inflexion temperature, 967 
—, in natural-gas gasoline, 17. 18 
—, in straight-run gasoline, 22, 24 
—. minimum ignition temperature, 967 
—.pyrolysis, 171, 172 
—, reaction with ethylene oxide, 545 
Pentane-air, combustion of, 972, 973 
—, flames, characteristics qf, 975 
—, ignition, effect of lead tetraethyl, 973 
—, ignition temperatures, 978 
—, inflammability limits, 961 
—, rate of flame propagation, 975 
—. relative ignition temperatures, 96$, 973 
Pentanol-1, properties, 797 
Pentanol-2, catalytic oxidation of. 416 
—, properties, 401, 402, 797 
Pentanol-3, properties, 797 
Pentasol. 791, 794 
Pentasulphides, organic, 450 
Pentatricontol, 991 

Pentene, addition of hydrogen halides to, 329, 
398 

*—, action of aluminum chloride on, 194 

—, by butane pyrolysis. 174 

—, by n-butane-isobutane pyrolysis, 57 

—, by hexane pyrolysis. 61 

—, chlorination of, 483-485 

—, classification of isomers. 383 

—, from methylcyelobutane, 84 

—, halogenation of, 1126 

—, polymerization of, 382, 606 

—, pyrolysis of, 74, 75 

—, reaction with nitrogen pentoxide, 581 

—, — sulphuric acid, 376, 380-383, 387 

—, S€e also Amylene 

Pentene oxides, hydration of, 558 

1- Pentene, hydrogen iodide addition, 329 
—, polymerization of, 604 

—, pyrolysis of, 75 

—, reaction with sulphuric acid, 382, 390 

2- Pentene, addition of hydrogen halides to, 329, 
330 

—, chlorination of, 484 
—, decomposition of, 603 
—, dehydrogenation of. 74 
—, demethanation of, 74 
—, effect, production of synthetic resins. 204 
—, from diethylcarbinol,^ 638 
—, isoprene polymerization, 624 
—.oxidation by permanganate, 880 
—, polymerization of, 603, 604 
—, pyrolysis of, 74, 75 
—, reaction with aluminum chloride, 203 
—, — nitrogen trichloride. 578 
—, — sulphuric acid, 382, 390 
—thermal stability of, 90 
2-Pentene dichloride, from 2-pentene, 484 
?-Pentcne-4-ol, from crotonaldehyde, 637 
Pentoses, condensation with olefin oxides, 538 
Pentyl halides, from pentenes,, 329 
Peppermint oil, use as insecticide, 1028 
Peracetic acid, 932 

Perbenzoic acid, from benzaldehyde, 920, 921 
—.oxidation of isoprene with. 877 
—, reaction with olefins, 534, 1134 
Perborates, catalysts, isoprene polymerization, 
626, 628 

Perchlorate of 2,8-dimethylquinoline, 826 
Perchloric acid, oxidation of maleic acid with, 
918 

Perchloromesole, from kerosene, 738 
Perfumes, from aldehydes, 920 
—, use of alkylated aromatics, 398 • 

—, — isopropyl alcohol in, 362, 364, 365, 367 
——isopropyl esters, 373 
—, — secondary butyl esters, 396 
Permanent gas, by pyrolysis of methane. 169 
by pyrolysis of petroleum, 162. 164, 16S 
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Permanganates, oxidation of olefins, 871, 880 
—, removal of gum from gasoline, 903 
Peroxide formation, combustion of ethane, 8 SO. 
851 

—, — fuels, 977 
—, — n-octane, 854 
—, effect of inhibitors, 979 
—, from dtolefins, 642 
—, oxidation of hexane, 853 
—, — isopropyl ether, 371 
Peroxide number, definition of, 899 
Peroxides, action of, during detonation, 977, 984 
—, catalysts, polymerization of diolefins. 618. 619, 
654 

—• —1 polymerization styrene, 654 
—. decomnwsition of, 980 
—, determination of oxygen in. 899 
—, effect on esterification of propylene, 327 • 

—, effect on gum formation in gasolines. 900, 
901 

—, from amylene, 879 
—, from ethylene, 877-879 
—, from lead mercaptides, 442. 443 
—, from olefins, 654, 831, 871 
—, from oxidation of pinene. 889 
—, from paraffins, 831 
—, in gasoline, 439 
—, —, elimination of, 439 
—. reaction with reducing agents, 900 
—, test for, 859 

Peroxide theory, applied to oxidation of methane. 
859 

—.of oxidation. 831, 850, 854. 858 
Persian kerosene, aromatics in acid sludge from, 
27 

Persian petroleum, action of sulphuric acid on, 
453 

—, extraction of aromatics from, 34 
—, — sulphur compounds from, 33 
—, sulphur compounds from, 448, 450, 453 
Persulphuric acid, oxidizing agent. 505, 506 
Peruvian gasoline, isohexane from, 24 
Peruvian petroleum, polynaphthenes in, 30 
Perylene, from dinaphthyl, 199 
Petrocenes, from petroleum, 226, 227 
—, nitration of. 1052 
Petrolatum, composition of, 29 
—, decomposition, electric arc, 257 
—, production of, 1006, 1012, 1013 
—, reaction with sulphur, 429 , 

—, resins from, 949 
—, sulphonated, 1020 
Petrolatum oil. acetyl value of. 936 
—, oxidation of, 934, 950 
Petroleum, adsorption by earth strata, 36 
—, aromatic hydrocarbons from, 914 
—, asphaltenes from. 950 
—, bicyclic monocartwxylic acids in. 1073 
—, bromination of. 723 
—.butadiene from, 157 
—, chlorinated, cracking of, 106 
—, chlorination of. 724, 728, 753 
—, coke from, 225-229 
—.composition of. 9. 10, 11, 18 
—, —, effect on pyrolytic products, 164 
—, cracking of, aluminum chloride catalyst, 164 
—, cyclic hydrocarbons from, 914 
—.cyclohexane from. 1147 
—, decanaphthenes, chlorinated products of, 752 
decyl chlorides from, 738 
—, detergents from, 1023, 1024 
—.diolefins from, 157 
—, distillation of, 11 
—, destructive distillation, 225, 226, 227 
—, emulsification of soap solution by. 953 
—, esters from, 937 

—, extraction of naphthenic acids from, 1064- 
1067 

—, filtration through earth strata, 36 

—, hydrocarbons in, 11 

—, insecticides from, 1028 

—, maleic acid from, 914, 915, 916. 918. 937 

—, methylcyclopentane from, 1147 

—, mixed-base oils, 19 . 

—. molecular weight of hydrocarbons in, 18 
—. nicnocyclic acids of, 1073 


Petroleum, nitrogen compounds in, 11, 819 
—.olefins from, 157 
—, optical activity of, 36 
—, origin of, 35-36 

—, oxidation of, 868. 90S, 906, 941, 945, 949 
—.oxygen compounds in, 11 
—, ozonides of, 885 
—, phthalic acid from. 914, 915 
—.physical properties of, 1147 
—. plastics from, 628, 629 
—, pyrindine-type bases in, 827 
—.pyrolysis of, 11. 157, 163, 188, 209; 210. 214, 
226, 227 

—, refining with metallic oxides, 460 

—.separation of aromatics from, IMS, 1146 

—, — paraffins from, 1146-1147 

—, — unsaturated hydrocarbons from, 1144-1145 

—, source of toluene, 161 

—, sulphur compounds from, uses, 455-456 

—, sulphur compounds in, 11 

—, testing of, 1147 

—, toluene from, 161, 914 

—, tricyclic monocarboxylic acids in. 1073 

—, variation in composition, 10 

—. water-soluble acids from, 937 

—. world production, 9 

—. see also Mineral oil 

Petroleum acids, sodium carbonate, deodorant, 
1069 

Petroleum asphalts, reaction with chlorosulphonic 
acid. 1035 

Petroleum benzines, acids from, 938 
Petroleum coke, a polynuclear aromatic material, 
95 

—, by destructive distillation, 225-229. 234 
—• by pyrolysis of aromatic hydrocarbons, 97 
—, oxidation catalyst. 835 
—, properties and uses, 226-228 
—, use in production of cyanides. 293 
Petroleum distillates, acetylene from, 149 
—, acids from, 893, 894, 931, 937 
—, blowing of, 937 
—.chlorination of, 719 
—. chlorine in, 1150 

—, cracked with aluminum chloride, 203 
—, crackini^ of, 937 
—, deblooming of, 940 

—, extraction of sulphur compounds from, 462 
—, nitration of, 1052-1054 
—, olefins in, 354 
—, oxidation of, 830 
—, phthalic acid from, 937 

—, prevention of emulsion formation. 1026, 1027 
—.pyrolysis of, 86, 129, 130, 161. 162 
—. —, production of aromatics, 164, 165 
—, treatment with bentonite, 460 
—, treatment with sodium hydroxide, 461 
Petroleum emulsions, breaking, 1^026, 1027 
Petroleum ether, action on oil oxidation products, 
905 

—, determination, 1135 

—, effect on aluminum chloride and ethylene, 
196 

—, — refining naphthenic acids. 1067 

—, extraction of amides, 954 

—, — oxidation products, 911 

Petroleum fractions, butadiene from. 156, 157 

—. chlorination of, 720, 721 

—, dechlorination of, 741 

—, treatment with aluminum chloride, 193 

—, — benzoyl peroxide, 1061 

—, — dibasic anhydrides, 1058 

Petroleum gases, carbon monoxide from, 1092 

Petroleum hydrocarbons, carlran black from. 243 

—, desulphurization by ultraviolet light, 461 

—, diolefins from, 627 

—. ethyl alcohol from, 332 

—.methyl ethyl ketone from, 415 

—.oxidation of. 831, 871-873. 933 

—, production of acids from, 931-939 

—, reactivity, 9 

—, refining. 9 

—, thermcmynamic stability of, 94 
—, treatment with chlorosulphonic acid, 1061 
—, use, 9 
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Petroleum Otis, ammonium sulphate from, 458, 
459 

—, constitution, 1125 

crackinff, to gasoline, 91 , . ^ 

—, desulphurization, by liquid ammonia. 458 
—.electrical decomposition, 262 
—, extraction of sulphur compounds from. 461 
—, lubricants from, 1030, 1031 
—.nitrogen content of, 819 
—, purification by sulphonation. 1018 
—, pyrolysis, isoprene from. 635 

solvent in hydration of propylene, 351 
—, sulphur in, 450 
—. test for paraffin in, 958 
—, thiophene in. 454 
—.use in news inks, 252 
—,—wood preservative, 1031 
—.viscosity of. 1152-1153 
Petroleum oil sludge, solubility of, 950 
Petroleum pitch, air-blown. 1003 
Petroleum residues, cracking, by aluminum 
chloride. 201 

—, —, bv boron fluoride, 201 
—. distillation of. 226 
—, lubricating^ oils from, 201 
Petroleum resin, soluble in thioethers. 452 
Petroleum sludge, sulphonic acids from, 1025 
Petroleum soaps, from alkali sludge, with sul¬ 
phuric acids. 1066 

Petroleum spirit, stabilization of gasoline, 898 
Petroleum still gases, oxidation of, 864 
Petroleum sulphonic acids, 1026. 1030 
Petroleum tar, asphalt from, 1013 
—, coke from. 228 

Pbellandrene. reaction with meleic anhydride,^ 651 
5-P^»*nvM-cblrt’-onentane, reaction with aluminum 
chloride. 1056 

Phenvlcvclnpentane, 84. 1057 
Phenylcyclohexene, action of ozone on, 930 
Pbenylcvciohexene oxide, isomerization of. 547 
Phenvldialkylethylene oxides, isomerization of, 
547 

5-Phenvl-2.3-dimethvl-2-pentene, properties of, 653 
Phenvldiazonium fluoborate. 597 
Phenvl disulphide addition to lubricant.s. 996 
Phenvlenediamine, antioxidant, for petroleum oils, 
907. 909 

Phenylethanol formation. 545, 548, 1059 
Phenylcthylene, 610 

Phenvlglycol. action with sulphuric acid, 555 
—. from stvrene, 510 
Phenyl halides, vapor phase hydrolysis, 767 
Pbenvihydrazine, reaction with ethylene oxide, 
544 

—, sclvcnt, aromatics.^ 34, 1143 
—,—.diolefin separation, 160 
Phenyl a-ketonapnthalene, 200 
Phenyl mercaptan, formation of, 431 
Phenylmethvlcarbinol, from ethylbenzene. 926 
Phenylmethylpentene. properties, 652, 653 
Phenyl-o-naphthylamine, antioxidant, for lubricat¬ 
ing oils, 907 

Phenylnaphthylcarbarole, from pitch, 227 
Phenylpropylthiol. 437 

Phenvl selenomercaptan, stabilization of gasoline, 
898 

Phenyl sulphide, from cyclohexane. 430 
Phenyl tetrazonium difluoborate, 598 
Phenyl vinyl ketone, production of. 569 
Phloroglucinol, stabilization of gasoline by, 897 
Phorone, production of. 409 
Phosgene, chlorinating methane with, 68!^, 701 
—, condensation with olefins. 570 
—, reaction with hydrogen, 418 
—, —- hydrocarbons, 1058, 1060 
—, — paraffins, 418 

Phosphates, aromatization catalysts, 186 
—, catalyst activators, 291 

—, catalysts, ammonia-hydrocarbon reaction, 297 
—, —, carbon dioxide-ethylene reaction, 586 
—, —. condensation of olefins with aniline, 571 
—, —, condensation of olefins with aromatics, 
$60 

—, —, dehydrogenation of alcohols, 405 
—. —, esterification of olefins, 328 


Phosphates, catalysts, hydration of acetylene, 677 
—.—. hydrocarbon pyrolysis, 136 
—, —, in cracking, 107 
—.oxidation catalyst, 834. 870 
Phosphatides. stabilization of gasoline by. 898 
Phosphenylous acid, formation of, 875 , , , 

Phosphides, dehydrogenation catalyst for alcohols, 
405 

Phosphine, in acetylene, 664 
Phosphor bronze, effect on oxidation of petroleum, 
90S 

Phosphorates, hydrolysis of, 875 . 

Phosphoric acid, action on ethylene glycol, 555 
—, absorption of ethylene. 322 
—.catalyst, condensation‘of crcsol and isopropyl 
alcohol. 375 , , . , ., . . 

—. —, condensation of olefins with phenols, 

conversion of isopropylcthylene to trimeth- 
ylethylene, 74 

—, —, for estcrifying olefins, 328 
—, —, hydration of acetylene, 676 
—, —, hydrogen sulphide-olefin reaction, 585 
—.—.hydrolysis ox nitriles. 811 
—, —, preparation of acetic anhydride, 682 
—,—.preparation of acid chlorides, 815 
—. —, preparation of acrvlic acid esters, 571 
—, — pyrolysis of alkylbcnzencs, 147 
—, dehydration catalyst, 303, 304. 307, 635 
—, effect on ethylene absorption in sulphuric 
acid. 339 

—, from phosphorates, 875 

—.hydration catalyst. 303, 304, 307, 311, 312, 
314. 316. 317 

—.oxidation catalyst, 876, 886, 918 
—.polymerization catalvst, 589. 599, 603, 613 
Phosphoric esters of glycol ethers, 525 
Phosphorite, oxidation of, 875 
Phosphorus, action on cyclohcxene, 875 
—, chlorination catalyst. 722, 758 
—, oxidation catalyst, 875 
—. red. dehydration catalyst, 952 
Phosphorus chloride, and sulphuric acid, sul- 
phonating agent. 1034 

Pboenhorus compounds, catalyst, chlorination with, 
739 

Phosphorus halides, chlorination catalyst, 469, 
756. 771 , 

—. brnmination catalyst, 768 
Phosphorus oxychloride, polymerization of olefins 
with. 597 

Phosphorus pentabromide, bromination with. 778 
Phosphorus pentachloride. catalyst, polymerization 
of cyclopentadiene. 623 
—.chlorination with, 771. 775. 780 
—, isolation of undecanaphthenic acid with. 1073 
—, reaction with acetylene derivatives. 685 
Phosphorus pentoxide, catalyst activator. 291 
—, catalvst. ethylene absorption In sulphuric 
acid. .339 

—. dehydration with. 534 
—, hydration catalyst, 307 
—, polymerization catalyst, 599, 623 
—, removal of gasoline gum with, 903 
—. use in sweetening. 444 
Phosphorous tribremide, reaction with ethylene 
glycol, 499 

Phosphorus trichloride, chlorination catalyst. 769, 
770. 776 

Phosphoryl chloride, isolation of naphthenic acids 
with. 1073 

Photobromination, toluene, 777, 778 
Photochemical chlorination, 727-730 
—, alkyl benzenes, 780 
—, butane. 718. 719 
—, cyclopropane, 745, 746 
—, ethane. 713. 714 
—, isobutane. 721 
—, isopentane, 724, 726 
—, Krasnodar aviation gasoline. 794 
—, liquid hydrocarbons, 727-730 
—, natural gas, 714 
—, propane, 716, 717 
—.toluene. 770. 775, 776 
—m-xylene. 779 
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Photochemical oxidation, naphthene hydrocarbons. 

1064 

—, paraffin oils. 939 

Photochemical polymerization of ethylene. 594 
Photochemical reaction of ethylene and ammonia. 

571 

Photoelectric colorimeter. 1148 

Photof^raphic films, use of ethanolamines in, 553 

Phthalic acid, condensation with aromatics. 

565 

—, benzoic acid from, 921, 924 
—, by hydrocarbon oxidation, 838 
—, by oxidation of petroleum. 914, 919. 937 
—, from naphthalene, 919, 922 
—, from xylenes, 922 
—, production of, 922-924 
—. reaction with olefin oxides, 538 
Phthalic anhydride, hy oxidation of cracked kero¬ 
sene, 838 

—, by naphthene oxidation, 838 
—, condensation with olefins, 565 
—, esterification of amyl alcohol. 794 
—, extractant for primary alcohols. 649 
—. from anthracene. 924 
—, from liKnin, 949 
—, from naphthalenes, 922 
—, purification of. 923. 924 
—, reaction with ffasotine, 1059 
—, — nitroRen bases, 821 
—. resin with oxidized paraffins, 999 
Phthalide compounds, stabilization of Rasoline by. 

898 

Phthalones, from nitroRcn bases, 821. 826 
PharnjacoloRy, of alcohols. 362, 364, 393, 394 
Phenatithrene. bacterial oxidation of. 1004 
—, by acetylene pyrolysi.s, 82, 180 
—, hy isobutene pyrolysis, 73, 179 
—, from pitch, 227 

Phenol, action on monochloroparaffin, 740 
—, as a solvent. 597 
—, butadiene from, 634 
—, carboxylation of, 930 

, catalyst, oxidation of transformer oils. 909 
—, catalytic hydroRcnation of. 419 
—, condensation with isobutylene, 400 
•— formaldehyde, 860 
—. — propylene, 566, 567. 596 
—, diotcfins from, 633, 634 
—, effect of silent discharge. 264 
—, extraction of oil shale, 463 
—, from benzene, 925, 927, 929 
—, hexahydrophenol from, 634 
—, production of, 766, 767 
—, reaction with ethylene oxide, 538 
—, — ethylene dichluride, 682 
—, — nitrogen pentoxide, 1044 
—, re^rdation of ignition of cotton by, 890 
—, selective solvent fur paraffins and naphthenes. 

35 

—, separation of diolefins by. 641 
—, stabilization of gasoline oy, 897 
—, use in plastic compositions. 1031 
Phenol-aldehyde resins, from alkylated phenols, 

399 

Phenolic substances, from spent doctor solutions. 

448 

Phenolic tars, use in asphalt manufacture. 842 
Phenols, alkylation of, 399, 567, 568, 810 
—, antioxidants, for lubricating oils, 907 
—. by hydrolysis of aryl chlorides, 767, 785 
—, condensation with cyclohexene, 566, 567 
—, — olefins, 565-568 

—, effect of ichthyolsulphonic acids on. 1037 

—, from gas oil, 840 

—, from gasoline. 835, 902 

—, from shale oil, 463 

—, from toluene, 919 

—. in crude petroleum. 30 

—, inhibitors, polymerization of butadienes. 630 
—, oxidation ox, 987 
—, production of cyclic ketones, 419 
—, resin-formation with cracked distillates, 998 
—, — methylene dichloride, 705 
—, stabilizing agents, 575 
Phenoxychloroparaffin, 741, 817 


Phenoxyparaffin, from monochloroparaffin. 740 
—, production of. 809 
Phenyl acetate, selective solvent. 35 
Phcnyiacetaldehyde, cyanohydrin of, 546 
—. from ethylbenzene, 1056 
Phenylacetylenc. from benzene, electric arc. 259 
Phenylacetylenylphosf>hinic acid, 685 
Phenylazide. reaction with polycyclopentadiene, 
622 

PhcnylbutadienC, gum formation, in gasolines, 901 
1-Phenylbutadiene, 642, 643 
—, polymerization of, 619, 627 
—, reaction with bromine water, 648, 649 
—. — hydrogen bromide, 647 
4-PhenvM-butene, pyrolysis of, 75, 89 
Physical chemistry of cracking, 98. 99. 100 
Physiological action of alcohols, 362-364, 393, 
394 • 

Phytusterol, as source of petroleum, 36 
Piccolines, from acetylene. 684 
Picene, by hydrocarbon pyrolysis, 226 
• occurrence in cracking tar, 89 
Pickling inhibitors, mercaptans, 434 
—, nitrogen bases. 829 
Picrates of nitrogen bases. 822, 826 
Picric acid, as antidetonant, 983 
—. from toluene. 929 
—, separation of nitrogen bases with, 828 
Pigments, oil-absorbing capacity reduced. 614 
—. dispersion of. 1029 

Phenylsulphonic aci<l, breaking emulsions with, 
1027 

Piinelic acid, from stearic acid. 959 

Pinacol. from acetone, 411 

—, from tetramethylethylene. 581 

Pinacoltne, from pinaconc, 411, 531. 532 

Pinacoline oxime. 1043 

Pinacone. tlehydr.ilion l»v alumina, 637 

Pifiacone chlorohydrin, 637 

Pine tar, oxidized. 1003 

Pinene, autoxidation of. 889. 890 

—, condensation with isoprene, 657 

—.esterification of, 331 

—, pyrolysis. 154 

. velocity of autoxidation of. 893 
a-Pinene, oxidation of, 890. 891 
/1-Pincnc, oxidation of, 890 
Pinene oxide, preparation of, 534 
Pintsch gas. butadiene from, 156 
—. by pyrolysis of heptane-octane mixture. 61 
Pinus sabiniana, heptane from, 735 
Piperazine, separation of ichthyolsulphonic acid 
fractions by, 1037 

Piperidine, as an antitoxidant, 907. 909 
—.effect of. preparation of wetting agent. 817 
—, from acetylene, 684 
I’iperonal, test for isopropyl alcohol, 367, 368 
Piljcrylene. from cracking process, 154 
—, from tiicthylcarbinol. 638 
—, from 2-pentene-4-oI, 637 
—, hydrogenation of, 657 
—, identification, 660 
—, in cracked gasoline, 119 
—. polymerization of. 619, 627 
—, reaction with maleic anhydride, 659 
—. tetrabromides from, 644, 659, 1145 
Pitch, coke from. 228 
—.cracked hy submerged combustion, 1000 
—, cyclic hydrocarbons from, 227 
—, from cracking with aluminum chloride, 193 
—, from paraffins, 219 
—, from petroleum pyrolysis. 165 
—, insulating materials from, 740 
—, oxidation of, 993 
—, solubility in sec.-hexyl acetate. 402 
Pitch sulphonates, used in breaking emulsions, 
1026 

Plasticizers, dibasic acid esters, 402 
—, ter.-butyI-i8-naphthol, 401 
—, diethylene glycol monoethyl ether. 528 
—, ethanolamines, 553 

—, ethylene glycol monoethyl ether stearate, 525 
—, esters of keto acids. 1059 
—, ethyl sulphoxtde, 451 
—, from phthalic acid, 922 
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Plastics, calcium sulphonate, 10IS 
—, ethylene dtchloride-polysulphides, 474, 475 * 

—, from acet)rlene, 667 
—. from chlorinated hydrocarbons, 474 
from diolefins, 628, 629, 630 
—, from divinylacetylene. 670 

from hexamethylenetetramine, 860 
—, from mineral oils, 1031 
—. from oxidation products, 998, 999 
—. from sulphur dioxide-olefin reaction, 575, 
576 

—. preparation, 1024, 1031 
—, prepared with isopropyl alcohol, 366 
—, resins in, 498 

Plate process for carbon black, 234, 241 
Platinised carbon, dehydroaenation catalyst, 198 
Platinous salts, double compounds of olefins with, 
582 

Piutinum, as promoter of detonation, 966 
—, catalyst, ammonia-hydrocarbon reaction, 297 
—, —, carbon monoxide-ammonia reaction. 297 
—,—.for pyrolysis, 65, 84, 86, 135, 154 
—, —, hydrocarbon-nitrogen oxide reaction, 298 
—, —, methane-carbon monoxide reaction. 932 
—.chlorination catalyst, 691, 715, 775 
—, dehydrogenation catalyst, 85, 87, 181, 405, 
413 

—, determination of methane with, 1098 
—, effect on ignition temperatures, 967, 968 
—hydration catalyst, 307, 314, 584 

, oxidation catalyst, for alcohols, 406, 530, 869, 
870 

—, —, for hydrocarbons, 852, 863, 864, 867, 
872, 874, 875, 892, 918, 993 
—, fmlymerization catalyst. 682 
Platinum black, catalyst, pyrolysis of cyclopropane, 
83 

—, hydrogenation catalyst. 412, 656 
—, oxidation catalyst, 847, 872 
Platinum chloride, chlorination catalyst, 690, 691 
—, reaction with nitrogen bases, 820, 821 
Platinum-copper, oxidation catalyst, 869, 870 
Platinum electrodes, chlorination of aromatics, 
761, 762. 774 

—, electrical ignition of methane, 970 
—, oxidation of benzene, 927 
Platinum gauze, catalyst, methane-steam reaction, 
287 

—, oxidation catalyst, 944 

Platinum metals, catalysts, ethylene absorption in 
sulphuric acid, 343 

Platinum nitrate, chlorination catalyst, 691 
Platinum salts, action with acetylene. 667 
Platinum sponge, catalyst, pyrolysis of cyclopro¬ 
pane, 83 

Plumbite treatment of gasoline, 438, 439 
Podbielniak apparatus, 1103-1115 
Polish natural gas, analysis of, 15 
—, pyrolysis of, 229 

Polyalkylene glycol esters, production of, 527, 
528 

Polyalkylene glycol ethers, production of, 528 
Polyalkylnaphthalenes, production of, 559 
Polybrominated derivatives, of benzene, 768 
—, of butane, 720 
—, of cyclohexane, 749, 750 
Polybutyl naphthalenes, 563, 564 
Polychlorinated derivatives, of toluene, 775 
Polychlorinated hydrocarbons, dissociation of, 816 
Polychlorinated paraffins, dechlorination of, 804, 
805 

—, heating of, with alkalies, 818 
—, production of, 728, 731 
Polychloroprene, 639 

Polycyclopentadiene, production and properties, 
621, 622 

Polydichloroethylene, 815 
Polyesters from glycols, 521' 

Polyethylene glycol acetates, 541 

Polyethylene polyamines, from ethylene dichloride, 

Polyethylnapthalenes, production of, 563, 564 
Polyglycols, by dehydration of l,2-glycol8,' 512, 
526-529 

—, by hydration of olefins, 511 


Polyglycols, dioxans from, 555 
—, esterification of, 527, 528 
—, from ethylene oxide, 537 
—, from olefin oxides, 526 
—, reactions of, 526 
—, as solvents. 526 
Polyhexenes, from hexene. 383, 384 
Polyhydric phenols, stabilizing agents, 575 
Polyhydroxy compounds, condensation with alky- 
lene oxides, 522 

Polymerization, a bimole^ular reaction, 98, 616, 
617 

—, effect of autoxid^tion on, 893 
—— methyl substitution on, 627 
—, — phenyl substitution on, 619 
—, effect on primary reactions of cracking, 98 
—, in nitrous oxide-ethylene reaction, 299 
—, in pyrolytic formation of aromatics, 162 
—, in sulphur chloride-olefin reaction, 576 
—, mechanism of, 589-592, 599, 618, 619 
->,of acetylene, 81, 82, 106, 264, 267, 268, 272, 
273, 274, 595 
of allene. 272, 273, 615 
—, of allylene, 273 

—. of ammonia-ethylene dichlqride, 474 
—, of amylene, 195, 202, 267, 330, 380, 382, 1050 
—, of aryl-substituted, olefins, 610 
—, of benzene, 269 
—, of brown-coal tar, 202 
—, of butadienes, effect of methyl groups, 619 
—, of 1-butene, 202, 378, 379, 599 
—,of 2-butene, 273, 316-318, 602 
—, of cetene, 606 
—, of chloroprene, 639, 640 
—, of conjugated diolefins, 79, 612-622 
—, of crack^ gasoline, 78 
—, of cyclohexadicne, 625 
—, of cyclohexene, 597 
—, of cyclopropane, 273, 559, 1009 
—, of esters, 936 
—, of ethane, silent discharge, 268 
—.of ethylene, 66-69, 144, 169, 195-197, 264-266, 
269, 272, 273, 274, 336, 346, 592-597, 610 
—, of ethyl mercaptan, silent discharge, 265 
—, of 3-ethyl-2-pcntene, 385 
—, of formaldehyde, 861 
—, of glycol esters with dibasic acids, 520 
—, of 3-hcptcne, 607 
—T, of hexadecene, 78, 80, 606, 607 
—, of hexylene, 78, 383, 384, 606, 607 
—, of hydrocarbons, by aluminum chloride, 191 
—, —, during cracking, 93 
—, of indene, 591 

—,of isobutylene, 202, 266, 316, 378, 596, 599, 
600, 601 

—,of isoprene, 203, 272, 273, 617, 618, 619, 624 
—, of methylacetylene, 272 
—, of methylheptene, 386, 607 
—, of mineral oils, by aluminum chloride, 202 
—, of naphthenes by aluminum chloride, 193 
—, of nitrogen compounds, 822 
—of octenes, 386, 507, 606 
—, of olefins, by o-radiation, 273, 589, 595, 599, 
602 

—»—» by aluminum chloride, 144, 190, 194, 195, 
197, 200-204, 570, 1050 
—, —, by boron fluoride, 197, 595-597 
—by cathode ray, 274 

—»—» by electric discharges, 255, 264, 267-269, 

589, 591, 594, 599, 610 

—, —, by excited mercury atoms, 594 
—, —, by mercury light, 272 
—• —. by sulphuric acid, 80, 82, 104, 105, 325, 
326, 336, 346, 347, 350, 354, 376, 378-384, 
391, 590, 593. 596 
—,—, by ultraviolet light, 589, 611 
—, —, effect of pressure, 80, 82, 104, 105, 588, 

590, 593, 596 

—,—, in refining, 1012 

—.—.thermal, 80, 82, 93, 94, 97, 104, 105, 350, 
588, 590, 593, 594, 599, 609, 611, 616-618 
—, —, to cyeloparaffins, 80 
—, of olefin oxides, 547 
—, of pentadiene, 621, 622 
—, of pentenes, 382, 606 
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Polymerization, of propylene, 264, 273, 309, 325, 
326, 347, 376, 596, 597, 599, 608 
—, of resin-forming oonstituMts, 987 
—, of stilbene; 613 
~,of styrene, 588, 591, 610*612 
—, of tetramethylethylene, 606, 607 
—, of trimethylethylene, 606 
—, of turpentine, 264 

—, of unsaturated hydrocarbons during cracking, 
104 

—,—, from oil gas, 116 
—, of vinyl acetate, 588 
—, of vin} lacetylene, 273 
—, prevention of, 350, 35.4 
—, removal of gum by,^ 902 
—, secondary reaction in cracking, 97 
Polymerization products, use of, 613, 614, 615, 
1024 

Polymerized bodies in sludges, 1013 
Polymerized hvdrocarbons, cracking of, 97 
Polymerized olefins, by oxidation of hydrocarbons, 
852 

—, decomposition of, 79, 80 
—, separation of olefins by, 144 
—, types of olefins resistant to, 620 
—, velocity of, effect of temperature, 98 
Polymerized residues, from cracking, as paint 
vehicle, 97 

Polymerized sulphones, from sulphur dioxide and 
diolefins, 575 

Pnl mers, alkyl halides freed from, 371 
—, in crude isopropyl alcohol, 359, 360, 370 
—. liquid, from conjugated dienes, 616-622 
—, of acrylic acid, 586 
—, of cyclopentadiene, 623 

—. of olefins, extraction from ‘secondary alcohols, 
394 

—,—, use, 613 

—, separation from alkylsulphuric acid, 356 
—, types of, 590 
—, —, from diolefins, 614 
P'dynaphthenef. In Intnicating pil, 30, 1012 
Polynaphthenic acids, from naphthenic hydrocar¬ 
bons, 1064 

Polynuclear naphthenes, sulphonation of, 1007, 
1020 

Polyprene, 639 
Polystyrene, 610*613 

Polysulphides formed during sweetening, 440 
—. from ethyl sulphide, 457 
—, from mercaptans, 433, 438, 457 
—, in petroleum oils, 421 
—. plastics from, 474, 475 
Polyvinyl alcohol, 522, 538 
Polyvinyl bromide, 680, 681 
Pontianac, solubility in secondary hexyl acetate, 
402 

Porcelain, catalyst, carbon dioxide-methane reac¬ 
tion, 282 

—, —methane-steam reaction, 277 
—,—, pyrolysis of chloro hydrocarbons. 803, 816 
—, effect of, ethylene absorption in sulphuric acid, 
339 

—, —, in cracking, 106 

—,—, pyrolysis of paraffins, 40, 43, 45, 50, S3, 

. 64, 122, 208, 951 
—. —. pyrolysis ,of olefins, 65, 75 
—, oxidation catalyst, 936, 951 
Porous materials, catalysts, methane chlorination, 
696-698 

Positive column, glow discharge methane, 849 
Positive rays, action on hydrocarbons, 274 
Potash, alcoholic, action on. chlorinated undeca- 
naphthene, 752 , 

—, —, action on trichlorocyclohexane, 749 
—, reaction with halojpenated compounds, 633, 682 
Potash-lime, hydrolysis of methyl chloride^ 782 
Potassium, catalyst, dioleiin-ammonia reaction, 656 
—, electrodes of, 264 
—, desulphurization catalyst, 458 
—, oxidation catalyst, 945 

Potassium acetate, use in glycol formation, 507 
—, use in esterification of amyl chlorides, 793, 795 
—, use in hydrolysis of methyl 'chloride, 784, 786 
Potassium lienzenesulphohate, use in glycol for¬ 
mation, 507 


Potassium benzoate, esterification of chlorinated 
paraffins, 795 

Potassium bifluoride, treatment petroleum resi¬ 
dues, 598 

Potassium bisulphite, addition to olefins, 575 
Potassium butyrate, use in esterification of amyl 
chlorides, 793 

Potassium carbide, hydrolysis of. 662 
Potassium carbonate, dehydration of isopropyl 
alcohol, 357 

—, oxidation catalyst, 909 
—, removal of hydrogen sulphide, 424 
—, .salting-out effect on isopropyl alcohol. 360 
Potassium chloride, oxidation catalyst, 878, 886, 
892 

Potas.sium chlorate, bxidation catalyst. 883 
Potassium^ chromium sulphate, catalyst, diphenyl 
production, 189 

Potassium cyanide, action on chlorohydrins, 496, 
502 

—, reaction with alkyl chlorides, 810 
Potassium dichromate, action on mercaptans. 447 
- catalyst, methane-steam reaction, 276 

'oxidation of hydrocarbons with, 924, 933, 948, 
949 

Potassium ethoxide, antidetonant, 983 
—, effect on oxidation, 980 
Potassium ferheyanide, action on mercaptan, 447 
—, cataly st, ethylene absorption in sulphuric 
acid, 342, 357 

—, removal of gasoline gum by, 903 
Potassium ferrocyanide, catalyst, ethylene absorp¬ 
tion sulphuric acid, 342, 357 
Potassium fluoride, salting-out effect on isopropyl 
alcohol, 360 

Potassium formate, from methyl chloride, 782 
Potassium hydrogen sulphate, methane chlorina¬ 
tion in, 698 

Potassium hydroxide, absorption of hydrogen sul¬ 
phide, 424 

—, action on st]rrene chlorohydrin, 558 

—, — oil oxidation products, 905 

—, catalvst, pyrolysis of hydrocarbons, 134 

—, dechlorination with, 947 

—.determination of carbon dioxide with, 1094 

—, extraction of aldehydes with, 939 

—, — mercaptans, 436 

—, hydration catalyst. 312, 677 

—, hydrolysis of ethyl chloride, 787 

—, — ozonized oil by, 938 

—, oxidation catalyst, 939 

—, polymerization of olefin oxides, 548 

—, production of diacetone alcohol, 410 

—, reaction with chloroparaffins, 948 

—, — ^-chloro-fl-phenylvinylphosphinic acid, 685 

—, — trimethyletnylene chlorohydrin, 503 

—, use in purification of acetylene, 664 

—, see also Potash 

Potassium iodate, oxidation of olefins by, 1119 
Potassium iodide, oxidation catalyst, 919 
—.reaction with dibromides, 1123 
—, — ethylene chlorohydrin, ,499 
—, — peroxides, 892, 899 

Potassium mercuri-iodide, reaction with vinylacet- 
ylene, 685 

Potassium naphthenates, effect on oxidizability of 
oils, 935 

Potassium oleate, use in esterification of amyl 
chlorides, 793 

Potassium oxalate, catalyst, glycol formation, 507 
Potassium oxide, aromatization catalyst, 186 
—, catalyst activator, 281, 289, 290 
—, combustion retarder, 868 
—, desulphurizing agent, 461 
Potassium palmitatc, triacontane from, 958 
Potassium permanganate, absorption of unsatu¬ 
rated hydrocarbons by, 1122 
—, action on mercaptans, 447 
—, — nitrogen bases, 820 
—, oxidation of alcohols, 359, 932 
—, — aromatics, 930 
—. — butadiene-1,4-dibromide, 649 
—, — chlorinated paraffin, 947 
—olefins, 505, 60S. 883, 991 
—, — petroleum, 949, 993 
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Potassium permanganate, oxidation of thiophanes, 
452. 453 

—, — unsaturated acids, 506, 918 ^ 

—, — wax acids, 955 

Potassium propionate, esterification of chlorinated 
paraffins, 795 

Potassium salts, effect on aluminum chloride 
cracking, 191 
—, —> detergents, 1024 

—, separation of soap emulsion with, 1067, 1068 
Potassium silicate, pyrolysis catalyst, 1.34 
Potassium soaps, from paraffin wax, 942, 954 
Potassium stearate, use in esterification of amyl 
chlorides, 793 

Potassium sulphate, acid, hydration of ethylene, 
308 

—, hydrolysis of amyl chloride, 796 
Potassium thiocyanate, determination of silver by, 
1123 

Potassium thiosulphate, from sttlphur in distil¬ 
lates, 427 

Potassium vanadate, oxidation catalyst, 915 
Potassium vapors, effect on ignition temperatures, 
979 

Potato tul>ers. treatment with ethylene chlorohy- 
drin, 495, 496 

Potok petroleum, naphthenic acids from, 1072 
Pour point, reduction of, 741 
Preferential combustion, of hydrogen, 235 
Preferential oxidation, of hydrocarbons. 992 
Preferential solvents, determination of hydrocar¬ 
bons by, 1143 

Preflame period, definition, 964 
Pressure, advantage of, in cracking, 104 
—.effect, absorption of olefins. 142, 143 
—, —, absorption of olefins in sulphuric acid, 335, 
337, 338, 339, 340. 343, 355 
—, —, acetylene pyrolysis, 220-223 
—, —, butane pyrolysis, 57 

—, —, carbon monoxide decomposition, 218, 219 
—,—.chlorination of paraffins, 722, 739 
—, —, condensation of olefins with aromatics, 562- 
565 

—, —, condensation of olefins with nitrogen bases, 
571, 572 

—, —, condensation of olefins with phenol, 567 
—, —, cyclohexane pyrolysis. 84. 85 
—, —, dechlorination of hydrocarbons, 805 
—, —, ethane pyrolysis, 45 
—,—, ethane-propane pyrolysis, 170 
—, —, ethylene bromination. 477 
—, —. flame speed. 975. 976 
—I—, hydrocarbon pyrolysis. 205, 207, 219 
—,—.hydration of olefins, 301, 305, 316-318 
—, —, hydrocarbon decomposition by electric dis¬ 
charges. 258, 259, 269 

—. —, hydrocarlwn oxidation. 835, 872, 873, 879, 
942 

—,.—, ignition temperatures, 978 
—,—, in cracking, 103, 104, lOS 
—, —, inflammability of methane, 240 
—, —, isomerization of cyclohexane, 87 
—, —, methane-carlion dioxide reaction. 282 
—,—.methane pyrolysis, 38, 41, 42, 121, 148- 
151. 167. 205, 215 

—.—.olefin pyrolysis. 71, 75-79. 154, 178 
—,—.pentane pyrolysis. 129 
—, —, polymerization of acetylene, 82 
—»—.polymerization of diolefins, 615-619 
—, —, polymerization of ethvlene. 68, 593 
—, —, polymerization of olefins, 80, 588 
—,—.production of butadiene. 156 
—,—.propane pyrolysis. 123, 174 
—, —, pyrolprsis of cracked gasoline, 78 
—, —. reaction of olefins and aluminum chloride, 
195. 202 

—, —, removal of carbon monoxide from hydro¬ 
gen, 231. 232. 233 

—, —, yield of carbon black, 240, 241 
—, employed in cracking. 92 
—, maximum ignition, 972 
—, purification of alkali sludges under, 1068 
—, — wax acids under. 954 
—, use in distillation of asphalt, 229 
—, — purifying hydrogen, 230 
Pressure distillates, sulphur content, 439 


Pressure increase, during combustion, 971 
—, oxidation of hexane, 853 
—, rate of, explosive mixtures, 974 
Prestabitol, detergent, 1022 
Primary alcohols, by fermentation, 332, 333. 391 
—, bjr saponification of esters, 332 
—, distinguished from secondary and tertiary, 
371, 391-393 

—, from ethylene oxide and hydrocarbons, 1059 
—, oxidation of, 391 
—, properties of, 391 
—, reaction with hydrochloric acid, 393 
—, see also Alcohols 

Primary amines, condensation with olefin oxides, 
543 

—, from alkyl chlorides, 807 
Primary amyl chlorides, rate of esterification, 793 
Primary chlorides, formation of esters, 789 
—. hydrolysis of, 788, 789, 790 
Primary cracking reactions, reversibility of, 93 
Primary halogen derivatives, hydrolysis of, 788, 
789 

Primary nitro compounds, 1050, 1051 
Primary reactions, electric arc, 257 
—, in cracking, 96, 106 
—, —, effect of polymerization, 98 
—, silent discharge, 267 
Priming compositions, 548 
Printers’ ink, production of. 243. 252 
Producer gas, analysis of, 963, 1092 
—, cyanides from, 293 
■—, inflammability limits, 963 
Promoters of detonation, 966 
Propadiene, polymerization of, 614 
Propane, action of sulphuric acid, 1007 
—, available supply, 16 
—, bromination of, 718 
—, butadiene from, 156 
—. by pyrolysis of n-butane, 54 
—, — of n-pentane, 58 
—, carbon black from, 242, 250 
—.chlorination of, 716-718 
—, combustion of, 848, 852, 975 
—, decomposition, silent discharge, 268 
—, degrees of decomposition in pyrolysis of, 127 
—, dehydrogenation of, 49, 50, 52 
—, demethanation of, 49, 50, 52 
—, determination of, 1116 
—, dichloropropane from, 718 
—, dissociation of, 852 
—, from ethane, silent discharge, 268 
—, from ethylene-hydrogen, silent discharge, 266 
—, from hexane, 194 
—, from isohexane, 194 
—, from petroleum gases, 17 
•—, in cracking gas, 115 
—, in natural gas, 12, 14, 15, 32 
—, maximum flame temperature, 236 
—.mechanism of pyrolysis, 45, 48, 49, 51, 52 
—, monochlorination in vapor-phase, 719, 720 
—, monochloro-derivatives, uses of, 718 
—, non-explosive oxidation of, 852 
—, oxidation to alcohols, 990 
—, — formaldehyde. 867 
—, photochemical chlorination of, 716, 717 
—.pyrolysis of. 49-53, 71. 123, 124, 126, 128- 
130, 134, 135, 163, 170-174, 176, 177, 183, 185 
—,—.primary products, 51, 52 
—, —, reaction coefficient, 50 
—,—.secondary products, 51, 52 
—, reaction with hydrogen sulphide, 425 
—steam, 276, 292 

—.removal of, from mixtures, 1101, 1116 
—, thermal chlorination of, 716 
—, utilization of, 15, 16 

—, velocity constant of thermal decomposition of, 
99 

Propane-air, relative ignition temperatures, 965 
n-Propanol, from fusel oil, 797 
—, from propylene oxide, 557 
—. preparation of, 548 
I-PropanoI‘3'Sufphonic acid, 1033 
1-Propinine, by pyrolysis of acetylene, 668 
Propionaldehyde, by oxidation of butane, 834, 835 
—, — gas oil, 840 
—, — paraffin wax. 857 
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Propionaldehyde, from l*chloro-2«hydroxypropane, 
500 

—, from propylene glycol, 512, 529, 530 
—, from propylene oxide, 546, 547 
—, production. 408 

Propionic acid, by hydrocarbon oxidation, 838 
—, by oxidation of paraffin wax, 944 
—, paraffin. 990 

—, use in oxidixing mineral oils, 936 
Propionic acid-boron fluoride complex, 596 
Propionyl chloride, and sulphuric acid, sulphation 
of olefins wi^. 1034 
Propyl alcohol, dehydration of, 159 
—, formation, 548 
—, from butane, 835 
—, from cyclopropane, 1009 
—, from lower alcohols and hydrogen, 345 
—, from propyl chloride, 788 
—, hot wire ignition curves^ 969 
—, l-propanol-3-sulphonic acid from, 1033 
—, thymol from, 375 
—, toxicity of, 362, 394 
n-Propylallene, preparation of, 633 
Propylamine, precipitation of sulphonic acids, 1018 
Propylbenzene. chlorination of, 779 
Propyl bromide, effects on inflammability limits, 
964 


—, from cyclopropane, 746 

—, from propylene. 327 

—, isomerization of, 805, 809 

Propyl chloride, by chlorination of propane, 717 

—, formation of thymol, 375 

—, from cracking gas, 144 

—, hydrolysis ot, 788 

—, pyrolysis of, 802 ^ 

Propylcresol, production of, 566 
Propyl disulphide, properties of, 452 
—, use in adhesives, 456 
—, — sweetening, 443 
Propylene, 313-315 

—, absorption by phosphoric acid, 355 
—, — sulphuric acid, 346-349, 354, 355, 358, 377, 
390 

—, — sulphuric acid, in presence of butadiene, 
1119 

—, — sulphuric acid, prevention of polymeriza¬ 
tion, 325, 350 

—, acetic acid from, 883, 884 
—, alcohols from, 319 
—, aldehydes from, 879 
—, amylenes from, 879 

—, bromination, velocity coefficient, 465, 466 
, bromine addition, 480 
—.butadiene from, 156 
—, butylenes from, 879 
—, by gaseous hydrocarbon pyrolysis. 184 
—bv liquefaction, of ethylene-propylene mixture, 
137 

—, by oxidation of coal gas, 834 
—, — ethylene, 593, 878 
—, — n-hexane, 867 
—, — isopentane, 867 
—, — pentane,^ 852 
—, by pyrolysis of acetylene, 668 
—, — alkyl-cyclohexane, 86 
—, — amylene, 80 

butane, 123, 129, 135, 174 
—, — n-butane,^ 53, 54, 55^ 

—, — n-butane-isobutane mixture, 57 

—, — butanes, 72, 180, 602 

—, — cyclopropane, 83 

—, — cyclohexane, 158, 181 

—, — ethane-propane mixtures, 44 

—, — ethylene, 66, 68, 69, 145, 146, 309 

—, — hexadecene, 76 

—, — hexane, 59 

—, — higher olefins, 75 

—, — isobutane, 54, 56, 57, 129 

—, — isobutylene, 73, 180 

—, — isopentane, 58, 174 

—, — isoprene, 79 

—, — mineral oils, 127, 133, 134 

—, — pentane, 58 

—, — 2-pentene, 74 ^ 

—propane. 49, 50, 52, 53, 123, 127-129 
— propane-butane mixtures, 130, 170 


Propylene, by pyrolysis of tars, 133, 872 
—, — trimethylethylene, 75 
—, carbon oxides from, 879 
—.catalytic hydration of, 307, 313-315 
—, chlorination, 479 
—.condensation with benzene, 561 
—, — carbazoles, 573 
—, — nitrophenol, 566 
—t — phenol, 566-568, 596 
—, cymenes from, 561 
—.determination of. 1118, 1122 
—, diisopropyl sulphate from, 348 
—p direct esterification of, 357 
—, esterification of, 325-328 
—, —» by acetic acid, 327, 358 
—, —, by hydrogen bromide, 326, 327 
—♦ —> by hydrogen chloride, 326, 327 
—, —\ by organic acids, 327 
—,—, by sulphuric acid, 321, 325, 326 
—, formaldehyde from, 883 
—, formation of thymol, 375 
—, formic acid from, 879, 883 
—, fractional condensation of, 139 
—; fractional distillation of, 140 
—, from cracking gas, 139, 140, 141 
—, from ethylene, electric arc, 262 
—, from isopropyl alcohol, 370 
—, from propyl chloride, 802 
—, glycols from, 510, 879 
—, hexylenes from, 879 
—, hydration of, 305-307, 318, 348 
—,—, free-energy equations, 314 
—, in cracking gas, 91, 113, 115, 120 
—, initial temperature of pyrolysis, 70 
—, isomeric chlorohydrins from, 499 
—, isopropyl acetate from, 315 
—, isopropyl alcohol from, 313-315, 346-348, 359 
—liquefaction of, 139, 140 
—, lubricants from, 202 
—, maximum flame temperature, 236 
—, mechanism of p^rol^sis of, 70, 71 
naphthalene derivatives of, 563, 564 
—, nascent, 374 
—, oxidation of, 599, 879 
—, ozonation of, 883 
—, paraffins from, 347, 348 
—, polymerized, 596, 598, 599, 608 
—, —, o-radiation, 273, 599 
—,—, boron fluoride, 595-597 
—, —, cadmium phosphate. 309 
—, —, silent discharge, 264, 599 
— pyrolysis of, 70, 71, 127, 176, 178, 179, 188, 
879 

—.rate of absorption of by sulfuric acid, 1118, 
1119 

—.reaction with acetone, 411 
—, — benzene, 560, 561 
—— hydrogen sulphide, 425, 584, 585 
—, — hypocHlorous acid. 499, 500 
—, — iodine monochloride, 586 
—, — isoamylamine, 557 
—, — nitrogen trichloride, 578 
—, — nitrosyl chloride, 580 
—, — phosi>horic acid. 355 
—, — selenium chloride, 577 
—, — sulphur chloride, 576 
—, removal of, from mixtures, 1116 
—.resistance to catalytic hydration, 314 
—, reversible combination with hydrogen halides, 
322 

—, secondary reaction with sulphuric acid, 348 

—.separation of, from ethylene, 355, 598, 1119 

—, —, from secondary olefins, 390 

—, —, gas oil solvent, 142 

—, —, with sulphuric acid, 144 

—, sodium propionate from, 814 

—, xylenes from, 561 

Propylene-air, inflammability limits, 961 

—, maximum ignition pressure, 972 

Propylene-ethylene, oxidation rate, 880 

—.separation of, 142, 143, 346, 355 

Propylene glycol diacetate, 331 

Propel ether, presence in crude isopropyl alcohol, 

—.production of, 567 
Propylethylene, from amylene, 881 
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Propyl isopropyl ketone, production of, 418 
Propyl mercaptan, effects of inorganic reagents 
on, 447 

—, from distillates, 434, 435 

—, properties of, 452 

—, pyrolysis of, 457 

—, reaction with alkalies. 436 

Propyl methyl ketone, production of, 411, 419 

Propyl sulphides, from distillates, 450 

Propyl sulphonic acid, stability of. 1011 

Propyl thioether. propotties of, 452 

Propyltolyl, production of, 567 

Proteins, as source of petroleum, 36 

—, precipitation of, 367, 1027 

Proximate analysis, cartwn black, 244 

Pseudo-acid forms of nitro compounds, 1050, 1051 

Pseudo-acids, by oxidation of naphthenes, 1064 

Pseudo-amorphous carbon, 247 

Pseudobutylene, see 2-Butene. 

Pseudocumene, by acetylene pyrolysis, 81, 180 
—, chlorination of, 779 ^ 

—, decomposition, electric arc, 257 
—, from Hustenari petroleum, 1035 
—, from kerosene, 27 
—, in straight-run gasoline, 26 
Pseudocumenesulphonic acid, 1010 
Pseudonitrosites, 832 
Pseudonitroles, 1051 

Pumice, chlorination catalyst, 469, 690, 691, 713, 
766 

—, dehydration catalyst, 530 
—, effect, ethylene absorption in sulphuric acid, 
339 

—, —, ignition temperature of hydrocarbons, 
967 

oxidation catalyst, 853, 873, 874, 886, 918, 
919, 924, 930, 933 

—, pyrolysis catalyst, 47, 130, 131, 133, 135, 802, 
816 

—, polymerization catalyst, 668 
—, purification of phthalic anhydride, 923 
Purihcation, alcohols from olenns, 333, 351, 359, 
360 

—, alkali sludges, under pressure, 1068 

—, alkyl chlorides, 371 

—, amyl acetate, 796 

—, sec.-butyl acetate, 395 

—, sec.-butyl alcohol, 394 

—, crude naphthenic acids, 1067-1069 

—.hydrogen, 229, 230, 231 

—, hydroxy acids, 398 

—, isopropyl esters, 372 

—, isopropyl ether, 370 

—, slack wax, 398 

Purpurin, from anthraquinone, 924 

Pyrene, by pyrolysis of acetylene, 82, 180 

—, — methane, 168 

—, from pitch, 227 

Pyrex tubes, effect of, cracking gas oil, 132, 145, 
146 

Pyridine, an antioxidant, 908 

—, chlorination catalyst, 760, 761 

—, formation of, 585 

—, impurity in crude benzol, 653 

—, pyrolysis catalyst, 147 

—, reaction with chloroprene, 639 

—, — ethylene oxide, 545 

—, — nitrogen pentoxide, 1044 

—, stabilization of gasoline by, 897 

Pyridine bases, from, acetylene, 683, 684, 685 

Pyridine pentacarboxylic acid, 820 

Pyridine sulphate dibromide, 1131 

Pyrindacine bases, in petroleum, 824, 827 

Pyrindane, a nitrogen case, 828 

Pyrindine bases, in petroleum, 827 

Pyrites, in Colorado oil shale, 463. 

—reaction with acetylene, 684, 685 
—, reaction with ethylene and acetylene, 585 
Pyrocatechol, production of, 767 
—, stabilizer, production of sulphones, 656 
Pyrogallic acids, effect, on autoxidatibn, 890 
Pyrogallol, an antioxidant, 909 
—, determination of oxygen. 1094 
—, stabilization of gasoline by, 897, 898 
—t stabilizer, production of sulphones, 656 
Pyrolusite, oxidation catalyst, 919 ‘ 


Pyrolysis, acetylene, 176, 180, 181 
—, acetylene-olefin hydrocarbons, 158 
—, alicyClic hydrocarbons, 158 ‘ 

—aliphatic alcohols, 159 

—.aliphatic mercapt«ins, 457 

—, alkylbenzene-benzene mixture, 147 

—, alkyl chlorides, 802 

—, anthracene, 89 

—, aromatics, 87-89, 164, 188 

—.asphalts, 133 

—, atomized oil, 234 

—, benzene, 88, 89, 188, 189, 762/ 763 

—, bituminous coal, 129, 133 

—, butadiene, 176 . 

—.butane, 129, 130, 134, 135, 171-174, 183. 185 
—.butenes, 72, 179, 180 
—, butyl sulphide, 457 
—, chlorobutanes, 802 
—, chloroefhylbenzene, 147 
—, chloroform, 692 
—> cumene, 88 

— cyclohexane, 85, 87, 134, 158, 181, 182 
—, cycloparaffins, 86, 87 
—, definition of, 37 ' 

—, dichlorohexane, 816 
—, 2.3-dimethylbutane, 130 
—, 2,2-dimethylpropane, 130 
—, diphenylmetbane, 89 
—. distillates from crude lignite, 133 
—, distillation residues, 133 
—, disulphides, 456, 457 
—.ethane, 130, 149, 170-173, 183, 185 
—, ethane-isobutane-methane-nitrogen, 135 
—, ethane-propane, 163, 170 
—, ethylbenzene, 146 
—, ethyl chloride, 802 

—.ethylene, 149, 176, 177, 178, 180, 187, 188, 
235 

—, ethylene-benzene mixture, 89 
—^.ethylene dichloride. 473, 816 
—, ethyl mercaptan, 457 
—, ethyl sulphide, 457 
—, ethyltoluene, 146 
—, factors affecting, 37 
—, gas oil, 132-134 

—, gaseous hydrocarbons, 175, 182-188 
—, gaseous olefins, 185, 186, 187 
—, n-heptane, 61, 62 
—, hexadecane, 131 
—, hexadecene, 76, 77, 606 
—.hexane, 59, 60, 130, 172 
—, hexylene, 78 

—.hydrocarbons. 136, 137, 205, 206, 212-215, 
217, 234, 235 

—, —, effect of aluminum chloride, 190 
—, —, gases from, 1092 
—.isobutane, 129, 130 
—, isobutene, 179, 180 
—, isobutyl chlorides, 802 
—.isopentane, 130, 174, 175 
—(liquid hydrocarbons, 130, 131, 134, 135, 149 
—, methane, 39-43, 105, 121, 136, 148-151, 166- 
172, 182-187, 235, 283 
—, methane-propane-butanes, 173 
—, methyl halides, 802 
—.naphtha, 157, 163 
—, naphthalene, 89 
—, naphthene-base oils, 86 

—.natural gas, ISO, 167, 172, 182, 184, 206, 207 
—.oils, 208, 209 
—, —, dienes in, 633 

—.olefins, 77-79, 144, 158, 182, 183, 188, 879 
—, olefins-acetylene, 187 
—, paraffin oil, 175, 176 

—.paraffins, 63. 64, 65, 129, 134, 135, 158, 176, 
ih. 182, 183, 188 
—.paraffin wax,. 168., 17^, 176 
—.pentane, 130, 171, 172,. 183 
—.petroleum distillates, l'29-131, 133, 134, 157, 
161-165. 188 
—. 4-phenyl-1-butene, .89 
—, pinene, 154 

—production of styrene by, 146 
—.propane, X30, 134, 135, 171-175, 183, 185 
—, propane-butane mixture, 163, 170 
—* propyl chlorides, 802' 
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Pyrolysisr, propylene, 176, 178, 179, 188, 481, 
879 

—, regulation of, 120 

—, residual oils, 133 

—, Russian petroleum, 86 

—, sulphur compounds, 456<458 

—synthesis of hydrocarbons by, 37 

—, tar oils, 133 

—, tars, 133, 208, 209 

—, tetrabydrobenzenc, 158 

—, thiophene, 457 

—, toluene, 88, 89 

—, trichlorocyclohexane, 816, 817 

—, turpentine, 154 

—, water gas-gaseous olefins, 187 

—, xylene, 88, 89 

Pyromucic acid, maleic acid from,‘917 
Pyromucyl-hydroxamic acid, 414 
Pyrophosphoric acid, absorption of ethylene by, 
322 

Pyrosulphates, hydration catalysts, 312 
Pyroxylin lacquers, solvents for, 373, 791 
Pyrrolidine, butadiene from, 635 
Pyrroline, malic acid from, 917 
—, oxidation with nitric acid, 917 


Quaternary paraffins, nitration of, 1040, 1041, 
1043 

B uarternary salts, from nitrogen bases, 820 
uartz, catalyst,' ammonia-faydrocarbon reaction, 
296 

—, —, nitric oxide-ethylene reaction, 299 
—, —, oxidation of methane, 867 
—, effect, pyrolysis of ethane, 130 
—,—.pyrolysis of hexadecane, 131 
—»—.pyrolysis of methane, 41, 43, 148, 149, 
167 

—.—» pyrolysis of octenes, 76 
—,—.pyrolysis of paraffins. 135 
—, —, pyrolysis of propane, SO, 130 
—f—.pyrolysis of propprlene, 70 
Quinhydrone, effect on ignition of cotton, 890 
Quinizarine, from anthraquinone, 924 
Quinol, antioxidant for transformer oils, 909 
—, carboxvlation of, 930 
—, from benzene, 927 
—, ignition of cotton retarded by, 890 
—, oxidation inhibitor, 984 

—, stabilizing agent, butadiene-sulphur dioxide re¬ 
action, 575 

Quinoline, action on chlorocyclohexan'e, 749, 801 

—,—chlorodecanaphthenes, 752 

—', antioxidant for lubricating oils, 908 

—, catalyst, chlorination of aromatics. 761 

—, pickling inhibitors, 829 

Quinones, condensation with dienes, 650, 653 

—, from benzene, 927 

—, inhibitors of butadiene polymerization, 630 
—, — gum formation. 897 


Rags, oxidized, 1004 
Ragusa crude, cracking of, 92 
Ramage process, cracking. 111 
Ranger gas oil, decomposition of, 99 
Rangoon gasoline, n-heptane from, 24 
Rangoon paraffin wax, cracking with aluminum 
chloride,^ 191 
—, pyrolysis of, 63 
—, vapor-phase cracking of. 120 
Rare-earth compounds, catalysts, ammonia-hydro- 
carbon reaction, 297 

Rare-earth metal chlorides, eatalysts, chlorination 
hydrocarbons, 702, 713 

—,—.oxidizing methane-hydrogen chloride, 701 
Rare-earth metals, activators for nickel. 288 
Rate of burning, effect on yield of carbon black, 
241 

Rate of cure, rubber compositions with carbon 
blacks, 248 

Rate of decomposition, pyrolysis of residual oils, 
133 


Rate of distillation, control of, 1108, 1109 
Rate of flow, effect in cracking spray oil, 163 
—, — production of ethylene. 125 
—, — pyrolysis of ethane, 44 
—, —pyrolysis of hexadecane, 131 
—• — pyrolysis of methane, 40, 42, 43, 121, 168 
Rate of reaction, oxidation of acetaldehyde, 932 
—, — olefins, 880, 881 

—, sulphuric acid absorption of pentenes, 382 
Reaction velocity, alcohol synthesis, 305 
—, bromohydrin fomution, 499 
—^.coefficient, of cracking, 98 
Reagents for gas analysis, 1094, 1095 
Rearrangement of hydrocarbons, by aluminum 
chloride, 191 

Rectification of hydrocarbons, analytical, 1116 
Recycling of gases, 103, 124, 130, 132, 133 
Red gels, extraction of sulphur compounds, 459 
Red lead, effect in oxidation of transformer oils, 
909 

Reduced Clipper, catalyst in pyrolysis, 123 
Reduced crudes, definition of. 93 
Reduction, catalytic, carbon monoxide, 184, 186, 
276 

—, nitro compounds, 1050-1052 
—, olefin dibromides to olefins, 478 
Redwood viscometer, 1152 
Refinery gases, oxidation of, 834 
—, Gyro process. 113 
Refining, naphthenic acids, 1067 
—t hydrocartens, 9, 274, 933, 934 
—, oxidation methods, 987, 988 
—, use of adsorbent materials, 1012 1065 
with sulphuric acid. 1005. 1006 
Refining agents, effect on sulphur compounds, 458- 
461 

Reforming hydrocarbons, 112, 292, 844 
Refrigerants, characteristics of. 707 
—, chlorinate methanes, 703, 704 
—, dichlorodifluoromethane, 707 
—, dichloroethylene, 675, 704 
—, ethyl chloride, 703, 715 
—, fluorochloro methanes, 707, 710 
—, isopropyl chloride, 371 
—, methyl bromide, ^706 
—, toxicity, 709 
Rennin, 367 

Residual affinities, conjugate diolefins, 641 
Residual cracking gases, carbon black from, 183, 
184 

—.oxygenated organic compounds from, 183 
Residual gues, acetylene from, 150 
—, olefins in, 355 
—, recycling of, 130 
Residual oils, pyrolysis of, 133 
Residual olefins, extraction of, 349 
Residues, aluminum chloride cracking process, 
191 

—, cracking of hexanes, 194 
—, from cracke distillates, oxidation of, 841 
—, sulphur content of, 421 

Resin-forming constituents, polymerization by oxy¬ 
gen. 987 

—, removal with ozone, 988 
Resinates, oxidation catalysts, 926, 938 
Resinic sulphur in oil shale. 463 
Resinification, of esters, 936 
—, of oxidized petroleum, 837 
Resins, as source of petroleum, 36 
—, by nitration, 814, 1052, 1053 
—, by oxidation processes, 997 
—, by sulphonation of naphthenes, 1009 
—, decomposition, electric arc. 262 
—, emulsification, 375, 1025-1027 
—, formation, 567, 573, 934 
—, from acetylene, silent discharge, 267 
—, from cracked petroleum, 998 
—, from dimethylol urea, 4M 
—, from diolefins, 204, 616-620, 642 
—, from diphenylolpropanetetracarbinol, 498 
—, from divinylacetylene, 670 
—, from ethylene, silent discharge, 264 
from ethylene oxide, 541 
—, from isoprene, 624 
—.from methane, silent discharge, 264 
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Resins, from methyl ether, silent discharge, 265 
fi'om olehns, 203. 204, 353, 564. 582, 614, 
624. 844, 1126 
—, from oxidized pinene, 889 
—, from petrolatum, 949 
—from phthalic acid. 922 

from sludges. 353, 1067, 1068 
—, from styrene, 146 
—, from tertiary alcohols, 392 
—, from transforiiier oils, 909 
—, from unsaturates and formaldehyde. 586. 587 
—, from vinylacetylfene, 670 
—, from vinyl esters. 679,' 681 
—, from xylenes, 204 
—, in oils, protective action of, 906 
—, methylene dichloride-phcndls condensation, 705 
—, oxidation of, 993 

—, solubility in ethylene glycol diacetate, 520 
—. — isojuropyl alcohol, 3o2, 366 
—, — isopropyl ether, 370 
—, — propylene chlorohydrins. 500 
—, — trichloroethylene, 674 
—, sulphonation of naphthenes, 1010 
—, unsaponihable, 624 
—, use in lacquers, 498 
—, — varnishes, 624, 1030 
Resorcinol, carboxylation, 930 
—, reaction, boron fluoride, 596 
—, stabilization of gasoline, 897 
Rhapontic, 365 

Rhodium catalyst, ammonia-hydrocarbon reaction, 
297 

Rhodium compounds, catalysts, ethylene absorp¬ 
tion sulphuric acid, 342 
Rhodium salts, action with acetylene, 667 
Rincker-Wolter process. 208, 209 
Ring closure, in pyrolytic formation of aromatics, 
162, 168 

Rittman process, 111, 162, 165 
Roller process for carbon black, 234, 237, 241, 
246 

Rosin, dechlorination of hydrocarbons, 741 
—, mixture with paraffin oxidized, 997 
—, purification of, 16 
—, reaction with chlorohydrins, 498 
—, — ethylene oxide, 541 
—, solubility in diethylene glycol acetate, 527 
—, — isopropyl alcohol, 366 
—, — sec. hexyl acetate 402 
Rosin phthalic glyceride, 996 
Rotating disc process, for carbon black, 237, 
241 

Rubber, blown residues used in, 999 

—, dei>olymerization. 625 

—destructive distillation, 154, 627 

—, dispersing agents, 1026 

—, in chewing-gum base. 740 

—, isoprene from, 154 

—, properties, 626, 627 

—, pyrolysis, isoprene from, 635 

—, solubility in dichlorpethylene, 675 

—, —thioethers, 452 

—, — trichloroethylene, 674 

—.solvents, 452, 614, 675 

—, synthetic, from divinylacctylene, 670, 671 

—,—.production, 614, 616-620, 625-629, 633 

—,—.properties, 626, 627, 628 

—, —, structure, 626 

—, trimethylethylene from, 154 

—, vulcanization. 627, 628 

Rubber compositions, carbon blacks in, 236. 239, 
248. 252 

Rubber-like substances, from acetylene. 667 
—, from petroleum, 576, 841, 1030 
—, polymers, 616-620, 623 

Rubbing alcohol, use of isopropyl alcohol in, 
365 

Rubidium carbide, hydrolysis of, 662 
Rumanian crude oils, gases from. 18 
—.naphthenic acids in, 1062, 1076, 1079, 1081, 
1084 

—, thiophene in, 454 

Rumanian distillates, naphthenic acid content of, 
1064 

Rumanian gasoline, 21, 836 


Rumanian kerosene, aromatic hydrocarbons in, 
34 

Rumanian petroleum, methylcyclopcntane from, 
23 

—, nitration of, 1042, 1043 
—, sulphur content of, 421 
Russian gas oil, oxidation of, 1034 
Russian gasoline, n-pentane from, 24 
Russian mineral oil, production, 1013 
Russian natural gases, analysis of, IS 
Russian petroleum, naphthenic acids from, 1062, 
1064 

—, nitration of, 1053 
—, pyrolysis of, 86, 163, 227 
Russian shale oil, sulphuf- compounds in, 463 
Rust-preventatives, 1031 
Ruthenium, dehydrogenation catalyst, 87 
—, oxidation of cyclohexene, 892 
Ruthenium compounds, catalyst, ethylene absorp¬ 
tion, 342 

Ruthenium oxide, oxidation catalyst, 833 
S 

Sabinene, to terpincol-4, 301 
Safranine, stabilization of gasoline by, 897 
Salicylic acid, addition to amylene, 330 
—, as an antioxidant, 909 
—, esterification of pinene, 331 
—, from crcsol, 915 
Salicylaldehyde, from crcsol, 915 
Salicylic phthalic glyceride, 996 
Salting-out, isopropyl alcohol, 360 
—, tertiary butyl alcohol, 378 
Salts, double compounds with olefins, 582-584 
—, metallic, catalysts, polymerization of olefins, 
589 

—, molten, use in cracking hydrocarbons, 135 
—, of keto acids, driers, 1059 
Samarium oxide, catalyst, oxidation of alcohols, 
869 

—, —, oxidation of methane, 863 
Sand, catalyst, olefin-chlorine addition, 469 
Sandarac, solvents for, 366, 373, 525 
Saponifiable matter, separation from oxidized wax, 
953 

Saponifiable products, from mineral oils, 1066 
Saponification, effect of oxidation on, 936 
—, of alkyl chlorides, 781. 783, 784 
—. of ethyl naphthenate, 1070 
Saturated acids from oxidized paraffin oil. 934 
Saturated gaseous hydrocarbons, pyrolysis of, 
129 

Saturated hydrocarbons, by hydrolysis of metallic 
carbides. 662 
—, chlorination, 699 
—.conversion to aromatics, 165-177 
—, from cracking gas, 139 
—, from lower me fins, 145 
—, from olefins and hydrogen sulphide, 425 
—, from unsaturated hydrocarbons, 289, 290 
—, in reformed butane, 292 
—, nature of halogenation. 686 
—, oxidation in presence of olefins, 832 
—, pyrolysis, 135 

—, substitution compounds from, 1039 
—, sec also Hydrocarbons and Paraffins 
Saturated oils, lubricant qualities. 906 
Sawdust, oxidized, 1004 

—, removal of oil from isopropyl alcohol, 351 
Saxon lignite, hydrocarbons from, 227 
Saybolt chromometer, 1148 

Scandium oxides, catalysts for pyrolysis, 157, 
158 

Schiff reagent, test for paraffin, 958 
Scouring soaps, from di6hlorodiethyI ether. 498 
Seaweed, suggested source of petroleum. 36 
Secondary alcohols, by hydration of olefins, 781 
—.distinguished from primary and tertiary, 371, 
391, 392, 393 

—.from olefins, 332, 346, 355, 356, 377-390, 401, 
792 

—, from wax acids, 998 
—.higher, manufacture of, 389, 390 
—, ketones from, 404, 408 
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Secondary alcohols, oxidation of, 391, 416 
—, properties of, 391 
—, reaction with hydrochloric acid, 393 
—, sec also Alcohols 

Secondary chlorides, relative rate of decomposi¬ 
tion, 789 .... t maa 

Secondary halogen derivatives, hydrolysis of, 788, 
793 

Secondary reactions, effect on velocity coefficients, 

98 

—, electric arc, 257 
—, in cracking, 96, 97, 101 
—, —, effect of pressure on, 104 
—, silent discharge, 267, 268 
Selective solvents, extraction of aromatics, 34 
Selenic acid, catalyst, oxidation of aromatics, 
930 

Selenide dichlorides, hydrolysis of, 577 
Selenides, dehydrogenation catalyst, alcohols, 405 
Selenium, aromatiration catalyst, 183 
—, catalyst, chlorination toluene, 775 
—, —, diphenyl production, 189 
—,—.hydrocarbon pyrolysis, 136 
—,—.nuclear substitution of toluene, 771 
—, —, polymerization of acetylene, 668 
—,—.production of ethylene. 125 
—•—.pyrolysis of methane, 150 
—. reaction with paraffin, 956 
—, use in oxidation of mercaptans, 432 
.Selenium chloride, reaction with olefins, 577 
Selenium compounds, aromatization catalysts, 183 
—, as antioxidants. 909 

Selenium diethyl, effect on ignition temperatures, 
969 

Selenium dioxide, in olefin-sulphur oxychloride re¬ 
action. 577 

-, oxidation of olefins, 876, 877, 879 
Selenium oxychloride, reaction with olefins. 576, 
577 

—, removal of unsaturated hydrocarbons with, 
577 

—. selective solvent for aromatics, 34 
Selenium vapor, effect on ignition temperatures, 
979 

Semicarhazide. condensation with unsaturated 
compounds, 585 

Semicarbazone, formation, 1085 
Semi-corona discharge, action on hydrocarbons, 
269 

Seminole gas oil, decomposition of, 99 
Separation, acetylene, 152 
—, analytical, of hydrocarbons, 1099 
—, butadiene. 160 
—, butene isomers, 328 
—, butylene, 138, 143 
—.diolefins, 141, 159-160 
—.ethylene, 141, 142 
—, higher alcohols from oils, 389 
—.hydrocarbons, 1101 
—, —, effect of electric arc, 143 
—, methane. 140 

—, methyl chloride from methane, 696 
■ —, methylene dichloride from methyl chloride, 
704 

—.olefins. 137-142 ^ 

—^ , by absorbing liquids, 141-143 

—,—.by adsorption, 143 
—, of paraffins by distillation, 1101 

—, products of methane chlorination, 696, 698 
—, propylene, 140, 142, 355, 390 
—, secondary from tertiary olefins, 390 
Sesquiterpene alcohols, formation, 650 
Shale, hydrocarbons from, 933 
—, hydrogen from, 209 
—.pyrolysis of, 209 ^ 

Shale-distillation gases, oxidation of. 864 
Shale gasoline, removing gum-forraing constitu¬ 
ents, 988 . ^ 

Shale oil, disinfectants from, 1037 
—, isolation of bases from. 825 
—, sulphonation of, 1036-1038 
—. sulphur compounds in, 421, 450, 462, 463 
Shale-tar oils, sulphonatcd, 1019 
Shale tars, bases from, 827 , . , , 

Shampoos, use of isopropyl alcohol , in, 362t 3o5 


Shellac, solvents for. 366, 373, 394, 395, 402. 525, 
798 

Shoe polishes, use of oxidized paraffin. 996, 997 
Short blacks, definition, 244 
Short channel carbon blacks, 252 
Short inks, production of, 245, 252 
Side chains, effect of, thermal stability of aro¬ 
matics. 89 

—t nitration of. 1046 

—, splitting of, effect of temperature on, 163 
Silent discharge, action on acetylene, 264, 267, 
268 

—, — amylene, 266, 267 
—, — benzene. 269 
—. — butane, 268 

— butylene, 595, 602 

— cyclic hydrocarbons, 270 
decanaphthalene, 270 

— ethane. 264, 268 

— ethylene, 264, 265. 268. 595 

— hydrocarbons, 255, 264-272 

— hydrocarbons, mechanism of, 270 

— methane, 264, 268-270 

— propane, 268 

— propylene. 264, 599 

— toluene, 267 

— unsaturated hydrocarlwns, 270 

— water gas, 267 

activating methane chlorination, 687, 701 
dehydrogenation in. ^64, 268. 269 
hydrogenation in, 269 

polymerization with, 255. 264, 269, 589, 591, 
599 

Silica, aromatization catalyst, 186 
—t catalyst, condensation of olefins with aro¬ 
matics. 564 

—. esterification of olefins, 324 
—, ethylene absorption in sulphuric acid, 335 
—, graphitization of coke, 228 
—% hydrolysis of methyl chloride. 782, 785 
—, isomerization of isopropylethylene, 74, 603 
—, oxidation of hydrocarbons, 866. 867, 872 
—, polymerization of propylene, 599 
—.production of ethylene, 125 
—.pyrolysis of acetylene, 180 
, — methane. 150 

effect, chlorination of benzene, 763 
—, cracking, 106 

—, polymerization of acetylene, 82 
—, pyrolysis of butane, 53. 54, 123 
—,—n-butane-isobutane mixture. 57 
—,—butylene, 71, 72 
—, — ethane. 45, 46, 122 
—, — ethylene, 67, 68 
—, — n-hexane. 60 
—, — isobutane, 56 
—, — methane, 39-42, 121 
—, — paraffin hydrocarbons, 64, 217 

— propane. 49, 50, 123, 127 
Silica gel, adsorption of gases by, 1116 

— hydrogen sulphide by, 425 

— mercaptans by, 446 

catalyst, chlorination of pentane, 727, 729, 730 
—, condensation of olefins and ammonia, 571 
—, decomposition of hydrocarbons, 222 
—, formation of acetylene dichloride, 675 

— ethylidene bromide from vinyl bromide, 
478 

—, hydrogen sulphide-olefin reaction. 425, 584 
—, hydrolysis of phenyl chloride. 767 
—, isomerization of olefin oxides, 547 
—, — methane, 849 
—olifins, 547 

—, oxidation of olefins, 875, 878, 879 
—, polymerization of butadiene, 629, 630 
—, — olefins, 589, 602 
—, pyrolysis of licnzene homologues, 146 
—,—cyclohexane, 85 
—, — 2-pentene, 74 
catalyst stabilizer, 345 

conversion of butyl mercaptan to thiophene 
with. 426 . , . . 

-.effect, ethylene absorption in sulphuric acid. 

339 

—• pyrolysis of acetylene, 82 
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Silica gel, effect, pyrolysis of 1-butene, 72 
—.—f — ethylene, 67 
, —, — propylene, 71 

—.evaluation of transformer oils with^ 911 
—, extraction of sulphur compounds with, 459 
—, purification of acetylene by, 152, 664 
—— isopropyl alcohol by, 359 
—, — phthalic acid hr, 923 
—, rehnina of transformer oils with, 910 
—, removal of polymers from gasoline with. 608 
—, separation- of olefins with, 143 
—, use in ozonizing oils, 988 
Silicates, catalysts, in cracking, 113 
, —, methane-steam reaction, 291 < 

—,—.oxidation of hydrocarbons. 915 ■ 

—, —, — olefins, 878 

—, oxidation catalyst. 834 

—. use in hydrocarbon pyrolysis, 136 ^ 

Siliceous earths, catalysts, polymerization of jimy- 
lenes, 598 

Silicic acid, catalyst, pyrolysis of methane. 40 
—, effect in pyrolysis of methane, 166 
Silicon, aromatization catalyst. 182, 187 
—, catalyst, hydrocarbon pyrolysis, 136 
—,—, in cracking, 113 
—, —, olefins-acetylene pyrolysis. 187 
—, —, oxidation of methane, 872 
——, polymerization of olefins, 610 
Silicon carbide, aromatization catalyst, 182 
—.catalyst, in cracking, 107 
—.—, pyrolysis of hydrocarbons, 134, 136 
—.use in grinding compositions. 1031 
Silicon dioxide, catalyst, formation of acetone, 
678 

—, oxidation catalyst, 243, 843 
Silicon hydrides, purification of acetylene, 664 
Silicon nitride, formation of, 294 
Silicon tetrachloride, effect on aluminum chloride 
cracking. 191 ^ 

—. — inflammability limits, 964 * 

Silicotungstic acid, .catalyst, thiophene formation, 
887 

Silk, artificial, processing' of, 1028, 1029 
—, copper ammonium, reaction with ethylene 
oxide, 539 

Sillimanite, catalyst, pyrolytic formation of naph¬ 
thalene. 184 

—.use in pyrolysis of paraffins. 135 

Silver, aromatization catalyst, 186 

~, catalyst, ammonia-hydrocarbon reaction, 297 

—, —, decomposition of hydrocarfx>ns. 221 

—, —, dehydrogenation of alcohols, 396 

—,—.formation of ethylene oxides, 536 

——, — methyl ethyl ketone, 415 

—, —, — vinyl ethers, 682 

—,—, glycol production, 511 

—, —, hydration of ethylene, 307 

—,—, — propylene, 307, 314 

—.—, hydrojfcnation of acetone. 413 

—, —, oxidation of acenaphthane, 929 

—. —, — alcohols. 405, 406. 869, 870 

—,—, — hydrocarbons, 875. 876 

—methane, 847, 863-865. 867 
—, —, — methyl alcohol. 868, 869 
—toluene, 919, 920 
—, —, pyrolysis of hydrocarbons, 224» 

—.determination of, 1123 

—, effect on ignition temperature of hydrocarbons, 
967 

—, formaldehyde in recovery of, 860 
—, molten, hydrocarbon decomposition by, 220 
—. oxidation catalyst, 833, 834. 838 
Silver acetate, action on monochlorocyclobexane, 
749 

Silver chloride, absorption of acetylene by, 1122 
—.catalyst, methane chlorination, 690, 693 
Silver chloride complexes. 600 
Silver chromate, oxidation catalyst. 993 
Silver-copper, catalyst, oxidation of alcohols, 869, 
870 

Silver cyanamide, oxidation catatyst. 833 
Silver hydroxide, catalyst, oxidation of alkylben- 
zenes, 926 

Silver naphthalenedisulphonate, catalyst, hydra- 
Uon of propylene, 314 


Silver nitrate, absorption of ethylene by. 2122, 
1123 

—, reaction with acetylene polymers, 268 
—, scrubbing of coal gas with, 142 
—, test for mercaptans, 439 
Silver oxide, action on monochlorocyclobexane, 
749 

—, catalyst, formation of dioxan, 555 
—, dxidation of aldehydes, 857 
—, , — methane, 863, 864 
—, —, production ethylene oxide, 533 
—,—.pyrolysis of paraffins, 135 
—, catalyst activator, 345 
—. reaction with sulphonium compounds, 451 
Silver peroxide, oxidation of quinone, 916 
Silver phosphate, catalyst, hydration of mono- 
vinylacetylene. 669 

Silver-quartz, aromatization catalyst, 186 
Silver salts, absorption of ethylene by, 582 
—, action on ethyl alcohol. 304 
—, addition to acetylene, 666 
—, catalyst, ethylene absorption in sulphuric acid, 
142, 341 

—, double compounds of olefins with. 582 
—, for determination pf acetlyene, 1094 
Silver salt solutions, absorption of olefins, 142 
—.diolefin separation, 160 

Silver sulphate, catalyst, ethylene absorption, 336, 
337, 338, 1118 

—, —, formation of ketene. 414 
—,—.hydration of ethylene, 308, 311, 322 
—,—, — propylene, 314 
—, —, recovery of. 337. 341 
Silver sulphide, removal of mercaptans, 440 
Silver surfaces, effect on ignition temperatures, 
968 

Silver vanadate, oxidation catalyst. 677, 933 
Slack wax, purification with higher alcohols; 398 
Slag, catalyst, pyrolysis of residual oils. 133 
Sludge, cause of formation, in transformer oils, 
900, 910 

—.extraction from transformer oils, 911 
—, lubricating oils from, 1030 - 
Soap making, naphthenic acids in, 1085 
—, products of oxidized mineral oils in, 936 
Soap odor, elimination of, 938 
Soap solution, solvent, separation of hydrocarbons, 
143 

Soaps, as water-proofing materials, 837 
—, chlorinated paraffins in, 1022 
—, from chlorinated paraffins, 740, 814 
—, from hydroxy-acids, 959 
—, from' kerosene, 939 
—, from mineral oils, 1022, 1023, 1024 
—, from oxidized hydrocarbons, 940 
—, from oxidized paraffin, 994, 995 
—, from oxidized petroleum, 836 
—, from paraffin, 945, 950 
—, from wax acids, 941, 942, 945, 960 
—, oil-soluble, 565 
—, separation of, 942 

—, sulphonates, comparison of detergent power, 
1023 

—, use in hydrolysis of chloropentanes. 790, 791 
—, use of higher alcohols in, 1059 
—, — isopropyl alcohol'in, 366 
Soda-lime, adialo8:enation with. 633, 634 
—, effect in brom^ination of butanes, 720 
—, formation of isoprene from chlorinated isopen¬ 
tane, 154 

—.use in hydrolysis of ethyl chloride; 786 
—, use in removal of carbon monoxide, 209 
Sodamide, catalyst, polymerization of isoprene, 
626 

—.condensation of ethyl chloride'with, 807 
—.effect, alkylation of ammonia. 806. 807 
Sodium, catalyst, condensation of glycol ' and 
chlorinated hydrocarbons. 817 
—.—t — toluene and butadiene, 652 
—desulphurization of petroleum oils, 448, 
458 

—, —, rtbylacetylene from methylallene, 632 
—, —, isomerization of allenes, 632 
—,—.oxidation of naphthenai, 945 
—-parafBn, 945 
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SodiuQi, catalyst, oxidation of petrolatum, 945 
—, —, polymerization of allene, 616 
—, —, —- cyclohexadiene. 623 
—, —, — ethylene, 67, 593 
—, — isoprene, 626, 628, 652 
—, —, — olefins and diolefins, 625 
—, —, reaction of butadiene #ith‘ ammonia. 656 
—,—, — olefin oxides and glyools, 539 
detection of sulphur with. 1151 ‘ 

—, fused, use in purification of hydrogen, 229, 
230 

—, purification of amylacetate, 796 
—, — amyl alcohols, 791, 796 
—, reaction with alcohols, 392 
—, use in extraction of disulphides, 449 
—, use in refining hydrocarbons, 609 
Sodium acetate, action on chlorinated decanaph* 
thenes, 752 
—, — mercaptans, 447 
—, catalyst, production of glycols, 507 
—, from acetylene, 678 
—, hydrolysis of amyl chloride, 796, 797 
—.treatment of thiophene, 455 
—, use in hydrolysis of chloropentanes, 790. 792- 
797 

—, — methyl chloride, 784, 786 
Sodium alcoholate, reaction with chlorohydrins, 
523 

—, — /3,/?'-dichlorodiethyl ether, 498 
—, — olefin oxides, 523 

Sodium amalgam, reduction of olefin oxides with. 
548 

Sodium benzoate, catalyst, condensation olefin 
oxides with benzoic acid. 541 
—, reaction with chlorinated paraffins, 796 
Sodium bicarbonate, hydrolysis of ethylene, 506 
—, — propylene chlorohydrins with, 500 
—, reaction with ethylene chlorohydrin, 496, 508, 
509 

Sodium bisulphate as catalyst, hydration of ethyl¬ 
ene, 308. 

—, polymerization of olefin oxides, 548 
—, reaction of olefin oxides and organic acids, 
519 . . . 

Sodium bisulphite, addition to olefins, 575 
—, decomposition of ozonides with, 883 
—, extraction of aldehydes with, 937, 939 
—, reaction with olefins, 574-576 
—use, purification bf benzaldefayde, 920 
Sodium bisulphite-formaldehyde addition com¬ 
pound, 861 

Sodium borate, use in chlorohydrin formation, 
493 

Sodium butyrate, esterification of amyl chlorides 
with, 793. 796 

—, — ethyl chloride with, 787 
Sodium carbide, hydrolysis of, 662 
Sodium carbonate, catalyst, oxidation of Grozny 
paraffin, 943 

—, —, — transformer oils, 909 
, dechlorination of hydrocarbons with, 805 
, hydrolysis of alkyl chlorides with. 781 
—, — ethylene dichloride with, 506, 507 
—, removal of hydrogen sulphide with, 423, 424 
—, use in chlorination of cyclohexane, 748 
—, — hydrolysis of chloropentanes, 790, 791 
—, — purification of hydrogen, 229, 230 
—, — sweetening, 444 

Sodium chloride, catalyst, oxidation of hydrocar¬ 
bons, 933, 946 

—, effect on chlorohydrin formation, 489 
—. formation of complexes with oils, 192 
—, use in isolation of chlorohydrins. 495 
— purification of hydrogen, 229. 230 
Sodium compounds, enect on cracking by alu¬ 
minum chloride. 191 
Sodium cyanide, production of, 292, 293 
—, reaction with amyl chloride. 811 
—, —butyl bromide, 810 
—— propylene chlorohydrins, 501 
—. use, removal of ifon compounds from maleic 
acid, 918 

Sodium dichromate, oxidation of alcohols, 843- 

844 

Sodium electrodes, 264 


Sodium etboxide, effect on liquid-phase oxidation, 
980 

—, catalyst, formation of fulvenes, 658 
—, reaction with butadiene tetrabromide. 644 
—, — halogeno-olefins. 483 
—, — isoprene tetrabromide, 645 
Sodium ethylene carbide, formation of. 593 
—, —, during pyrolysis of ethylene. 67 
Sodium ferrocarbopyl-pentacyanide. catalyst, olefin 
absorption, 342, 358 

Sodium formate, formation, from hydrocarbons, 
854 

—, from carbon monoxide, 942 
—, use in hydrolysis of alkyl ^lorides. 792 
Sodium hydride, catalyst, polymerization of diole- 
finsi 628 

Sodium hydrogen sulphite, treatment of shale oil 
with*, 463 

Sodium hydroxide, action on mercaptans, 447 
—.catalyst, chlorination of montan wax. 740 
—, —, condensation of olefin oxides with polyhy- 
dric alcohols, 538 

—,—.etherification of-glycols, 539 
—/—» hydration of ethylene, 312 
—, —, photo-chemical oxidation, 939 
—• —» polymerization of olefin oxides, 547, 548 
—, dechlorination of hydrocarbons wi^. 805 
—. dehydration of isopropyl alcohol with. 359, 360 
—, desulphurization of industrial gases with. 460 
—. evaluation of transformer oils with. 911 
—, extraction of mercaptans with. 436 
—, — oxidation products with, 911 
—, — wax acids with, 946 
—, hydrolysis of benzyl chloride with. 920 
—, — chloropentanes with, 790, 791, 793 
—, naphthenic acids from petroleum with, 1064, 
-1066 

oxidation catalyst. 909. 940. 950 . 

—, reaction with acetylene, 677, 678 

—alkyl 2-bromoethyl ethers. 682 

—, — ethylene oxide, $55 

—, — hydrocarbon peroxides, 900 

—, — vinyl chbride,. 678 

—, removal of acids from oxidized oil .with, 936 

—,—carbon monoxide with, 231 

—>, — gum from gasolines with, 901 

—, — sulphur with, 426 

—, solvent for sulphonated hydroxy-acids, 1024 
—, treatment of iMtroleum distillates with, 461 
—, — shale oil with,; 463 

—, use in hydrolysis of ethylene chlorohydrin, 509 
—, — oxidation of benzene, <925 
—, — purification of acetylene, 664 
—, — sweetening. 444 
—’, washing of acid-treated oil with, 1065 
Sodium hypochlorite, action on alkyl sulphides, 
459 

—, — mercaptans, 459 
—, bleaching of brown soap, 942 
—, desulphurization, 459 
—.oxidation of paraffins, 949 
—, reaction with ethylene. 488, 51Q 
—olefins, 488, 491. 510 

Sodium iodide, effect of, caproic acid synthesis, 
811 

-T-, reaction with ethylene chlorohydrin, 496 
Sodium iodoacetate, 432 

Sodium isopropylate, reaction with sulphuryl chlo¬ 
ride. 372 

Sodium linoleate, resin from, 498 
Sodium mercaptide, from sour distillates,* 435 
Sodium methoxide, hydrolysis of p-dichloroben- 
zene. 767 

Sodium mineral oil sulphonate, use in insecticide, 
1027, 1028 

Sodium naphthenate, properties and uses. 1088 
Sodium nitroprusside, catalyat, olefin absorption, 
342, 357 

—.determination of sulphur by, 1151 
Sodium octanaphthenate, properties, 1087 
Sodium oleate, hydrolysis of amyl chloride. 796 
—,• — chloropentanes, 791, 793 

polymerization of isoprene by. 627, 628 
•—.use in lubricants. 1031 
Sodium oxalate, catalyst, oxidation of .wax. 946 
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Sodium oxide, reaction with ethylene bromide, 533 
Sodium palmitate, triacontane by electrolysis of. 
958 

—, use in CmulsiBcation of olefins, 9^7 
Sodium perborate, catalyst, polymerization of 
vihylacetylene. 670 

Sodium peroxide, oxidation of petrolatum. 941 
—. polymerization of isoprene by, 625. 629 
Sodium phosphate, catalyst, dehydration of .1,3- 
butylene |dycol, 634 

- •, —, reaction of chlorine with olefins, 493 
—. deterRent power, 1024 
—, hydrolysis of ethylene dihalides, 507 
—, use removal of hydrogen sulphide, 424 
Sodium plumbite, action on mercaptans, 447 
—, extraction of sulphur compounds with. 461 
—. solutions of, 426. 427 

Sodium polysulphides, use removal of sulphur 
from petroleum. 426, 427 
Sodium propionate, esterification of monochlori- 
nated paraffins, 795 
—, from propylene. 814 
Sodium pnissoarsenite, 342 

Sodium resinate, purification of sulphonates. 1016 
Sodium salts, catalysts, oxidation of xvlene. 922 
—, use ill separation of soap emulsion. 1067, 1068 
Sodium silicate, detergent power, 1024 
odium soaps, from lignite paraffin. 949 
odium stearate, hydrolysis of chloropentanes, 
791. 792. 793 

Sodium sulphate, catalyst for oxidation, 933 
—, hydrolysis of amyl chloride, 796 
—, removal of acid from sulphonation products, 
1033 

—, use in isolation of chlorohydrins, 493 
—, — polymerization of diolefina, 629 
Sodium sulphide, reaction with ethylene chloro- 
hydrin, 487, 496 
—— propylene chlorohydrin, 501 
—, removal of sulphur by. 426 
Sodium sulphite, autoxidation of, 851 
—, reaction with olefins, 574-576 
Sodium sulphonates, from acid sludges. 1015 
Sodium tetrathionate, removal of hydrogen sul¬ 
phide with, 423 

Sodium thiosulphate, antioxidant, for lubricating 
oils. 907 

—, formation in sweetening, 441 
Sodium p-toluenesulphochloroamide. 1131 
Sodium vapor, catalyst, methane chlorination, 699 
—, effect on ignition temperatures. 979 
—, extraction of sulphur from gasoline, 427 
Sodium zincate. action on mercaptans, 447 
—. extraction of sulphur compounds by. 462 
Softening agents, by halogenation of ethers. 809 
—, by sulphonation of ethers, 809 
—, from ethanolamines. 553 
Solar oil. diluent in acid absorption of olefins, 355 
—, oxidation of, 935 
—, pyrolysis of, 127 
—, sulphonation of, 1019 
Solvent extraction, sulphur compounds. 458 
—, use of ethylene chlorohydrin, 498 
—, — isopropyl alcohol, 362, 365 
Solvents, acetylated oxygenated hydrocarbons. 996 
—. by oxidation of petroleum distillates, 830, 840, 
991. 992 

—, effect of, halogen addition to dienes, 642, 643 

—, effect on mercaptan pyrolysis, 457 

Soot, from natural gas or^ oil vapors, 212, 21^ 

—, in methane-steam reaction, 279 
—, production of, 234 

Sorbitol, condensation with olefin oxides, 538 
—, hexahydroxyethyl ether of. 995 
South American oils, nitrogen content, 819 
South Russian crude, gases , from, 18 
, gasoline from. 21 

Sour distillates, treatment of. 427, 435 
Sovental, use in detergent, 1022 
Soya-bean oil, dechlorination of petroleum prod¬ 
ucts with, 804 

Soya-bean proteins, adhesive from, 742 
Space velocity, effect on hydrocarbon vapor 
pyrolysis, 136, 151 

Sparks, induction, ignition with, 969 


Specific gravity, of carbon blacks, 244, 2^, 254 

Speed of flame, in hvdrocarbon mixtures, 972 

Speeds, law of, for names, 976 

Spent doctor, for removal of sulphur, 426 

—, phenols from, 448 

Spermacetti. sulphonation of. 1033 

Spindle oil, acids from, 939 

—, arachidic acid from. 1076 

—, chlorination of, 939 

—, soaps from, 939 . 

Spindle oil extract, petroleum acids from, 1063 
Spindle top gas oil. velocity constant of pyrolysis, 
99 

Spray oil, cracking of, 163 
Spreading arc. 218 

Stability, actual, of hydrocarbons. 95, 96 
—, chloromethane, 710 
—. diisopropyl sulphate, 348 
—, fluoromethanes, 710 

Stabilization of chlorinated hydrocarbons, 704 
Stabilizers, for catalysts, 345, 915 
Stannates. dehydrogenation catalysts, alcohols, 405 
Stannic acid, catalyst, partial oxidation of wax, 
943 

—, — stabilizer, 345 

Stannic chloride, catalyst, addition hydrogen chlo¬ 
ride to cracked gasoline, 330 
•—, —, addition of hydrogen chloride to pentenes, 
398 

—,—.chlorination of toluene. 775 
—, —, condensation of olefins and organic chlo¬ 
rides. 569. 570 
—, —. in cracking. 193 

—, —, polymerization of cyclopentadiene. 623 
—, —, — diolefins, 618, 619 
—, — olefins. 597 

—, —, reaction of ethylent oxide and aldehydes, 
556 

,—, — ethylene oxide and ketones, SS6 
—,—, — olefins and aromatics, 559 
—, compound with dioxan, 556 
—, formation of complexes with oils. 192 
—, use in stabilization of gasoline, 898 
Stannic halide, use in refining cracked distillates, 
609 

Stannjc oxide, catalyst, oxidation of methane, 848 
Stannic vanadate, catalyst, oxidation toluene, 921 
Stannous chloride, catalyst, condensation of olefins 
and organic chlorides, 569 
—, —, polymerization of acetylene, 668 
—, diolefins separation with, 160 
—, effect on autoxidation, 890 
—, reaction with cyclohexene peroxide, 899 
Stannous compounds, antioxidants, for lubricating 
oils. 907 

Stannous oxide, oxidation catalyst, 843 
Starch, catalyst, oxidation of transformer oils, 
909 

—, —, polymerization of diolefins, 619 
—, dehydrated with isopropyl alcohol, 366 
Starch hydrolysis, effect of ethylene chlorohydrin 
on, 496 

Steam, diluent, chlorination hydrocarbons, 713 
—,—, hydrocarbon oxidation, 833, 836, 839, 872, 
917, 919 

—, —, methane-carbon dioxide reaction, 283 
—, —, oxidation of ethyl alcohol, 869 
—, —, — ethylene, 874 
—, —, — methane. 867 

—*—.pyrolysis of hydrocarbons, 135, 146, 158, 
181, 183 

—,—, —natural gas, 213, 214, 215 
—, effect on adsorption of olefins, 143 
—, — electrical decomposition of methane, 260 
—, — oxidation of acetylene, 886 
—, purification of ichthyolsulphonic acids with, 
1037 

—, reaction with carbon monoxide, 232 
—, — ethane, 276 
—* — hydrocarbons, 276-281 
—. — methane, 206, 220, 276, 277 
—, — naphtha, 277 
—, — petroleum, 210 
—, — propane, 276 
—separation of wax acids with, 954 
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Steam, use in decomposition of hydrocarbons, 214- 
217 

—, — polymerization of acetylene, 668 
—, — puritication of carbon, 225 
—, — pyrolysis oils and tars, 209 
—, — removal of carbon dioxide from hydrogen, 
233 

Steam distillation, for separation of methane 
honiologues, 33 

—, of bisulfite compounds, 939 
—, of volatile acids, 933 
Steam-methane equilibrium, 277, 280 ■ 
Steam-methane reaction, 276, 279, 280 
Stearic acid, by oxidation of lignite tar, 938 
—, foam-producing material in ethylene absorp¬ 
tion, 341 

—, from Ishikari distillates, 1076 
—, from paraflin wax, 944 
—, from spindle oil extract, 1063 
—, ketone from, 998 
—, oxidation catalyst, 881, 960 
—, oxidized, 959, 1003 

—, use in hydrolysis of alkyl chlorides, 790, 
792 

—, — oxidation of wax, 952 
—, — production of cuprene, 672 
Stearic anhydride hydrogenated, 990 
Stearic esters, by hydrolysis of alkyl chlorides, 
792 

Stearin soaps, reaction with isethionic condensa¬ 
tion products, 1034 

Steel, effect on oxidation of petroleum, 90S 
—.use in hydrocarbon decomposition, 217 
Steel bars, ignition temperatures with, 968 
Stilbene, by pyrolysis of toluene, 88 
—.polymerization of, 613 
—, reaction with nitrogen pentoxide, 581 
— nitrogen trichloride, 579 
Still gases, removal of hydrogen sulphide from, 
424 

Still residues, cracked by submerged combustion, 
1000 

Straw oils, use as insecticides, 1028 
Strontium, catalyst, pyrolysis of benzene homo- 
logues, 146 

Strontium carbide, hydrolysis of, 662 
Strontium chloride, oxidation catalyst, 866 
Strontium compounds, absorption of hydrogen 
sulphide by, 424 

Strontium sulphate, catalyst, production of ketene, 
414 

Styrene, action of ozone on, 930 
—, by pyrolysis of acetylene, 81, 82, 180 
—, — butanes, 57, 174 
—, — ethylene-benzene mixture, 89 
—, carboxylation of, 930 

—, condensation with hydrogen cyanide, 585 
—, — naphthalene, 564 
—, — phenols, 566 
—,— phosgene, 570 
—xylenes, 1128 
—, from coal oils, 146 
—, from ethylbenzene, 146, 147 
—, from halogenated alkylbenzenes, 142 
—, from methylphenylcarbinol, 147 
—, from mineral oils, 146 
—.glycols from, 510 
—, gutta percha from, 625 
—, oxidation of, 893 
—, phenylglycol from. 510 

—, polymerization of, 588, 591, 592, 598, 610, 
611, 612 

—, production by pyrolysis, 146 

—, reaction with bisulphites, 575 

—, — hydrogen persulphide, 585 

—, — nitrogen trichloride, 579 

—, resins from, 146 

—, styrene chlorohydrin from* 504 

Styrene chlorohydrin, 504, 558 

Styrene dichloridc, 558 

Styrene oxide, catalyst, polymerization, 611 

—, isomerization of, 547, 558 

—, reaction with hydrogen cyanide, 546, 558 

—, reduction of, 548 

Styrene peroxide, polymerization of, 611 
Styrene polymers, uses, 613 


Styrenes, from alkylbenzene-benzene mixture, 147 
—, from ethylbenzenes, 146 
Styrolene, 610 
Styroxylene, 1128 
Styrylxylenes, 563 
Submerged combustion, 1000 
Succinic acid^ by nitration of naphthenes, 1047 
—, by oxidation of hydrocarbons, 838, 856 
—, from acetylene trimer, 268 
—, from cyclohexanol, 929 
—, from ethylene dichloride, 473 
—, from stearic acid. 959 
—f from triacontane, 958 
—t reaction with ethylene oxide, 541 
—, — olefin oxides, 538 
Succinic anhydride, from lignin, 949 
Succiiv>nitrile, from ethylene dichloride, 473 
Sugars, dehydrated with isopropyl alcohol, 366 
—, hydrolysis of, theory of petroleum origin, 36 
—, precipitated by isopropyl alcohol, 367 
Sulphated olefins, formation of, 350 
Sulphates, acid, catalysts, esterification of olefins, 
328 

—conversion of nitrogen bases to, 825, 826 
—, dialkyl, catalysts for glycol ether formation, 
538 

—, of heavy metals, catalysts, esterification of 
olefins, 328 

Sulphatiun, defined, 1005 
Sulphato-sulpbonic acids, 1008, 1010 
Sulphides, catalyst poisons, 298 
—, dehydrogenation catalysts, 405 
—, metallic, oxidation catalysts, 834 
—, reaction with acetylene, 684 
Sulphinic acids from sulphonic acids, 1021 
Sulphites, addition to unsaturated acids, 574 
—, reaction with olefins, 574-576 
—, — styrene, 575 

Sulphoacetic acid, selective solvent, 34, 1135, 
1143 

—.use in determination of aromatics, 1135 
—, — production of vinyl esters, 681. 682 
Sulpho-acid, manganese salts of, oxidation 
catalysts, 935 

Sulphoaromatic acids, fat-hydrolyzing agents, 1025 
Sulphoaromatic compound for breaking emulsions, 
1027 

p-Sulphobenzoic acid, from p-toluenesulphonic 
acid. 928 

Sulphobromides, from mercaptans, 432 
Sulpho compounds, 1005 

Sulphoferricyanic acid, catalyst, ethylene ab¬ 
sorption, 342, 357 
Sulphoglycol, nitration of, 517 
Sulphonal, preparation of, 412, 433, 811, 812 
Sulphonamides from alkylsulphonic acids, 1011 
Sulphonated compounds, extracted with isopropyl 
alcohol, 366 

Sulphonated cresol, condensation with ethylene, 
566 

Sulphonated derivatives of paraffin hydrocarbons, 
817 

Sulphonated mineral oils, 1022-1028 
Sulphonated oxidized hydrocarbons, 1000, 1001, 
1002 

Sulphonates, from acid sludges, 1014, 1015 
—, from hydrocarbons, 1005 
—.textile cleansing agents, 1028, 1029 
Sulphonating agents, 1005 
Sulphonation, aromatics, 1136 
—.defined, 1005 
—, isopropyl alcohol. 372 
—, naphthalene, 564 
—, nitrogen compounds, 822 
—.olefins, 1019 

—, paraffin hydrocarbons. 817, 1007, 1008 
—, with chlorosulphonic acid, 1061 
Sulphones, by oxidation of petroleum oils, 1151 
—from alkyl sulphides, 459 
—, from mercaptans, 432 

—, from sulphur dioxide and diolefins, 575, 654, 
655 

—, from thioethers, 451 
—, from thiophanes, 452, 453 
—, from trimethylenC' sulphide, 453 
—, reaction with ethyl iodide, 453 
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*SulphonethyImethane, use in insecticide. 1028 
Sulpbonic acids, alkali salts of. detergents from. 
1023. 1024 

alkyl, from sulphite-olefin reaction. 575 
—, aromatic, alkylated compounds of, 563, 564 
—, o, ti and 7 compounds. 1021 
—, as demulstfying agents, 1026. 1027 
—, by condensation of sulphuric acid with naph¬ 
thenic acids^ 1064, 1065 

—, by oxidation ot products from unsaturated 
hydrocarbons and sulphur, 429 
—, condensation with olefins. 563 
—, effect of molecular weight on detergent power, 
1023 

—, emulsification of hydrocarbons by, 952 
—. emulsifying agents from, 1022 
—, fat-hydrolyzing agents, 1025 
—.formation during refining, 1011, 1012 
—, from Galician petroleum, 1035 
—, from mercaptans, 432, 433 
—, from naphthenes, 1035 
—, from olefin-sulphite reaction, 574-576 
— .from olefins, 1034 
—, from petrolatum. 1014 
—, halogen-substituted, 1019 
—.hydration of ethylene by. 307, 311 
—, hydrolysis of calcium salts of, in formation of 
petroleum, 36 

—, mineral oil, detergents from, 1022-1024 
—,—.emulsifying agents. 1026 
—, —, stabilizers for emulsions, 1025 
—,—.use in plastic compositions, 1031 
—, —, use in textile treatments, 1028-1029 
—.properties, 1011, lp20 
—.purification, 1015, 1016, 1017, 1018 
—.recovery from sludges, 1013, 1014, 1015, 1016 
—. use in oxidation of hydrocarbons, 952 
—, use in varnishes, 1030 
—, wetting agents from, 1022 
Sulpbonic acid salts, effect on oxidation of oils, 
910 

—.use in breaking emulsions, 1026, 1027 
Sulphonium compounds, from disulphides, 449 
—, from thioethers, 451 
Sulphoparaffins, from add sludge, 1013 
Sulphostearic acid, use in hydration of ethylene 
and propylene, 311 

Sulphotnalassolic acid, from shale oil, 1037 
Sulphoxides from thioethers, 451 
Sulphur, absorotion by carbon, 458 
—, adsorption by iron, 461 
—, — nickel, 461 

—, adsorption from liquid naphthas, 461 

—, vaporized naphthas, 462 

—, as an antioxidant, 907, 909 

—, carbon disulphide from, 185 

—, catalyst, chlorination of toluene, 772, 773 

—,—.hydrocarbon pyrolysis, 135, 136 

—, —j oxidation of hydrocarbons, 875 

—, —, — mercaptans. 441 

—f —. polymerization of tsoprene, 626 

—, corrosion by, 422, 426 

—, dehydrogenation of paraffin by, 956 

—, effect, autoxidation, 890 

—, —, cracking by aluminum chloride, 192, 203 

—, —, ignition of cotton, 890 

—, —, oxidation of paraffin oil, 934 

—, elemental, from petroleum, 426, 428 

—,—, in. distillates, 421, 422, 448 

—,—, in petroleum, 31 

—,—tests for, 1149 

—, formation from hydrogen sulphide, 424, 426 
—, formation of complexes with oil, 192 
—, from butyl sulpRide, 457 
—, from isoamyl mercaptan, 456 
—, in American oil shale, 462 
—. in Colorado oil shale, 462 
—. in doctor test, 439 

—, in mineral oils, electrolytic oxidation of, 1151 
—, liquid temperature control with, 919 
—. permissible content, 422 
—.promoter, polymerization of styrene, 611 
—, reaction with acetylene, 684 
—, — mercury, 1149 
—, — naphthenes, 429, 430 
—, — octanaphthenes, 629 


Sulphur, reaction with olefins, 429 
—, — paraffins, 428, 956, 1061 
—, removal by metallic oxides, 459 
—, removal from heavy distillates, 448 
—, — petroleum, 426 
—.tests for, 1149, 1151 
—.total, determination of, 1150 
—, treatment of oils with, 950 
—, use, vulcanization of rubber, 627, 628 
Sulphur black, manufacture, 766 
Sulphur chloride, catalyst, carbon disulphide 
chlorination, 705 

—, —, condensation of olefins with acetyl chlo¬ 
ride, 569 

—, —, formation of acetic anhydride, 682 
—, —, polymerization of olefins, 589 
—, reaction with benzene, 764 . 

—, — cuprene, 672 
—, — divinylacetylene, 670 
—, — hydrocarbons, 1060 
—, — mercaptans, 433 
—, — mineral oils, 576 
—. — olefins, 576, 1038, 1133 
—, use in analysis of unsaturated compounds, 574 
—, — chlorination of hydrocarbons, 469, 470, 722, 
757, 775 

—, — propylene chlorohydrin preparation, 530 
—, — vulcanization of rubber, 627 
Sulphur compounds, adsorption by nickel oxide, 
462 

—, catalyst poisons, 330 
—, conversion to hydrogen sulphide, 458 
—, effect of refining agents on, 458-461 
—, effect on catalytic action of aluminum chloride, 
202 

—, — nickel catalysts in methane-steam reaction, 
279, 284 

—, estimation of, 1151-1152 
—, extraction from petroleum distillates, 458-462, 
1064, 1149 

—, from petroleum, uses, 455-456 
—-, in cracked distillates, 454-455 
—, in petroleum, 31, 36, 421, 450, 455, 1125, 1149 
—, in shale oil. 462-463 
—, pyrol;ysi9 ox, 456-458 
—, reactions with metals, 461 
—, removal by hydrogenation, 934 
—, — oxidation, 459 . 

—, removal from gases, 989 
—,—hydrogen, 233 
—, — naphthas, 461 
—.tests for, 1149, 1150 
Sulphur content, carbon blacks, 244, 246 
—, crudes, 421 

—, effect on oxidation of oils, 906 
—.fuels, limits of, 422, 1149 
Sulphur dioxide, absorption of hydrogen sulphide 
by, 424 

—, action on olefins, 901 

—, catalyst, carbon dioxide-ethylene reaction, 586 
—, —, chlorination of toluene, 776 
—, condensation with acetylene. 267 
—, extraction of dimethylquinolines with, 826 
—, — nitrogen bases with, 822 
—, — wax acids with, 954 

—, formation in ethylene-sulphuric acid reaction, 
1032 

—, — methane-sulphuric acid reaction, 849 
—, — propylene-sulphuric acid reaction, 348 
—, liberation of naphthenic acids by, 1065 
—, oxidation catalyst, 865, 866, 922 
—, reaction with conjugated diolefins, 575, 576, 
654, 655 

—, — cyclohexadiene, 575 
—, — hydrocarbon peroxides, 900 
—, — olefins, 574-576 

—, refining of cracked distillates with, 597, 609 
—, — kerosene with, 26, 28 
—, — lignite tar oil with, 938 
—, — naphtha with, 455 
—. — petroleum with, 610, 838, 93^4. 936, 939 
—. removal of gum from gasoline with, 903 
—, salts with ethanolamines, 553 
—, selective solvent for aromatics, 20, 33, 34, 
1143, 1145 

—, — naphthene and paraffin hydrocarbons, 35 




SUBJECT INDEX 


1275 


Sttijphuryl 


Sulphur diokide, separation of diolefina with, 160, 
641 

—, — unsaturated compounds with, 933 
—, solvent for Acetylene, 152, 664 
—.tests for, 1149 

Sulphur dioxide exti-acts, oxidation of, 1002 
—, reactive^ hydrocarbons in, 1012 
—, waste oils from, 1017 
Sulphur dyes, 430, 434, 1053 
Sulphur gases, reaction with carbon, 458 
Sulphuric acid, absorption of butenes by, 377, 
379, 1118 

—,—gaseous olefins by, 301, 347, 354 
—, — hydrocarbons by, 1118 

—olefins by, 300, 329, 333, 347, 349, 377, 
379, 1094. 1118-1120 
—, — propylene by, 1118 
—, action on Persian petroleum, 453 
—, asphaltic materials from petroleum distillates 
with, 1064 

—, catalyst, acrylic acid ester production, 571 
—, condensation of olefins and aromatics, 563, 

564 

—,—, — vinyl ethers and alcohols, 679 
—, —, conversion of hydroxy-acids, to unsaturated 
acids, 952 

—, —. — propylene glycol to propionaldehyde, 529 
—, —, decolorization of wax acids, 952. 

—, —, esterification of glycols, 541 
—, —, — isopropyl alcohol, 372 
—, —, — olefins by organic acids, 328, 387 
—, —i formation of ethyl esters, 332 
—, —, hydration of ethylene oxide, 510, 537 
—, —, hydrogen sulphide-olefin reaction. 584 
—, —, isomerization of olefin oxides, 547 
—, —, methyl isopropyl ketone from dimethylal- 
Icne, 301 

—, —, polymerization of amylenes, 604 
—, —, — isobutylene, 601 
—, —, — a-methylstyrene, 612 

—olefins, 590, 606, 607, 900 
—, —, — propylene, 598 
—, —, — trimethylethylene, 602 
—, —, production of ethylene glycol monophenyl 
ether, 538 

—, —, reaction of isopropyl alcohol and aromatics, 
374 

—,—,—olefin oxides and alcohols, 521 
—. —, — olefin oxides and organic acids, 527, 
528 

—,—,-^olefin oxides and phenol, 521 
—, —, — olefins and phenols, 565-568 
—, —, — vinyl acetate and acetic acid, 682 
—, combination with polymerized olefins, 592 
—. compound with dioxan, 556 

. dehydration of ethvl alcohol, 304 
---, — isopropyl alcohol, 370 
—, effect of, in sulphonated detergents, 1024 

- .effect on 1,3-cyclohexadiene, 642 
—; — cyclopentadiene, 642 

- . “ higher olefins, 605 

--.electrolyte, oxidation, of aromatics, 927-928 
—, esterification of wax acids with, 944 
—.evaluation of transformer oils with, 911 
--.extraction of nitrogen compounds with, 822 
—. fuming, reaction with acetylene, 679, 

- —, removal of aromatic compounds with, .164 
—, —, — unsaturated hydrocarbons with, 933 
—, —, use of in oxidation of Caucasian oil, 934 
—, hydration of allyl chloride, 500 

—, — ethylene with, 311, 312 
—, — olefins with. 300 
—, — propylene with# 314, 315 
—, — vinylacetylene with, 669 

, hydrolysis of n-amyl cyanide with, 811 

- -. oxidation of anthracene with, 924 
—, — ethvlene with, 876 . 

—,—’maleic acid with, 918 
—,mercaptans with, 458 
— toluene with, 919, 920 
—, oxidizability of oils refined with, 935 
—.petroleum soaps from alkali sludge with, 1066 
—, polymerization of isobutene with, 378 
—, —olefins with, 326, 1032 
---, — propylene with, 325, 326 
—, — tetiamethylbutadiene with, 620 


Sulphuric acid, production of mesitytene from 
acetone with, 410 

—, purification of amyl acetate with, 796 
—, — hydrocarbons with, 934 
—, — naphthenic acids with, 1069 
—, reaction with acetylene, 301, 664, 666, 676 
—, —- allylene, 112 
—, — aromatics. 1134 
—, — lienzine fraction, 1032 
—, — butadiene, 641, 649 

—butenes, 376-379, 386.387 
—cracked distillates, 349, 352, 353, 458, 613, 
614 

—, — cracking gas, 349 
—, — cyclohexadiene dimer, 623, 624 
—, — cyclopentadiene, 649, 657 
, —idiallyl, 661 
—, — diamylenes, 60S 
—, — dienes. 642 
—, — diethyicarbinol, 638 

—ethylene, 144, 321, 332-347, 679, 887, 1032, 
1122 

—. — ethylene homdlogues, 376-389, 559 
—. — glycol, 512 

— heptenes, 385, 386 
—, — hexenes, 376, 383-385 
—, — hydrocarbon peroxides, 900 
—, — isobutylene, 649 
—, — isoprene, 649, 650 
—, — mercaptans, 437, 438 
—, — olefin oxides, 519 
—, — pentenes, 376, 380-383, 387 
—, — petrolatum oil sludge, 950 
—. — propylene, 321, 325, 326, 346, 347, 348, 
349, 354, 370-372 

—, — propylene homologues, 376-389 
—, — thiophene, 454 
—, refining of paraffins with, 948 
—, removal of gasoline gum with, 903 
—, — sulphur compounds with, 448,' 449, 458 
—, saponification of fats with, 1025 
—, selective solvent for aromatics, 33, 34 
—. separation of butadiene with, 160 
—, — carboxylic and hydroxy-acids with, 935, 95S 
—ethylene with, 126, 141, 346, 1116, 1117 
—, treatment of Baku gas oil with, 934 
—, — ozonized fractions with, 988 
—, use in condensation of phenols and alcohols, 
399 

—, — esterification of sec.-butyl alcohol, 395 
—, — hydration of ethylene oxide, 510 
—, — plastic compositions, 1031 
—, — refining, 934, 1005, 1065 
—, — rubber production, 629 
—, — separation of olefins, 126, 141, 144, 346, 
1116, 1117 

—, — tanning composition, 1031 
Sulphuric acid monohydrate, reaction with olefins, 
1034 

Sulphuric acid-paraffin oil, absorbing mixture for 
olefins, 354 

Sulphur oil, from petroleum, as wood preservative, 
1031 

—, fungicides from, 456 
—, uses of, 455, 456 

Sulphurous acid, formaldehyde addition product, 
861 

—, catalyst, isomerization of olefin oxides, 547 
—, reaction with olefins, 574-576 
Sulphur trioxide, action of olefins, 1006 
—, reaction with acetic acid, 683 
—. — ethylene, 1032 
—, — ethylene dichloride, 494 
—, — mercuric oxide, 681 
—, — propyl alcohol, 1033 
—. use in oxidation of methane, 865. 866 
—, — extraction of sulphur,compounds, 458 
Sulphury! chloride, catalyst', cyclopentadiene poly¬ 
merization, 623 

—, effect on inflammability limits. 964 
—, reaction with benzene, 764 
—.. — ethylbenzene, 780 
—. — toluene, 774-776 
—, — m-xylene, 780 

—, use in chlorination of hydrocarbons, 484, 687, 
701, 757 
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Sulphur>i chloride, use in preparation of isopropyl 
suiphutc, 348, 372 
Sumatra gasoline, n>octane from, 24 
.Sunlight, chlorination in, 693, 694, 699,'700, 734 
—, eiiect on oxidation of oils, 906 
Superheated steam, cracking with, 126 
Super Spectra carbon black, 245, 250, 253, 254 
Surface activity of carbon black, 248 
Surface area, effect in methane decomposition, 105 
Surfaces, effect on ethvlene bromination, 465, 477 
—oxidation of olenns, 877 
—I — pyrolysis of methane, 168 
—, temperature for carbon dcMsition, 235 
Surface tension of carbon blacxs, 248 
Sweetening, defined, 426 
--,of distillates, 421. 431, 432 
—, processes for, 427, 443-445, 449 
—, reactions in, 437, 439-444 
Sweating process, for slack wax. 398 
Sweating, separation of wax acids by, 953 
Switch oil, 936 

Sylvestrene, addition of hydrochloric acid, 331 
—, reaction with isonrene. 657 
Synthesis of alcohols, conditions for, 305, 307, 
311 

—, free energy equations, 305 
Synthetic fusel oil, 791, 792 
Synthetic lubricating oils, from olefins, 129 
Synthetic musks, 400 

Synthetic oils, carboxylic acids from by oxidation, 
201 

Synthetic resins, from ethylene glycol and phthalic 
anhydride, 516 

—, from oxidation processes, 998, 999 

—, methylene dichloride-phenols condensation, 70S 

—, phenol-formaldehyde, 860 

—, reaction of inercaptans and aldehydes, 433 

—, urea-formaldehyde, 860 

Synthetic resins —see also Resins 

Synthetic rubber, production of, 159, 625-629 

T 

Tallow, use in lubricating oils, 1030 
Tannic acid, stabilization of gasoline with, 897 
Tannin, purified with isopropyl alcohol, 364 
Tanning agents, by condensation of halogenated 
paramns with amines, 808 
—, from phenoxyparaffin, 740 
—, from sulphonated oxidized hydrocarbons, 1003 
—, use of sulphonated hydrocarbons in, 1001, 1031 
Tannoform, 860 

Tantalum, catalyst for chlorination of benzene, 
759 

—, — cracking, 107 
—, — hydration of olefins, 307, 314 
Tantalum chloride, catalyst for chlorination of 
benzene, 759 

Tantalum electrodes, use in pyrolysis, 261 
Tar acids, insecticide from, 1027 
Tar fog, electric precipitation of, 172 
Targol, as antiknock, 983 
Tar oils, from lignite tar, 948 
—, oxidation with sodium carbonate, 948, 949 
—, pyrolysis of, 126, 133 
—, sulphur compounds in, 421 
—, sulphur in, 450 
—, use in lacquers, 1030 
Tars, decomposition in electric arc, 262 
—, distilled b^* submerged combustion, 1000 
—.emulsification with petroleum sulphonic acids, 
1026 

—, extraction with dichlorodiethyl ether, 498 
—, from oils, 904 

—, from polymerization of diolefins, 642, 649 
—, from pyrolysis of hydrocarbons, 40, 74, 76, 
166, 170-172, 174, 179, 180 
—from vapor-phase cracking of gas oil, 132 
—, hydrogen from, 213 
—, olefins from, 872 
—, oxidation of. 872, 873. 993 
pyrolysis of. 133, 208, 213 
—, resttltinn from otefin polymerizations, lubri¬ 
cating Otis from. 201, 202 
—, Saxon lignite, hydrocartbons from. 227 
—, solubility in sec.-hexyl acetate, 402 
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Tartaric acid, from fumaric acid. 505, 5U6, 918 
—, front maleic acid, 506, 918 
—, reaction with ethylene oxide, 541 
Tellurides, dehydrogenation catalysts for alcohols, 
405 

Tellurium, aromatization catalyst, 183 
—, catalyst, chlorination of benzene, 759 
—,—.chlorination of toluene, 775 
—,—.hydrocarbon pyrolysis, 135, 136, 150 
—, —, oxidation of cyclohexene, 892 
—» —* polymerization of acetylene, 668 
—, reaction with paraffin wax, 956 
Tellurium compounds, aromatization catalysts, 183 
Tellurium vapor, eifect on ignition temperatures, 
979 

Temperature coefficient in cracking, 100, 101 
Temperature control in oxidation, 923 
Temperature correction, Sydney Voung equation, 
1148 

Temperature of cracking, influence of charging 
stock, 108 

Temperatures, effect in cracking, 97, 98, 100, lOl, 
130 

—, effect on chlorohvdrin formation, 489, 491 
—, employed in cracking, 92, 93, 95, 96 
—, of carbon deposition surfaces, 235, 237, 241 
—, of hydrocarbon flames, 236 
—, of ignition, effect of lead tetraethyl, 974 
Terephthalic acid, from acetylene polymers, 268 
—, from p-cymene, 926 
—, from xylene, 928 

Ternary system, water-isopropyl alcohol-salts, 
360 

Terpenc diperoxide, from terpene peroxide, 891 

Terpene hydrocarbons, glycols from, 506 

—, reactivity, 9 

Terpene peroxide, 891 

Terpenes, addition of hydrogen halides, 331 

—, as source of petroleum, 36 

—, bacterial oxidation of, 1004 

—, double compounds with mercuric acetate, 583 

—, esterification by acetic acid, 331 

—, in petroleum. 11 

—, insecticides from, 742 

—, reaction with nitrosyl chloride, 579 

—, use in formation of dienes, 629 

Terpinene, velocity of autoxidation of, 893 

a-Terpineol, 650, 890 

Terpineol-4, from sabinene, 301 

Terpuril, detergent, 1022 

Terrebonne gas fields, casinghead naphtha from, 
18 

Tertiary alcohols, as commercial chemicals. 349 
—, combination with halogen acids, 391 
—, condensation with phenols, 399 
—.distinction from primary and secondary, 391, 
403 

—, effect of various reagents on, 397 
—, esterification of, 403 

—. from olefins, 332, 355, 356, 386-390, 781, 788, 
792 

—, manufacture, 386-390 

—, non-esterification of, with acids, 392 

—, oxidation of, 391 

—, properties of, 391, 392, 393 

—, purification of slack wax, 398 

—, reaction with chromic acid, 393 

—, — hydrochloric acid, 393 

—, — mercuric sulphate, 368 

—, removal from mixtures as borates, 649, 650 

—, resistance to oxidation, 403 

—, tests for, 393 

—, treatment with acid chlorides, 392 
—, see also Alcohols 

Tertiary alkyl chlorides, from tertiary alcohols, 
392, 393 

Tertiary alkyl hypochlorites, from tertiary alco¬ 
hols. 392 

Tertiary butyl derivatives, properties of. 398 
Tertiary butyl esters, hydrolysis of, 397 
Tertiary butvl halides, hydrolysis of, 397 
Tertiary carbon atom, nitration of, 1040 
—. sulphonation of, 1006, 1008, 1012 
Tertiary chlorides, formation of olefins from, 789, 
790 
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Tertiary halogen derivatives, hydrolysis of, 788, 
789. 790 . 

Tertiary hydrocarbon compounds, separation with 
antimony pentachloride, 1146 
Tertiary hydroxyalkylamines, hydroxyalkyl ethers 
from, 522 

Tertiary iodides, hydrolysis of. 788 
Tertiary nitro compounds, 1040, 1042, 1043, 1044. 
1050, 1051 

Tertiary olefins, from secondary olefins, 144 
Tertiary paraffins, nitration of, 1040, 1041 
Tctrabromides, from diolefins, 1121 
Tetrabromoacetone. from isopropyl alcohol, 374 
1,2,4,5-Tetrabromobenzenc, 750, 768 

1.1.4.4- Tetrabromobutane. 644 

1.2.3.4- Tetrabromobutane, 644, 720 
Tetrabromobutanes, by bromination of butane, 644, 

720 

Tetrabromoisobutancs, 483 
Tetrabromoxylenes, 754 
Tetrabutylnaphthalenes, 563 
Tetracarnite, detergent, 1022 
Tetrachloroacetone, constants of, 373 
Tetrachlorobenzene, 757, 760 

1.2.4.5- Tetrachlorohenzene. 758. 760. 761. 764 
Tetrachlorocvclohexane. chloronenzcne from. 749 
—, from cyclohexane. 748. 749 
Tctrachloroethanes. as solvent, 476, 673 

—, chlorination of, 476 
—, decomposition of. 673 
—, from ethane. 713 
—, from natural gas, 714 
—. properties of. 476, 673 
—. separation of wax acids with. 954 
—, trichloroethylene from, 673 
—. uses. 476, 706 

Tetrachlorocthvlene. dewaxing oils with, 706 
—, germicide. 706 
—. natural gas chlorination, 690 
—. stabilization with butyl mercaptan, 456 
Tetrachlorodioxanes, 556 
Tetrachloromethane. from diisoamyl, 735 
—. from kerosene. 738 
Tctrachloropropane, from propane, 717, 721 
—. from propylene, 479 
Tefrachlorotoluene, 770 
Tctrachloro-o-xylene. 779 
Tetracosane. separation from triacontane, 33 
Tetracvclopentadiene, 621, 622 
Tetradecanaphthene, from amylene, 78 
Tetradecene. sulphonation of, 1033 
Tetraethylbenzene, 560 
Tetracthylcne glvcol, 527, 529 
Tetraethylene glycol monophenvl ether. 539 
Tetraethyl ferrocyanide. catalyst, ethylene ab¬ 
sorption. 342 

Tetraethyl lead, production of, 712. 813 
Tetraethyl lead-ethylene dibromide, antiknock, 
478 

Tetrnhalides. from diolefins, 643 
Tetrahydroacctophenone. 569 
Tetrahydroanthraouinones. 650, 653 
Tetrahydrohenzaldehydc. 6.51 
Tetr.nhydrohenzeue, autoxid.ation of, 893 
—, butadiene from. 156. 157 
—, conflensation with naphthalene, 563 
—.pyrolysis of, 158 
Tetrahydrohenronhenone, 569 

Tetrahydron.'iphthalene. condensation with cyclo- 
hexene. 561 
—, — olefins. 563 

—, a-hydroxytetrahydronaphthalenc from. 930 
—, a-ketotetrahydronaphthalene from. 930 
—, pyrolysis of. 84 
—, reaction with butadiene. 653 
—, use in preparation of detergents, 1024 
Tetrahydroquinizarin. 653 
Tetrahydroquinoline, 684 

Tetrahydroouinoline ring, in nitrogen bases, 820 
Tetrahydrotbiophene. 453 
Tefraisobutene. 600. 601 
Tetraisopropylbenzene. 561 
Tetraisopropylnaphthalenc, 563 
Tetralkvletbvlcne glycols. 531, 532 
Tetralkylethylenes, glycols from, 532 


Tetrameric acetylene, in polymerization of acet¬ 
ylene, 669 

Tetramethylallcne, polymerization of, 615 

1.2.3.4- Tetramethyl-1,3-butadiene, polymerization 

of. 619. 620, 627 , 

Tetramcthylcyclohexane, from 1,3-dictliylcycIo- 
hexane. 199 . , „ 

Tetramethylenediamine, butadiene from, 634 
Tetramethylethylene, addition of mineral acids, 
325 

—, chlorination of, 484 
—, hydration .of, 384, 385 
—, polymerization of, 606, 607 
—.reaction with mercuric salts, 1132 
—, — nitrogen pentoxide,- 581 
—, — nitrosyl chloride, 579' ^ 

Trtr^methylethylene chlorohydrin, 503 
Tetramethylethylene dichloride, 637 
Tetramethylethylene glycol. 531, 532 
Tetramethylethylene oxide. 534. 542 

2.3.4.4- Tetramethyl-2-hcxcne, oxidation of, 880 
Tetramethylmethanc, bromination of, 723, 726 
—T, halogenation of, 725, 726 

—, in natural-gas gasoline, 17. 32 

2.3.6,7-Tctrametbylquimzarin, 653 

Tctramethyl sulphide, from Persian petroleum, 

453 . . e . 

Tetraphenylcthylcne, reaction with nitrogen tri¬ 
chloride, 579 

Tetrasulpbides (organic), 449, 450 

Tetravalent lead compounds, as antidctonants, 984 

Tetravinylacetylenc. 671 

Tetronal. from ethyl mercaptan. 812 

Texas petroleum, carboxylic acids from, 1073 

—, naphthenic acids from, 1079, 1081 

— sulphur content of, 421 

Textile assistants, 1028. 1029 \ 

Textile dressing-^, oxidized-wax emulsions, 994 
Textile oils. 1028. 1029 
Textile reagents, 1028. 1029 
—, from polyethylene glycols and amines, 543 
Textile treatment, with mineral-oil sulphonates, 
1028-1029 

Thalassol, from shale oil, 1037 
Thallene, 226 ,, . • r 

Thallic chloride, catalyst for chlorination of ben¬ 
zene, 758. 759 . , 

—, catalvst for chlorination of methane. 701 
Thallium, aromatization catalyst, 183 
—.catalyst for chlorination. 703, 713, 766 
Thallium compounds, aromatization catalysts, 183 
—, as antidctonants, 983 
—.catalysts for pyrolysis, 125, 150 
Thallium oxide, oxidation catalyst, 833 
Thallium vapors, effect on ignition temperatures, 
979 

Thermal chlorination of hydrocarlxms, 711-713, 
716. 719, 723-725 , . 

Thermal decomposition, see Pvrolysis 
Thermal relationships in combustion of methane, 
235 , . 

Thermal stability, of aromatic hydrocarbons, 87, 
89. 90. 95 

—, of cycloparaffins, 87, 90 
—, of diolefins, 95 
—. of ethylbenzene. 90 
—, of cthylcyclohexane, 90 
—, of methyl chloride, 802 
—. of monolefins, 90. 95, 96 
—.of naphthenes. 87, 95 

—.of paraffin hydrocarbons, 90, 95, 96. 97, 205 
Tbermatomic carbon black, 245, 250, 253, 254 
Thermatomic process. 210, 212, 234 
—. yield of carbon black. 241 
Thermax carbon black. 212, 250 nc 

Thermodynamic considerations, of cracking. 93-95 
—, of methane chlorination, 687 
—. of pyrolvsis of hydrocarbons, 64, 65. 93 
Thermodynamic properties, of dichlorodinuoro- 
methane. 709 

Thermodynamic stability, of acetylene, 93, 94, 
147, 162. 256 

—. of petroleum hydrocarbons, 94 
Thiocarbanilide. stabilization of gasoline with, 
898 
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Thiocarhofutei. from carbon disulphide and nier- 
captides, 445 

Thiocresol, from methylcyclphexane. 430, 1061 
Thiocyanates, selective solvent for sej^ration of 
paraffins and naphthenes, 35 
Thiocyanogen, 585 

Thiodiphenylamine, stabilisation of gasolines with. 
897 

Thiodiglycol, from ethylene chlorohydrin. 487. 496 
—, from propylene chlorohydrin, SOI 
Thioethers, as solvents, 452 
—.estimation of, 451 

—, formation in hydrogen sulphide-oleffn reaction, 
584 

from alkyl chlorides with alkali sulphides, 811 
—. from mercaptans, 426, 436 
—, from olefins and hydrogen sulphide, 425 
—, in petroleum oils, 421, 422, 450 
—, mixed, 451 

properties of, 450, 452 
Thioglucose, 434 
Thioindigo, 434 

Thio-/8-naphthol, pickling inhibitor, 434 
Thionvl chloride, reaction with mercaptans. 433 
Thiophanes, 452-453 

in petroleum oils, 421, 452 
—, oxidation of, 452, 453 
—, properties of, 452-453 
—, reactions of, 453 

Thiophene, action of hypochlorites on, 459 
—, adsorption by nickel oxide, 462 
—, brominated, oxidation of, 917 
—.determination of, 1152 

—.effect on aniline points of hydrocarbons. 1137 
—, extraction from benzene, 460 
—, — petroleum distillates, 455, 462 
—, from acetylene and hydrogen sulphide. 426, 
684. 887 

—, from butyl sulphide, 457 
—from hydrogen sulphide-olefin reaction, 425, 
584. 585 

—, from reaction of paraffins and sulphur. 428 
—, in ichthyol, 1036 
—, in naphtha, 455 
—, oxidation of, 987 
pyrolysis of, 457 
—, reactions of, 454, 455 
Thiophenes, corrosion by* 422 
—, formation in hydrogen, sulphide-olefin reaction, 
584 

—, from isoamyl sulphide, 456 
—, in petroleum oils, 31. 421, 422, 454 
—, in shale oils, 463 
Thiophenol, manufacture, 767 
—pickling inhibitor, 434 
Thiophthenes, 428, 429 
2-Thiotolene, in shale oil, 463 
Thiourea, condensation with formaldehyde, 860 
2.3-Thioxene, in shale oil, 463 
Thio-m-‘xylene, from dimethylcyclohexane and sul¬ 
phur, 430 

Thoria, catalyst activator, 280 
—.catalyst, hydration of olefins, 303, 307, 311, 
314, 316 

—, —, hydrolysis of phenyl halides, 767 
—, —. oxidation of methane, 849 
Thorium, catalyst, chlorination of benzene, 759 
—, —, condensation of olefins and phenols, 567 
—t desulphurization ,of hydrocarbon gases with, 
460 

—, oxidatbn catalyst, 833 
Thorium carbide, hydrolysis of. 662 
Thorium chloride, catalyst, chlorination of ben¬ 
zene, 759 

Thoriiira compounds, catalysts^ condensation of 
amines with acetylene, 684 
—, —.oxidation of paraffin wax, 953 
Thorium dioxide, catalyst, dechlorination, 673 
Thorium oxide, catalyst, acetylene-steam reaction. 
407. 408 

—^.carbon monoxide-hydrogen reaction, 232 
—, —, condensation of acetylene with amines, 684 
—,—, dehydrogenation of hydrocarbons, 223 
—.—.hydration of olefins, 303, 307, 311, 314, 
316 


Thorium oxide, catalyst, methane-steapi reaction, 
280, 292 

—, —, oxidation of alcohols, 406 
—.—.petroleum pyrolysis, 157, 158 
—• —. synthesis of higher alcohols, 345 
—.desulphurization of hydrocarbon gases with, 
460 

Thorium potassium carbonate, catalyst, acetylene- 
steam reaction, 408 

Thymol, preparation of, 367, 375, 566 
—, properties, 375 

—, stabilization of gasoline with, 897 . 

Tiglic aldehyde, synthesis of nitrogen base from, 
822, 823 

Time of contact, effect on high-temperature chlo¬ 
rination of methane, 689, 692 
—, — production of acetylene, 148, 149 
—, — production of aromatics by cracking, 103 
—, — pyrolysis of aromatics, 89 
—»— pyrolysis of ethane, 44, 47 
—, — pyrolysis of methane, 38, 40, 42, 121, 166, 
168 

—, — pyrolysis of olefins, 70, 71, 72, 73 
—, — pyrolysjs of paraffins, 64, 130, 135, 164, 173 
—,—-pyrolysis of propane, 53, 123, 128 
—, — pyrolysis of straight-run gasoline, 130, 131 
—, — yield of cracked gasoline, 103 
—, function of degree oi cracking, 101 
Time-pressure curves, fl^me propagation. 976 
Time-temperature index, effect on pyrolysis of 
gas oil. 132, 145, 146 
—, influence on cracking, 102, 103. 125 
—, — gas-gasoline ratio, in cracking. 103 
Tin, catalyst, chlorination of hydrocarbons, 691, 
758, 759 

—, —, formation of butadiene, 635, 680 
—formation of glycol, 511 
—, —, formation of olefin oxides, 536 
—, —, in cracking, 107 
—, —, oxidation of hydrocarbons, 863, 909 
—, —, polymerization of olefins and acetylene, 
610, 668 

—.—.pyrolysis of olefins and acetylene, 187 
—, effect on ignition temperatures, 967 
—, extraction of sulphur compounds with, 462 
—, removal of mim from gasoline with, 902 
—, use in distillation of butadiene. 641 
Tin borate, oxidation catalyst, 833, 864 
Tin chlorides, catalysts for methane chlorination, 
690 

Tin compounds, catalysts for ethylene absorption, 
340 

—, catal;^Bts for acetylene-amine reaction, 684 
Tin halides, catalysts for polymerization olefins, 
594 

Tin naphthenates, 1090 

Tin oxides, catalysts for oxidation of alcohols. 406 
—, catalysts for polymerization of mineral oils, 629 
—effect on polymerization of acetylene, 82 
Tin oxychloride, removal of gum from gasoline 
with, 903 

Tin phosphate, catalyst for hydration of ethylene. 
308 


—.oxidation catalyst, 833, 864 
Tin salts, action with acetylene, 667 
Tin soap, anticatalyst for oxidation of oils, 909 
Tin sulphides, adsorption of mercaptans, 445 
—, catalysts for diphenyl production, 189 
Tin tetrachloride, catalyst, chlorination of ben¬ 
zene. 758 

—, —, condensation of benzene with monochloro- 
acetone. 777 

—f *—» polymerization of olefin oxides, 547 
Tin vanadate, catalyst, formation of acetic acid, 
677, 933 

—, —, oxidation of alcohols, 869 
—, —, oxidation of nitrotoluene, 929 
Tinned iron, catalyst for polymerization of acety¬ 
lene,. 668 

Tinting power of Oarbon blacks, 212, 250, 254 
Tiunia, catalyst, hydrolysis of phenyl halides. 767 
Titanium, catalyst, hydration of olefins, 311 
—, —, ammonia-carbon monoxide reaction, 298 
—,—, in cracking,. 107, 113 
—. oxidation catalyst, 833, 942 
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Titanium chloride, catalyst, in crackinj;, 193 
—, —, oleon-organic chloride condensation, 569, 
570 

—, extraction of sulphur compounds from oils 
with, 461 

—, use in refining, 609 

Titanium compounds as catalysts, diphenyl prbduc* 
tion, 189 

—, for ethylene' absorption, 340 
Titanium dioxide as catalyst, olefins from chloro* 
compounds, 803 
—, oxidation of methane, 849 
Titanium halides, catalysts for cyclopentadiene 
polymerization, 623 

Titanium oxide, catalyst activator, 288 
—.catalysts, diolefins from paraffins, 157, 158 
—, —, methane-steam reaction, 292 
—, oxidation catalvst, 843, 864, 929 
Titanium salts, effect on oxidation of lignite par¬ 
affin, 949 

Titanium tetrachloride, reaction • with thioethers, 
450 

Toilet prmarations, use of isopropyl alcohol in, 
363, 365 

Toluene, amyltoluene from, 561 
—, anthraquinone from, *925 
—, as antidetonant, 964, 983 
—, bacterial oxidation of, 1004 
—, benzaldehyde from, 918, 919, 920, 921, 927, 
928, 930 

—.benzoic acid from. 918, 919, 921. 928. 929. 930 
—, bromination of, 777, 778 
—, by oxidation of petroleum, 842 

by pyrolysis of acetylene, 81, 82, 180. 668 
—, — n-butane-isobutane mixture, 57, 170, 174 
—butenes, 72, 73, 179, 180, 602 
—, — ethane-propane mixtures, 44, 170 
—, — gaseous paraffins. 175 
—, — petroleum distillates, 86, 162, 164, 165 
—.chlorination of. 755, 761, 764, 768-771, 773- 
776 

—.condensation with ethylene, 560 
—, — hexene, 1128 
—, — isubutylene. 567 
—, — isoprene, 652 
—, —propylene, 561, 564 
—, cresol from, 928 
—, cyclohexene derivative, 561 
—, cymenes from, 561 
—, decomposition in electric arc, 257 
—.effect on aniline point, 1137 
—, — pressure oxidation of paraffin wax, 942 
—, ethylated compounds of, 560 
—, from benzene, 199 
—, from p-ter.-butyl-toluene, 200 
—, from cumene, 88 
—, from p-cymene, 200 
—, from ethylene, 177 
—, from isoprene, 79 
—, from methane, 40, 166 
—, from methylcyclohexane, 85, 181 
—, from methylenecyclohexane, 85 
—, from 4-phenyI-l-butene, 89 
—, from propane, 170 
—, from propylene, 70, 71, 179 
—, from xylene, 88, 89, 200 
—, halogen derivatives of, oxidation of, 928, 929 
—, hot-wire ignition curves, 969 
—, p-hydrotoluoin from, 928 
—. in cracked gasoline, 118 
—, in cracked oil gas, 116 
—, in kerosene, 27 
—, in natural-gas gasoline. 18 
—, in straight-run gasoline, 22, 25, 26, 27, 914 
—, inflammability limits, 961 
—-, maleic acid from, 916 
—, p-nitrobcnzoic acid ' from, 929 
—.oxidation of, 35, 856, 915, 916. 918-921, 927. 
928 

—, oxidation with carbon dioxide, 930 
—.picric acid from, 929 
—, production from coal gas, 161 
—, production from coke-oven gas, 161 
—.pyrolysis of. ,88. 89 
—% reaction witn bleaching powder, 776 


Toluene, reaction with butadiene, 652 
—, — ter.-butyl hypochlorite, 774 
—, — 2,3-dimethylbutadien^ 653 
—, — hypochlorous acid, 775 
—, — isoprene, 204 
—, — lead ammonium chloride, 774 
—, — nitrogen pentoxide. 1044 
—, — phosphorus pentachloride, 771 
—, — sulphuryl chloride, 774. 775, 776 
—, refining by oxidation, 987 
—. separation of wax acids with, 954 
—, solubility of hydrogen sulphide in, 423 
—, solvent action of, 1116 
—, solvent in chlorohydrin formation, 493 
—, — olefin-phosgene condensation, 570 
—, sulphur dyes from, 431 
—, thermal stability of, 90 
—, p-toluenesolpbonic acid from, 928 
—, p-toluic acid from, 928 
—.trinitrotoluene from, 34, 161, 165 
—, xylenes from, 561 
—, p-xyloquinol from. 928 

Toluene fraction, Borneo petroleum, nitration of, 
'34 

—.cracked petroleum, production of TNT from, 
165 

Toluene homologueC, bromination of, 780 
—, chlorination of, 778, 779 
Toluene-nitrobenzene mixture, solvent action of, 
1116 

Toluene-p-sulphonic acid, from toluene, 928 
—, use in hydration of propylene. 314 
p-Tolualdeh^de, from •toluene, 928 
p-Toluic acid, from p-cymene, 926 
—, from toluene, 928 

Toluidine, purification of naphthenic acids with, 
1067 

—, solvent for diolefin separation. 160 
—, stabilization of gasoline with, 897, 898 
5-j£-Tolyl-l-chloropentane, 1057 
p-Tolylcyclopentane, 1057 
p-Tolyl ethyl ketone, 1056 
Tolylmethyl alcohol, from toluene, 928 
p-Tolyl methyl ketone, from p-cymene, 926 
o-Tolylnitromethane, 1046 
Toners, use with carbon blacks, 252 
Tonsil, catalyst, condensation of olefin oxides, 
with acids, 541 

—, —, condensation of olefins and carbazole, 573 
, —, condensation of olefins and phenols, 566 
—, use in decolorization of naphthenic acids, 1069 
Topped crudes, definition of, 93 
Tournante oil, substitute for, 937 
Toxicity of alcohols, 393, 394 

— ammonia. 709 

— carbon dioxide, 709 

— carbon tetrachloride, 706 

— chloromethanes, 710 

— diethylene glycol dinitrate. 527 

— ethylene chlorohydrin, 495 

— ethylene glycol, 514 

— fiuoromethanes, 709, 710 ' 

— glycol dinitrate, 517 

— isopropyl alcohol, 362, 363, 364 

— methanol, 786 

— methyl chloride. 709 

— refrigerants, 709 

— sulphonated oxidized hydrocarbons, 1001 
Transformer oils, evaluation of, 910-912 
—, formation of sludge, causes of, 910 
—. mechanism of oxidation of. 909 

—, oxidation of, 908-912, 987 
—, refining of, 908, 909, 910 
—, removal of sulphur from. 448 
—, stability tests, 910, 911 
—, use in polymerization of acetylene, 668 
Triacontane, oxidation of, 958 
—, separation from eicosane and tetracosane, 33 
Triallcyl borates, in Friedel-Crafts reaction. 1060 
Triamylenes, halogenation of, 1126 
Triazoethyl alcohol, 497 
Triazoethylene, from triazoethyl alcohol, 497 
Tribenzyl borate, 1060 

Tribromoacetone, from isopropyl alcohol. 374 ' 
1,2,4-Tribromobenzene. 768 
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Tribromobutahe, from methylcyclopropane, 746 
Tribromo compounds, from allyl bromides, 633 

2,4,6-Tribromo-l,3-dimethyl>S-ethylbenzene, 754 
Tribromoisobutane, 483 
Tribromopseudocumene, 754 
Tributenylamine, 656 

Tributyltoluene. from p^ter.-batyltoluene. 200 
Trichloroacetic acid, addition to amylene, 330 
—.use in hydration of olefins. 312 
Trichloroacetone, from isopropyl alcohol, 373 
1.2.4<Trichlorobenzene, 758. 760. 763. 764 

2.4.5- Trichlorobenzylidene dichloride. 774 
Trichlorobutane, 501 

Trichlorocyclohexanes. from cyclohexane, 748, 749 
—, pyrolysis of, 816, 817 
Trichlorocyclopentane, 648, 747 

1.1.1- Trichloroethane, from ethane, 472 

1.1.2- Trichloroethane, dichloroethylene from, 674, 
675 

—. from acetvlene, 680 
—, from ethylene dichloride, 475 
—, from vinyl chloride, 475. 680 
—, physical properties, 475, 476 
—, uses, 476 

Trichloroethanes, from ethane, 713 
—, from ethylene, 469 

Trichloroethylene, from tetrachloroethane. 673 
—, properties of, 674 
—, stability of, 673 
—, stabilization of, 456, 674 
—, uses of, 674, 1034 
Trichlorofluoromethane, 707, 709, 710 
Trichlorohexane, 736 ’’ 

Trichlorinated hard paraffin wax, 811 
Trichloromesitylene, 779 
Trichloro pentanes, 730 
Trichloropropanes, from cyclopropane, 745 
—, chlorination of, 717 

1.2.2- Trichloropropane. from propylene, 479 
l,2,3<Trichloropropane from propylene dichloride, 

799 

Trichlorotoluenes. 769-771. 774 

3.5.6- TrichIoro-l,2,4-triniethylbenzene, 779 
Trichloro-m-xylene, 779 

Tricresol, stabilization of gasoline with, 897 
Tricyclic ninnocarboxylic acids, in petroleum, 1073 
Tricyclopentadiene, 621, 622 
Tridecanaphthene, chlorinated products of, 753 
Tridecylsulphonic acid, properties, 1011 
Triethanolamine, absorption of hydrogen sulphide, 
425 

—, condensation with olefin oxides, 522 
—, detergents from, 1023, 1024 
—, hydroxyethyl ethers of, 642 
—, production of, 129, 541, 551. 552 
—, properties. 552 
—.uses, 1026, 1088 
Triethanolamine soaps. 554 

Triethylamine, from ethyl chloride-ammonia re¬ 
action, ' 806 

—, effect on oxidation of olefins, 881 
—, reaction with nitrogen pentoxide. 1044 
Triethylbenzene, production, 560, 561 
Triethylcarbinol, 385, 386 
Triethylmethane, nitration of, 1044 
Triethylene glycol. 512, 527. 528. 529, 537 
Tricthylphosphine, catalyst, polymerization of 
olefin oxides, 547 

Triisobutylene, from isobutylene. 77, 378, 600 
—. constitution of, 884 
—, properties, 601 
Triisopropvlbenzene, 561 
Triisopropylphenol. 566 
Trimellitic anhydride from lignin, 949 
Trimethylacetic acid, from diisobutylene ozonide, 
884 

Trimethylacetaldehyde, from diisobutylene ozonide, 
884 

Trimethylallene. polymerization of, 615 

1.1.2- Trimethylallyl alcohol, 646 
Trimethylamine, catalyst, polymerization of olefin 

oxides. 547 

Trimethylhenzene, 1128 

Trimethylbtttadiene, reaction with maleic acid and 
anhydride, 660 


2.2.3- Trimcthylbutane, from isobutene, 266 
Trimethylcarbinol, see ter. Butyl alcohol 

1.2.4- TrimethylcycIohexane, chlorination of, 751, 
752 753 

—, in’ straight-run gasoline, 25 
—, nitration of, 1049 
—.tribromopseudocumene from, 754 

3.3.4- TrimethyIcyclopentanone-l, 1080, 1081 

1.1.2- Trimethyl-2-cyclopentcnc, 568 

3.3.4- TrimethylcyclopentyIacetic acid, 1081 

1.2.3- Trimethylcyclopropane, 198 
Trimethylene, see Cyclopropane 
Trimcthylene sulphide, chemical reactions of, 453 
Trimethylethylene, absorption in sulphuric acid, 

381, 382. 389 
—.analysis of, 1127 
—. bromination of, 465, 1129 
—, chlorination of, 483, 484 
—, chlorohydrins from, 502 
—, condensation with acetyl chloride. 568 
—, — aniline. 572 
—, — isoprene, 657 
—^.critical solution temperature, 1136 
—, demethanation of. 75 
—, from amyl alcohols, 635 
—, from amylene, 881 
—, from dianiylene. 604 
—, from 1,1-dimethylcyclopropaiie. 83, 746 
—, from isoamyl chloride, 803 
—.from isopentane, 155 
—, from isopropylcthylene, 381, 590 
—, from rubber, 154 
—.from turpentine, 154 
—, hydration of, 403 

—. intermediate, methylisopropylcarbinol-hydrogen 
halide reaction. 402 
—.isoprene from, 155 

—, mutual polymerization with isoprene. 624 
—, oxidation of, 880. 889, 893 
—. polymerization of, 382. 602, 603, 604, 605, 
606, 1127 

—, pyrolysis of, 74, 75, 603 
—, reaction with acetic acid. 331 
—, —aniline cobaltohalides. 572 
—. — hydrogen bromide. 300. 321 
—, — hypochlorous acid. 502 
—, — mineral acids. 325 
—, — nitrogen trichloride, 578 
—, — nitrosyl chloride. 579 
—, thermal stability of, 74, 603 
—. trimethylethylene glycol from, 505 
Trimethylethylene chlorohydrin. 502, 503 
Trimethylethylene dichloride, 484. 485 
Trimethylethylene glycol, from trimethylethylene, 
505 

—. methyl isopropyl ketone from, 531 
Trimethylethylene nitrosochloride, 580 
Trimethylethylene oxide, isomerization of. 419, 546 
—, condensation with hydrocarbons, 1059 
Triniethylethylmcthane. in natural-gas ga.soHnc, 17 
—, nitration of. 1043. 1051 
Trimcthylnaphthalene, from kerosene. 27 
2 2,4-Trimethylpentane, knock rating, 985 
—. oxidation of, 855 

2.4.4- Trimethyl-l-pentene, presence in diisobutyl- 
ene, 601. 602, 884 

2.2.4- Trimethyl-2-pentene, pre.scnce in diisobutyl¬ 
ene. 601, 602, 884 

—. oxidation of, 880 

Trimethvlpropylmethane. nitration of, 1043 

2,4.6-Trimethylpyridinc, 827 

2.3.8- Trimethylquinolinc, action of bromine on, 
824 

—, isolation of, 822 

2.4.8- TrimethylquinoIinr. isolation of, 826 
Trinitromethvlbutane, 1042 
Trinitro-ter.-butyltoluene. 400 

Trinit romethylpentane. 1043. 1045 
Trinitrotoluene, 161, 165, 430, 832, 1053 
Trinitro-m-xylene, 430 
Trional. 812 

Trioxymethylene, formation of methylal of glycol, 
512 

—. reaction with olefins, 586-587 
—, purification of phthalic anhydride, 924 
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Trioxyterpan, from a-pinepe, 890 
Triphenylcarblnol, stabilization of gasoline with, 
898 

Triphenylethylene, reaction with nitrogen trichlo* 
ride, S79 

Triphenylethylene glycol, 534 
Triphenylethylene oxide. 534 
Triplienylmethane, anthraquinone from. 924 
carboxylation of, 930 

Triphenylnicthyl chloride, reaction with phenol, 
810 

Triphenyl phosphate, stabilization of gasoline with, 
898 

Trisulphides, organic, 450 
Tube and tank process of cracking, 109 
Tumenolsulphones, 1037 
Tumenolsulphonic acids, 1037, 1038 
Tungstates, catalysts, diphenyl production, 189 
—, oxidation catalysts, 834 
Tungsten, catalyst, ammonia-carljon niopoxide re* 
action. 298 

—,—.hydration of olefins, 307.‘314 
—. —. pyrolysis of hydrocarbons, 40, 134. 136, 
146, 150, 166, 182 
—, effect of, in cracking. 106 
—, oxid.'itiun catalyst, 833, 929 
Tungsten alloys, catalysts, methane-steam reac¬ 
tion, 291 

Tungsten compounds, as catalysts, acetylene-amine 
reaction, 684 

hydration of acetylene, 677 
Tungsten electrodes. 261 

Tungsten heating element, pyrolysis of methane, 
148 

Ttingstic acid, catalyst for ethylene absorption, 
334 

Tungsten oxide, catalyst, alcohol-hydrogen reac¬ 
tion, 345 

—, —, condensation of phenols and olefins. 567 
—. hvdration of olefins, 307, 310, 311, 314, 
315 

—. —, hydrolysis of phenyl halides, 767 
—, —, isomerization of olefin oxides. 547 
——, oxidation of alcohols. 869, 870 
—I—.pyrolysis of hydrocarbons, 157, 158, 182 
—, oxidation catalysts, 406, 833, 843. 864, 883, 
914. 915. 921. 925 
Tung oil, use in varnishes. 1030 
Turbine oils, oxidation of, 912-913 
Turbulence, effect during electric decomposition, 
261 

■—, effect in pyrolysis of hydrocarbons, 130 
—, effect on speed of combustion, 981 
Turkey-red oils. 341, 627, 628, 629. 1019 
Turner Valley, natural gases from, 14 
Turpentine, action of aluminum chloride on, 195, 


1050 

—, cymcnc from, 891 

—, effect on oxidation of hydrocarbons, 936, 957, 
958. 960 

—, hydrogen from, 209 

—, hydrogenated, silent electric discharge, 264 

—, isoprene from, 154, 635 

—, oxidation of, 889, 890, 891 

—, polymerization of, 264, 598 

—, presence of peroxides in, 439 

—.pyrolysis of, 154, 209, 635 

—, trimethylethylene from, 154 

—.uses. 614. 1030 . . 

Turpentine peroxides, catalysts for polymerization. 


630 

—, decolorization of indigo by, 889 
Turpentine substitute, from olefins and ozone. 844 
Turpentine wax. oxidation of. 957 
Tustanowic petroleum, cyclohexanes in, 25 
Twitchell reagents, 1025 


U 

Ultraviolet light, action on cracking gas, 188 
—, — hydrocarbons, 272, 274 
—, chlorination of hydrocarbons in, 693, 694, 699, 
714. 727, 728, 729, 739 
desulphurization of petroleum hydrocarbons, 
461 


Ultraviofet light, effect In sweetening, 443, 444 
—, nitrosyl chloride reactions. 1055 
—.olefins polymerized by, 589, 611, 625, 626 
—, oxidation of hydrocarbons in. 837, 940, 948 
—, use in carbon black production, 238 
Union Colorimrter, J148 
Unsaturated acids, addition of sulphites, 574 
—, electrolysis to acetylene, 663 
—, from hydroxy fatty acids, 939 
Llnsaturated alcohols, from chlorinated hydro¬ 
carbons, 805 

—, from cyclic olefins, 587 
Unsaturated hydrocarbons, absorption of, 1095, 
1122, 1143 

—, action of sulphuric acid on, 804, 1005 
—. by acetylene pyrolysis; 82, 180 
—, by butane pyrolysis. 171, 173, 174 
—, bjs ethane-propane pyrolysis. 170 
—, by ethane pyrolysis, 46. I7l, 173 
—, by ethylene pyrolysis, 67. 68, 177, 178 
—, by gas-oil pyrolysis, 125, 132 
—, by heptane-octane pyrolysis, 61 
—, by n-heptane pyrolysis, 62 
—^1 by hexadecane pyrolysis, 62, 63 
—, by hexadecene pyrolysis, 76 
—, by hexane pyrolysis, 59, 60, 61 
—, by isobutylene pyrolysis, 73 
—by methane-propane-butane pyrolysis, 173 
—, by methane pyrolysis, 120, 121, 136, 166, 168, 
169, 171 

—, by naphthene pyrolysis, 86 

—, by n-octane pyrolysis, 62 

—, by oxidation of ii-hexane, 868 

—, — methane, 864 

—, — propane, 8.“^2 

—, by pentane pyrolysis, 171 

—, by propane-butane pyrolysis, 170 

—, by propane pyrolysis. 50. 171, 173 

—, by propvlene pyrolysis, 71 

—.by pyrolysis of paraffins, 135 

—, — petroleum, 131 

—, cyclicization of, 176, 188 

—, effect in halogenation, 720 

—.estimation of, 1094. 1111, 1116, 1118, 1142 

—, fractionation of, 139 

—, from acetone, 410 

—, from chlorinated paraffins, 818, 931 

—, from coal gas, 333 

—, from dccanaphthalene by silent discharge, 
270 

—, from methane by electric arc, 256 
—, from methane-carbon dioxide reaction. 283 
—.from oil gas, polymerization of, 116 
—, from oils by electric arc, 259, 262 
—, from olefins by aluminum chloride, 195 
—.gaseous, special methods of amilysis of, 1122- 
1124 

—. halogenation of, 464, 686 
—, hydrogen chloride addition to, 330 
—, in carbon blacks, 248 
—, in cracked gasoline, 116 
—. in lubricating fractions, 30 
—.in petroleum. 11, 12, 36 
—, in reformed butane, 292 
—.oxidation of, 831, 838, 1143 
—, oxidation with steam, 838 
—, peroxides from, 899 

—, polymerized by aluminum chloride, 190, 202 

—, — q-radiation, 273 

—, polymerized during cracking, 104 

—, pyrol;|rsis of, 188 

—, reaction with ammonia, 429 

—, — formaldehyde, 586, 587 

—, — iodine nionochloride, 574 

—, — mercuric acetate, 574 

—, — mercuric sulphate, 368 

—, — sulphur, 429 

—, — sulphur chloride, 574, 1038 

—, reduction to saturated hydrocarbons, 289, 290 

—, removal with fuming sulphuric acid, 933 

—, — selenium oxychloride, 577 

—; — sulphur dioxide, 933 

—.separation from petroleum, 1144, 1145 

—, thermal stability, 65, 90, 95, 96, 588 

—, see also Olefins 
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Unsaturated ketones, condensation products from, 
585 

—, from monovinylacetylene, 669 
Unsaturated nitriles, condensation products from, 
585 

Unsaturated oils, as lubricants, 845, 906 
—, polymerised by aluminum chloride. 203 
Unsaturated residues^ formation of, 299 
Unsaturation, determination of, with iodine mono¬ 
chloride, 586 

Undecanaphthene, by pyrolysis of amylene, 78 
—, chlorination of, 752, 753 
—, unsaturated, from monochlorides, 752 
Undecanaphthenic acid, ethyl ester of, 1083 
—, from naphthenic acids, 1071, 1073 
Undecanaphthenol, formation of, 1083 
Undecane, by pyrolysis of wax, 60 
—, chlorination of, 737, 738 
—, nitration of, 1045 
—, nonanoic acid from, 946 
—, reaction with nitrogen dioxide, 946 
Undecanylic aldehyde, formation of. 657 
Undecylbenzene, production of, 562 
Undecylsulphonic acid, properties, 1011 
Unyte, 860 

Uranic acid, catalyst, ethylene absorption in sul¬ 
phuric acid, 33,4 

Uranium, chlorination catalyst, 759 
—, oxidation catalyst, 833, 836 
Uranium chloride, chlorination catalyst, 759 
Uranium oxide, catrlyst activator, 223, 288, 345 
—, catalyst, ethylene absorption in sulphuric acid, 
338 

—, —for aromatization, 182 
—, —, production of acetone, 407 
—, —, synthesis of higher alcohols, 345 
—.oxidation catalyst, 232, 864, 869, 870, 914, 
915, 917, 925, 929, 992 
—.oxidation of hydrogen sulphide by, 425 
-O’, pyrolysis catalyst, 135, 146, ISO, 157, 158 
Uranium phosphate, catalyst, hydration of olefins, 
309 

Uranyl chloride, cracking catalyst, 202 
Uranyl molybdate, oxidation catalyst, 938 
Uranyl oxalate, catalyst, hydration of olefins, 309 
Uranyl sulphate, catalyst, ethylene absorption in 
suphurie acid, 334, 1118 
Uranyl tungstate oxidation catalyst, 1001 
Urea, catalyst, for polymerization ot diolefins, 619 
—, condensation with formaldehyde, 860 
—, — unsaturated ketones, nitriles, etc., 585 
—, oxidation inhibitor, 909, 984 
Urea-formaldehyde resins, solvent for; 524 
Urotropin, 860 
Uviol lamp, 758 

V 


Valency distribution, co^'ugated systems, 641 
Valeric acid, from paraffin wax, 944 
—, from triacontane. 958 
Valeronitrile, from butyl bromide, 810 
Vanadates, catalysts, dehydrogenation of alcohols, 
405 

—, —, for diphenyl production. 189 

—. —, oxidation of alcohols, 406, 989 

—,—, — hydrocarbons, 915, 922 

Vanadic acid, catalyst, ethylene absorption, 334, 


1118 

—, —, oxidation of toluene, 930 
Vanadium, catalyst, for hydrocarbon pyrolysis, 
134, 224 

—,—, for methane-carbon monoxide reaction, . 932 
—, —, in submerged combustion, 1000 
—I—.pyrolysis methane, 150 ' 

—,—, pyrolysis paraffin, 158 
—hydration of ethylene. 307 
—,—propylene, 307, 314 
—, in petroleum ash, 31 

, oxidation catalyst, 833, 836, 838 
Vanadium alloys, catolysts, methane-steam reac¬ 
tion, 291 . „ 

Vanadium compounds, catalysts, for nitriles, 684 
—, —. oxidation of paraffin wax, 944 
Vanadium oicide, catalyst dictivator, 223 ^ 

catalyst, ethylene absorption in sulphuric acid, 

338 


Vanadium oxide, catalyst, for aromatization, 
182 

—, fot oxidation, 834, 836, 837, 840, 924-926, 
992 

—, —, for oxidizing wax, 1001 
—,—, for production of ketones, 411 
—, —, for removing soap odors. 938 
—, —, methane-steam reaction, 289, 290 
—, —, oxidation of acenaphthene, 929 
—, —, — alcohols, 406, 868-870 

—hydrocarbons, 914-917, 919, 921, 922 
—, —, — methane, 847, 848, 864 
—, —, ^— tetraalkylmethanes, 856 
—, ethylene-glycol decomposition, 513 
—.evaluation of transformer oils, 911 
—, promoter, oxidation of methane. 848 
Vanadium salts, benzene oxidation, 927 
—, oxidation of lignite paraffin, 949 
Vanadium tetrachloride, catalyst, 758 
Vanadium trichloride, catalyst, 322 
Vapon, 362 

Vapor-phase chlorination, of ethane, 713 
—, of paraffins, 719 
—, of pentane, 723 
—, of toluene. 772 

Vapor-phase conversion, of ethylene chlorohydrin 
to oxide, 536 

Vapor-phase cracking, definition of, 92 
—.petroleum distillates, 130,. 132, 133, 134 
Vapor-phase hydrolysis, ethylene chlorohydrin, 509 
Vapor-phase oxidation, factors affecting, 834 
—of hydrocarbons, 835-838 
—, of isopropyl alcohol, 406 
—, of petroleum distillates, 830, 931, 937, 938 
Varnishes, drying oils for, 613 
—, from acid sludge. 1030 
—, manufacture, 541 
—, methanol as solvent for, 785 
—, tetrachloroethane as solvent for, 673 
—, use of carbon black, 252 
—, — isopropyl alcohol, 366 
—, — metallic salts, 995 
—, — oxidized petroleum in, 995, 996 
Varnish gums, oxygenated solvents for, 992 
Varnish materials, from mineral-oil distillates, 741 
Vaseline, composition of, 29 
Vaseline oil, cracking of^ 100 
Vaux natural gas, chlorination, 692- 
Vegetable oils, hydrolyzed with isopropylated aro¬ 
matics, 375 
—, latex from, 629 

—, solubility in isopropyl alcohol. 365 
—,—isopropyl ether, 370 
Velocity of coke-formation, 101 
Velocity of cracking, 96, 100, 101 
—.effect of charging stock, 101, 108 
—, — pressure, 104 

Velocity of polymerization, effect of temperature, 
98 


Velocity coefficients, bromination olefins. 465, 466 
Velocity constants, polymerization of dienes, 617 
Verbenone. from a-pinene, 891 
Veronal, 364 

Victoria green, made oil-soluble, 1029 
Vinyl acetate, 681-682 
—, catalysts for, 681 
—, chlorination of, 682 
—, ethylidene diacetate from, 682 
—, polymerization, 588, 681 
—, reaction with monomethylamine, 656 
—, resinous materials from, 679, 681 
Vinylacetylenc, drying oils from, 670 
—, from amylene-hydrogen, 266 
—, polymerization catalysts for, 670 
—, polymerized. 273, 670 

—, reaction with hydrochloric acid, 638 > 

—, — mercuric salts. 685. 

Vinylbenzene, zee Styrene 
Vinyl bromide, 477, 478, 635, 680 
—, polymerization of. 627 
Vinyl chloride, chlorine addition, 475, 680 
—, from acetvlene, 680 
—, from ethylene dtchloride, 473, 680, 816 
—, reaction with aluminum chloride, 680 
—, — hydrogen chloride, 680 
—.resinous materials from, 679 
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\’inyl chloride, lodium aoetate from, 678 
Vinyl chloroacetate, 679 
Vinyl compoundi, l,3*butadiene from, 680 
—, from acetylene, 667 
Vinyl cyanide, from acetylene, 684 
Vinylcyclohexenes, from Wadiene, 629 
Vinyl esteri, halofenation of, 682 
—, polymerization of, 679 
—, production of, 681 
—, resinous polymers from, 679 
Vinyl ethers, 679, 682 
Vinyl group, effect on polymerization, 627 
Vinyl halides, catalysts for, 680 
—, intermediate in dehalogenation of ethylene 
dihalides, 663 
polymerization, 592 
—, production of, 679^ 680 
Vinyl ketones, production, 599, 570 
Vinylnapthalene, 147 
Vinyl phenyl ether, 682 
5-VinyIpyrazoline, preparation, 652 
V'inylsulphuric acid, from acetylene, 679 
Virdine, from hydrocarbon pyrolysis, 226 
Viscosity, effect on condensation of olefins. 565 
—, index of, 1152 
—, of hydrocarbons, 30 
—, of petroleum oils, 1152-1153 
voltelized oils, 271 
Viscosity units, 1152 
Volatile matter, carbon black, 244, 246 
V’oltolization, 255, 270, 271 
Voltolized Otis, 270, 271 
Voltols, 270, 271 
Vulcanization, of rubber, 627, 628 
Vulcanization accelerator, compounds of diolefins, 
656 

—, use of isopropyl xanthate, 394 
W 


Waste acid, cracking of, 456 
Waste oils, sulphonation of, 1017 
Water, addition to acetylene, 666 
—, carbon removal by, 219 
—, catalyst, chlorination of aromatics, 760, 773 
——, formation of ethylene oxide, 541 
—, diluent in pyrolysis of olefins, 223 
—.effect on cracking by aluminum chloride, 192 
—, — ethylene bromination, 465, 477 , 

—, — flame propagation, 977 
—, — hydrogen chloride addition to olefins, 330 
—, — methane chlorination, 693, 694, 698, 700 
—, — natural gas chlorination, 691 
—, — pyrolysis of oils and tars, 133 
—, for washing carbon, 224, 228. 229 
—, impurities in gases removed by, 209 
—, promoter of nuclear chlorination of aromatics, 
756, 771 

—, reaction with hydrocarbons, 276-281 
—, — olefin oxides, 537, 558 
—, — ozonides, 882, 883 
—, removal from carbon black, 219 
—, removal of s[um in gasolines by, 903 
—, use in cracking, 212 
—, used in diolefin polymerization, 629 
Water content, of carbon black, 246 
Water formation, combustion of fuels, 978, 979, 
981 


Water gas, carbureted, manufacture of, 37 
—, diluent in ethane oxidation. 872 
—, from hydrocarbons, 216 
—, generators for, 208, 216 
—, hydrogen from, 230 
—, use in hydrocarbon pyrolysis, 209 
Water-gas equilibrium, 283, 284 
Water gas-ethylene, ethyl chloride from, 322 
Water gas-olenns, pyrolysis of, 187 
Water-gas reaction, 283, 286 
Waterproofing ingredients, from acid sludite, 1031 
Water spray, use in carbon black production, 239 
Water vapor, effect on acetylene polymerization. 


82 


—, — adsorption of olefins, 143 
Water-vapor content, natural gas, 236 
Wax, cradcing of, 104 

oxidation of, 830, 943, 960, 993 


Wax, oxidation of, effect of pressure, 960 
—t oxidizing agents for, 960 
—, paraffin, composition of, 29 
—, —, in lubricating oils, 29 
—, —, mechanism of pyrolysis, 60 
—, —, production of, 29 
—, —, pyrolysis of, 60, 63 
—.solvents for, 614, 674, 948 
Wax acids, by electrolytic oxidation of wax, 
960 

—, constitution of, 959 
—, definition of, 941 

—, esterification with ethylene glycol, 944 
—t esters of hydroxyalkyl ethers, 995 
—, from Grozny paraffin, 941 
—, from lignite, 948, 949 ■ 

—, from montan wax, 948 
from ozokerite, 948 
—, from paraffin wax, 931 
—, identification of, 943, 945, 960 
—, liberation of. from soaps, 941, 942 
—, methods of decolorization, 952, 955, 956 
—, processes for separation, 941, 942, 944, 946, 
947, 950, 953, 954, 955 
soaps from, 941, 942, 960, 994 
—, solubility of, 949 
—.synthetic fats from, 960 
—, synthetic waxes from, 998 
Wax alcohols, from oxidized wax, 943 
—, synthetic waxes from, 998 
Wax distillates, oxidation of, 992 
Wax^like substances, by oxidation processes, 997 
Waxes, bpr oxidation processes, 837, 997 
—, emulsification of, 1025, 1026 
—, hydroljrzed with isopropylated aromatics, 375 
—, solubility in isopropyl ether, 370 
—, synthesis from oxidation products, 998 
Welding, gas mixture used in, 216 
Wetting agents, ter.-butylbenzene sulphonic acid, 
400 

—, by sulphonation, 1019 
—, di-ethers of diethylene glycol, 528 
, effect of acid anhydrides on, 1024 
—, — aliphatic chlorides on, 1024 
—, esters of monoalkyl ethers and sulphonated 
acids, 525 

—, from chlorinated petroleum, 808 
—, from dichlorodiethyl ether, 498 
—, from ethylene chlorohydrin, 498 
—, from glycol and chlorinated petroleum, 817 
—, from mineral oils, 1022, 1024 
—, from naphthenic acids, 1086 
—, from petroleum sulphonic acids, 1022, 2023, 
1024 

—, from sulphonated leather waste, 1024 
—, from sulphonated polymerization products, 1024 
—, isopropylated aromatics, 374 
—, mono-ethers of diethylene glycol, 528 
—.production of, 539, 543, 553, 559, 563, 564, 
565, 817 

—, sulphonated oxidized hydrocarbons, 1000, 1001, 
1002 

—, sulphonation of isopropyl alcohol, 372 
—.textile, 1028 

White flame arc, natural gas chlorination, 694, 
695 

White oil, insecticides from, 1020 
—, oxidation of, 859 
—.production of, 1012, 1013, 1020 
—, refining of, 1016, 1017, 1018 
—.sulphonated, 1002 

—, sulphonic acids, emulsifying agents, 1025 
Witch-hazel extract, isopropyl alcohol in, 365 
Wood, destructive distiflation of, 415 
—.oxidized, 1004 
Wood fillers, 548 

Wood flour, adsorption of sulphonic acids, 1014 
Wood preservatives, by oxidization of oils, 
1002 

—. from acid oils, 1031 
Wood’s metal, evaluation of oils with, 911 
Wood stains, use of isopropyl alcohol in. 366 
Wood-tar distillate, resin formation with cracked 
distillates. 998 

Wood tar, gasoline stabilization with, 898 
—, oxidation of, 839 



Xanthation 


SUBJECT INDEX 


\m 


X 

Xanthation, of alkali*cellulose. 742 
Xylene, W'acetylstyrene*p>carboxylic acid from. 928 
—, action oi aluminum chloride .on, ^0 
—, antiknock qualities, 964 
—, bacterial oxidation, 1004 
—, benzene from, 200 
—, butylxylene from, 561 
—, by butane pyrolysis, 174 
—, by cumene pyrolysis, 88 
—.by isobutene pyrolysis, 73, 179, 180 
—, by methane pyrolysis, 40, 166 
—, by oxidation of petroleum, 842 
—, by pyrolysis of n-butane-isobutanc mixture. 57 
—, — petroleum, 86, 162, 165 
—, chlorination of, 779 
—.condensation with olefins. 1128 
—, — styrene, 563 
—, — toluene, 1128 
—, cyclohexene derivative of. 561 
—.effect on aniline point. 1137 
—, — paraffin wax oxidation, 942 
—, ethylation of, 560 
—, from Bustenari petroleum, 1035 
—, from p-cymene, 200 
—, from gasoline, 914 
—, from hexahydroxylene, 85, 181 
—, from hydrocarbon oils, 608 
—, from octanaphthene, 629, 1061 
—, from toluene and propylene, 561 
—, oxidation of, 915, 922, 928 
—, phthalic acid from. 922 
—, pyrolysis of, 88, 89 

—, reaction with acetylene tetrachloride, 674 
—, — ethylene, 560 
—, — isoprene, 204 
—, — phosphorus peptachloride, 780 
—, resins from. 204 
—, terephthalic acid from, 928 
—, tolualdehyde from, 928 
—, toluene from, 200 
m-Xylene, by acetylene pyrolysis, 81, 180 
—, by butene polymerization, 602 
—, by butene pyrolysis, 72, 180 
—, by propylene pyrolysis, 71, 179 
—. chlorination oi, 780 
—, from 1,3'dimetnylcyclohcxane, 1010 
—. from kerosene, 27 
—, from octanaphthene, 430 
—, in natural gas gasoline, 18 
—, in straight-run gasoline, 25, 26, 27 
—, photochlorination, 779 
—, reaction with sulphur, 430 
—, — sulphuryl chloride, 780 
—, resins from, 204 
o-Xylene, by acetylene pyrolysis, 81. 180 
—, chlorination of, 780 
—, dimercaptan. 432 
—, in straight-run gasoline, 25. 27 
—, resins from, 204 
—, side-chain nitration, 1046 
—. thermal stability of. 90 
p-Xylene, by acetylene pyrolysis, 81, 82, 180 
—, chlorination of, 780 
—, from kerosene, 27 
—, in straight-run gasoline, 25. 26, 27 
—, reaction with lead ammonium chloride, 780 
—, resins from. 204 
p-Xylenol. from toluene, 928 
—, from xylene, 928 
Xylenol-sulphur chloride resins, 450 
Xylidine, gasoline stabilization with. 898 
Xylol, intermediate fractions of. 353 
p-Ayloquinone, from toluene, 928 
Xylyl chlorides, preparation of, 779, 789 
Xylylene dichloride, preparation of, 779. 780 
X-rays, effect on oxidation of mcrcaptans. 444 
—, refining hydrocarbons, 274 

Y 

Yeilow oils, suipbonation of, 1019 
Yields, of carbon black, factors affecting, 239 
Yperite. 576 


Z 

Zeolite catalysts, oxidation of anthracene, 924 
—. — hydrocarbons, 915, 921, 922 
—• pyrolysis of paraffins, 135 
Zinc, aromatizatiun catalyst, olefins-acetylene, 187 
—, catalyst, acetylene dichloride by. 674 
—, —, condensation of olefins with aromatics, 565 
—. —. hydrocarbon pyrolysis, 136 
—,—, in cracking. 113 

—, —, methane-carbon monoxide reaction, 932 
—, —, olefins-acetylene pyrolysis, 187 
—, —, oxidation of benzene, 930 
—, —, — methane, 863 
—, —, — petrolatum oil, 934 
—, —, — transformer oils, "909 
—, —, polymerization of olefins, 610 
—, —, production of acetone, 407 
—, —, pyrolysis of propane, 50, 128 
—, conversion of halogenated hydrocarbons to 
acetylene. 663 

—, dehydrogenation catalyst, 87. 349 
—, distillation of butadiene, 641 
—, effect on catalytic action of aluminum chloride, 
202 

—. — ignition temperatures. 967 
—. — oxidation of paraffin oil, 934 
—, — oxidation of petroleum, 905 
—. in hydrocarbon-sulphur reaction. 429 
—, oxidation of hydrocarbons to alcohols, 990 
—, purification of diolefins, 643 
—, reaction with cuprene. 671 
—, — vinyl compounds, 680 
—.reduction of alkyl disulphides, 1152 
—. — wax acids, 956 
—, removal of gum by, 902 
—. treatment of nitrogen bases with. 820 
Zinc acetate, absorption of hydrogen sulphide by, 
1151 

—, action on mercaptans. 447 
—, vinyl esters by, 681 
Zinc acetophenone, as antidetonant, 983 
Zinc acetylacetonate, 936, 983 
Zinc borate, oxidation catalyst. 833 
Zinc carbonate, catalyst, hydrogen-carbon monox¬ 
ide. 232. 

Zinc chloride, action on nitrogen bases. 821 
—. catalyst, acetic acid formation, 677 
—,—.acrylic acid production. 571 
—, —, addition hydrogen chloride to cracked gaso¬ 
line, 330 

—. —, addition of hydrogen chloride to pentenes, 
398 

—. —, bromination of cyclopropane, 746 
—, —, condensation of olefins and organic chlo¬ 
rides, 568 

—. —, — olefins and phenols, 567 

—,—.decomposition of jicetone. 410 

—,—.ethyl mercaptan production, 811 

—,—.formation of alkyl chlorides. 371 

—.—.hydration of olefins, 307, 312. 876 

—,—, in cracking, 193, 202 

—, —. ketones, 419 

—, —, methane chlorination. 690 

—, —, natural gas chlorination. 691 

—, —, oxidation of paraffin hydrocarbons. 872 

—, —, polymerization of amylene, 330 

—, —, — ethylene, 67. 593 

—, —, — olefin oxides, 547 

—, —. — olcfiita. 589. 597 

—, —, — trimcthylethylene. 603 

—, —, production of acetone, 408 

—. —. pyrolysis of acetylene, 668 

—t —. pyridine bases, 683 

—, —, vapor-phase hydration of acetylene, 677 

—.condensation of ketones with olefins. 574 

—, — phenols with alcohols. 399 

—, dehydration of alcohols, 393 

—, — ethylene glycol. 533 

—, effect on ethylene. 195 

—.esterification ot alcohols, 392 

—, extraction of sulphur compounds. 460 

—.polymerization of olefins. 195, 197 

—, production of mesityl oxide, 409 

—.promoter, production of ketones. 411 
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Zinc chloride, purification of phthalic anhydride, 
924 

—, removal of Rum from Rasoline. 903 
Zinc chromate, methane-steam reaction. 276 
—, oxidation of acetylene, 886 
—, — methane to formaldehyde, 864 
Zinc compounds, catalysts, nitriles. 684 
Zinc-copper, catalyst, for oxidation of alcohols to 
aldehydes. 869-870 
Zinc-copper couple, 1121 

—. conversion of balogenated hydrocarbons to 
acetylene. 663 

—.decomposition of bromides by, 1144 
—, olefin dibromide debromination, 478 
—, reduction of tetrabromides by, 640 
Zinc diethyl, tetraethyl lead production. 813 
Zinc dust, cauoprene bromides reaction, 627 
—, reaction with 2,3-dibromo-l-propene. 632 
Zinc ethyl mercaptan, 449 
Zinc ethylsulphate, 449 

Zinc halide, catalyst, polymerization olefins, 594 
Zinc hydroxide, catalyst, hydrogen-carbon monox¬ 
ide. 232 

—. —, oxidation of alkylbenzenes. 926 
—, extraction of sulphur compounds, 460 
Zinc manganate. catalyst, oxidation of toluene. 
919 

Zinc molybdate, catalyst, oxidation of acetylene, 
886 

Zinc naphthenate. 935, 1089, 1090 
Zinc nitrate, catalyst for natural gas chlorination. 
691 

Zinc oxide, activator for catalysts, 223. 281. 288 
—. catalywSt. acetic acid. 677 
—, —, air-oxidation of alcohols. 396 
—, —, for acetone, 677 
—, —, for butadiene, 635 
—, —. in cracking, 106 
—. —, ketones. 416, 419 
—. —, methane-steam reaction, 276 
—. —, oxidation of acetaldehyde. 870 
.—, — alcohols, 406. 869 
—.—. — sec.-butyl alcohol. 415 
—. —, — hydrocarbons. 922 
—. —. — methane, 848. 849 
—,—.production of ketones. 407, 408. 411 
—. —. pyridine bases, 684 
—, —, pyrolysis of paraffins. 135 
—. —. reduction naphthenic acids. 1084 
—, chlorohydrin formation, 493 
—, condensation of ketones with olefins. 574 
—, effect in pyrolysis of ethylene, 67 
—. hydration of ethylene. 307 


Zinc oxide, hydrolysis of amyl chloride, 793 
—.ethanol-forming catalyst. 989 
—, oxidation catalyst. 406. 840 
—, oxidation of anthracene, 925 
—, preparation of aliphatic diamines. 818 
—, reaction on methane, 849 
—, reduction of. by ethylene. 67 

vapor-phase hydration of acetylene, 676 
Zinc oxychloride, removal of gum from gasoline, 
903 

Zinc phosphate, hydration of ethylene, 308 
—, oxidation catalyst, 833 
Zinc salts, action with acetylene, 667 
—, of naphthenic acids. 1083 
—, of oxidized paraffin, 995 
—, preparation of aliphatic diamines. 818 
Zinc spap. anticatalyst for oxidation, 909 
Zinc stearate, catalyst for oxidation. 934, 945, 
947 

Zinc sulphate, catalyst, ammonia-olefin reaction. 
571 

—, —. hydrolysis of ethyl chloride. 787 
- hydration, of olefins, 310, 315, 318 
—, removal of hydrogen sulphide. 423 
Zinc sulphide. cat.ilyst, diphenyl production. 189 
—, 7 ~, oxidation of mercaptans. 441 
—. iodometric determination of. 1151 
Ziinc suipbonates, prevention of emulsions with. 
1027 

Zinc vanadate as catalyst, oxidation of acetylene. 
886 

—, — hydrocarbons, 917 

Zinc vapor, catalyst, methane chlorination. 699 
Zincates, diphenyl production, 189 
Zirconia, activator, methane-steam reaction, 280 
—. catalyst, hydration reactions, 303 
—, —, hydrolysis of phenyl chloride. 767 
—, —, oxidation of alcohols. 406 
—, hydration of propylene, 314 
Zirconium, catalyst, chlorination of benzene. 759 
—. pyrolysis of benzene homologues. 146 
Zirconium chloride, formation of ethyl chloride. 
715 

Zirconium compounds, catalysts, diphenyl produc¬ 
tion, 189 

—, —, for nitriles. 684 

Zirconium oxide, activator methane-steam reac¬ 
tion. 280. 288 
—, catalyst, 223 

—, —, hydrolysis of methyl chloride. 782 
—, —. methane-steam reaction. 292 
—, —, oxidation of methane. 864 
Zistersdorf petroleum. 163 







